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With the increased usage of Carbon Fibre Reinforced Plastics (CFRP) Composite Laminate
Materials in various industries, an understanding of changes in strength properties and fatigue
performance due to manufacturing processes is becoming critical to the study of their
performance characteristics. As cured laminates almost always require machining of edges
and/or drilling of holes, the resultant surface integrity by such post-cure processes influences the
residual strength and fatigue performance during the service life. Unfortunately post-cure
manufacturing processes also result in surface and sub-surface damage which evolves during
service life conditions and result in the deterioration of strength and fatigue performance. The
surface conditions of any machined surface are classified as surface texture and usually represent
the exterior microscale geometry of the machined surface. Surface Integrity commonly refers to
the features that are sub-surface or immediately beneath the surface. In general the surface
integrity consists of the structure and the stress conditions within the interior layers and
subsequently dictates the surface mechanical properties. This body of work studies the influence
of resultant surface integrity from trimming and drilling of composite laminates on their strength

properties, damage evolution and fatigue strength.



A two phased approach was utilized in this research study. In phase 1, a 10 ply thick balanced
symmetric [0/-45/90/45/0]s composite laminate of unidirectional Carbon fibre prepreg tape with
an Epoxy resin was used in the study. For Phase 2, a 22 ply thick balanced symmetric [90/-
45/0/-45/90/45/0/-45/0/90/0]s composite laminate of unidirectional Carbon fibre prepreg tape
with an Epoxy resin was used. Machining processes used in this study included Abrasive Water
Jet (AWJ) and Carbide Router Endmilling for the trimming of the laminate material. For drilling
of holes in the laminate material, Polycrystalline Diamond (PCD) drills and Chemical Vapour
Deposition (CVD) diamond coated carbide drills were used. Test material was machined with
these processes and resultant surface integrity was recorded using a Surface Profilometer, Edge
Replication using acetate tape and Scanning Electron Microscopy (SEM). Test samples were
generated with varying surface integrity along differing machining processes and standard
ASTM Tests conducted to study the residual strength properties. Testing was conducted on edge
trimmed specimens included Monotonic Strength (Tension & Compression) as well as Cyclic
Strength (Tension-Tension Fatigue). For Drilled Hole Specimens testing included Open-Hole
Monotonic Strength (Tension & Compression) and Cyclic Strength (Tension-Tension Fatigue).
Similar tests were conducted for Pinned-Hole strength testing for static conditions.

During Tension-Tension Fatigue Testing a percentage change in stiffness was used to determine
resultant fatigue life and it correlation to surface integrity. During the fatigue testing process,
damage evolution was studied using Optical Microscopy, Photography and Scanning Electron
Microscopy.

The analytical modeling of Fatigue Damage composite laminates was based on damage
progression. A damage model based on a change in compliance (stiffness) was used as the
analytical model in this study based on the utilization of change in stiffness and resultant fatigue
life to record the damage progression during the Tension-Tension Fatigue Testing.
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Chapter 1 - Introduction

1.1 Overview

A composite system is defined as a material system which includes two or more phases on a
macroscopic scale whose mechanical properties and performance are designed to be superior to
the properties of the individual constituents of the composite. When one of the constituents of the
composite material is in the form of fibres, the material system is generally regarded as fibre-
reinforced. In history the concept of fibrous reinforcement has been mentioned in biblical
references such as the straw-reinforced clay bricks in ancient Egypt and the composite laminate
design of the Achilles’s shield [1]. For the last three decades, the use of composites has expanded
in industries such as aerospace, automotive, marine, sports and others. The application of fibrous
laminates has seen greater usage in aerospace due to their higher strengths and higher stiffness
properties. In the recent aircraft models developed both by The Boeing Company and Airbus the
use of composite material systems such as carbon/epoxy laminates and graphite/titanium has
expanded to primary structures such as wings and fuselages. These material systems also provide
additional benefits of corrosion and wear resistance compared to the traditionally used Aluminium
alloy based material systems [1].

One of the widely used composite laminate material systems in aerospace applications is the
Carbon Fibre Reinforced Plastic (CFRP) systems. Carbon Fibres with an average areal weight of
190 g/m? in combination with an Epoxy based thermosetting resin curing at 177 Degree C is a
commonly used laminate material system. As laminates are anisotropic (mechanical properties are
direction dependent), lamination is used to tailor the strength and stiffness direction properties to
react to the loading conditions of the service life of the product. Specific strength and specific
modulus are often used to quantify the performance characteristics of composites. In general most
composites have higher specific strength and specific modulus than metals as shown in Figure 1.1.
Carbon/Epoxy composites overall provide one of the best combinations of specific strength and

specific modulus.
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Figure 1.1 Performance Map of Structural Composites (Source: Daniel et. al [1])

Most Carbon/Epoxy composite laminates are manufactured by using the Autoclave Moulding
Process. This process uses the material in the prepreg form either laid manually on the moulding
tool or with an automated fibre placement machine. Curing is completed using a preset
temperature-pressure-vacuum-time cycle. The cooling is controlled to minimize thermal residual
stresses and prevent microcracking. While the end product is close to near net shape, post-cure
machining processes are always required for edge trimming to specification or desired tolerances
and drilling of holes for clearances or fasteners to be used in the end product. Traditional
machining processes such as trimming utilizing carbide or polycrystalline (PCD) diamond cutters
are used in machining of CFRP material systems. In addition, Abrasive Water Jet (AWJ) cutting
of CFRP material systems is now a widely used process in industry. Drilling of holes for fastening
for assembly is also a post-cure process that is always used in CFRP component assemblies.
Carbide & PCD drills. Unfortunately these post-cure machining & drilling processes often result
in defects in the CFRP laminates due to the inhomogeneity and anisotropic nature of the laminates.
Defects such as Delamination and Fibre pullout often occur during trimming and drilling
operations of CFRP laminates.

The resultant surface integrity of the edges and the drilled holes from the post-cure machining

processes plays an important role in the engineering performance of the product.



Surface integrity is used widely to describe both, the on-surface texture (exterior) roughness
characteristics and the sub-surface (interior) structure and stress conditions of materials. The sub-
surface conditions play an important role in the resultant surface mechanical properties. These
sub-surface conditions influence microscopic changes in the fibre/matrix constituent relationship
which can result in stress concentrations altering the mechanical properties of the CFRP laminate.
The machining processes also result in macroscopic defects which lead to this damage evolving
with service loadings which can result in failure of the CFRP laminates in service.

This dissertation proposal focuses on the study of the effects of the resultant surface integrity from
the trimming and drilling processes in CFRP Laminates on the residual mechanical strength
properties and fatigue performance in service life conditions. The scope of the study also includes
the understanding of the defects/damage that is created due to the machining processes and its
variables and how it influences the residual monotonic static strength properties. The science of
damage evolution under service fatigue conditions is also studied and documented in an effort to
create an analytical progressive damage model which will quantitatively predict the progression
of damage for various surface integrity conditions due to machining processes.

This dissertation is organized into nine chapters with chapter 1 as Introduction of the research
subject. This is followed by Literature Review of past work conducted in the research subject area,
Motivation of Research, Goals & Objectives, Research Plan Methodology — listing the plan for
this study including the two phases of testing with 2 different laminate thicknesses and ply layups.
This is followed by Experimental Testing — Static Mechanical Properties — 10 Ply Thick Laminate,
Experimental Testing — Static Mechanical Properties — 22 Ply Thick Laminate and Experimental
Testing — Fatigue Cycle Tension-Tension Testing — 22 Ply Thick Laminate. The final three
chapters include Damage Progression & Fatigue Life Modeling, Conclusions & Future Work
Recommendations and Bibliography.

Finally, Appendix A & B are included with Documentation of surface finish profiles and

photomicrographs of damage progression in specimens during fatigue cycle testing



Chapter 2 — Background and Literature Review

2.1 Introduction

With the advent of aerospace travel and its industry in the twentieth century along with its
contribution to the advancement of materials science, there has been an increase in usage of
composite material systems in aerospace and other industries. The word composite in the term
composite material signifies two or more materials are combined on a macroscopic scale to form
a useful third material [2]. Composites have been used since ancient times with documented use
during Egyptian times such as the straw-reinforced clay bricks. Today’s advanced composite
material systems consist of two or more phases on a macroscopic scale, whose mechanical
performance and properties are designed to be superior to those of the constituent materials acting
independently [1]. One of the two phases is usually a stronger and stiffer material used to reinforce
a weaker compliant matrix material. The reinforcement can be in the form of:

- Particulates: roughly spherical particles with diameters typically 1-100 um

- Whiskers: length < 10 mm

- Short (or chopped) fibres: length 10 — 200 mm

- Continuous Fibres: length is in effect infinite
All whiskers, fibres (short & continuous) have a very small diameter relative to their length (high
aspect ratio) [3].
The advantages of using the advanced composite materials systems include:

- High Specific Strength (strength/density)

- High Specific Stiffness (modulus/density)

- Tailored properties in load application direction

- Tailored Coefficient of Thermal Expansion (CTE) for critical components

- Excellent Fatigue Performance
Carbon Fibre Reinforced Plastics (CFRP) material systems are used widely in aerospace
applications. These systems use Carbon fibre as the reinforcement material with an epoxy based
thermosetting resin as the matrix system. The matrix system governs the thermal stability and
binds the fibres together. It also provides protection for the fibres from chemically and
mechanically induced damage. It also helps transfer and redistribute stresses between fibres,
between plies and in areas of discontinuities in load or geometry [3]. The fibres can be aligned in



using a directional approach, unidirectional (UD) for all fibres aligned in the same direction,
woven for continuous fibres weaved into a fabric and braided for fibres aligned in two or three
non-orthogonal directions.

A CFRP material system is generally used in aerospace applications in the form of a laminate. A
single ply of fibre-reinforced plastic called lamina is used as a building block for a laminate. All
fibres are anisotropic because the stiffness and strength are higher in the direction of the fibre axis
than in the transverse direction. A laminate’s stiffness and strength can be varied by stacking
different layers of lamina in various angles to each other as shown in Fig 2.1. If the layers are same
on each side of the mid plane, the laminate is considered to be symmetric and balance is all plies

other than 0° and 90° occur in only plus and minus pairs and are symmetrical about the midplane.

One individual ply with fibre reinforcement

Stacking of plies into a composite laminate with
different angles of the fibre reinforcement

Figure 2.1 Typical Fibre-Reinforced Laminate Construction

2.2 Machining of Composite Laminates

Since CFRP’s are anisotropic and inhomogeneous with low thermal conductivity matrix, heat
buildup during machining of these materials is usually a problem. The behaviour of a composite
material during machining depends on diverse fibre and matrix properties, the fibre orientation



and the relative volume of the matrix and the fibres [4,5]. During machining of composite
laminates the tool encounters the matrix and fibre materials alternately with varying responses to
machining by both of these materials. The chip formation can be due to fracture or shear or a
combination of both depend on the fibre orientation and tool geometry. Since the fibres are
abrasive, tooling materials resistant to abrasive wear such as Polycrystalline Diamond (PCD) are
widely used in composites machining. The majority of machining operations of CFRP’s are either
edge machining/trimming and/or drilling of holes in laminates. The process of edge
machining/trimming is usually carried out either using the principles of orthogonal cutting with
cutters or using Abrasive Water Jet (AWJ) Machining. The drilling of holes in composite laminates
is dependent on the drill geometry and the process variables (speed and feed rate) used. All
machining processes (trimming & drilling) can cause defects and damage to the laminate both at
the macroscopic and microscopic levels. Surface integrity of the machined surfaces is defined as
the properties influenced by the physical and chemical effects of the machining processes.
Resultant surface integrity of machined specimens depends on the process type, process variables,
post-cure laminate condition as well as laminate design (ply angles etc.). The surface texture on
the surface (roughness) and the residual stresses in the surface layer can cause defects and damage
and stress concentrations within the laminate. This can alter the mechanical properties both

monotonic (Static strength) and cyclic (Fatigue) under service life conditions.

2.2.1 Edge Trimming with Cutters

As most CFRP’s are near net manufactured, trimming generally is considered a low material
removal process compared to the total volume of the material. The largest influence on the
machinability of any CFRP laminate is the type of fibre reinforcement used and its mechanical
properties. The mechanical properties of high tensile strength, high modulus of elasticity, high
yield strength and thermal properties of the fibre reinforcement have a great effect on the
machinability of the laminate. To truly understand the mechanics of trimming of CFRP laminates,
the cutting mechanism involved with these processes need to be studied. One of the earliest works
on the study of cutting mechanisms was carried out by Koplev [6]. He conducted a series of cutting
tests on CFRP composite material to study the chip formation process and the machined surface
on unidirectional material. His unique methodology of capturing the small chips using the

‘macrochip method’ is still in use by today’s experimental investigators. This method uses the



application of a rubber adhesive to the workpiece surface to collect the small chips, which are then
transferred to a double-sided adhesive tape for observation and analysis. His experiments showed
that the resultant surface quality of the machined surface was dependent on the fibre orientation,
the smoothest surface obtained when the cutting direction was parallel to the fibre orientation.
Perpendicular to fibre machining usually resulted in an increase in resultant surface roughness. His
conclusions on chip formation were that chips were formed by brittle fracture of both the fibres
and the matrix. The chip formation varies if the machining is perpendicular to the fibres or parallel
to the fibres. During perpendicular to fibre machining, the tool exerts a compressive force with its
front surface on the material causing the composite to fracture and creating a chip. Similarly, on
during parallel to the fibre machining process, a compressive force is exerted causing chips to be
created but it is accompanied by cracking or delamination on the front of the tool tip which helps
in initiation of the next chip creation process as shown in Fig 2.2. Koplev also analyzed the
relationship between cutting forces and the chip formation process and tool geometries. He
concluded that the principal cutting force was proportional to the depth of cut and varied with the

rake angle increasing with its increase.

Cutting Force (Fc) < Rake angle
Cutting Force (F¢) <« Depth of Cut

His work is considered as one of the founding bodies of work in the study of mechanics of
orthogonal machining of CFRP composite materials.
Another body of work on the evaluation of machinability and study of chip characteristics during
machining of CFRP laminates was conducted by Hoecheng et al [7]. The researchers concluded
that during machining three different types of chips are created:

- Powder like chips — produced by fracture

- Ribbon like chips — unbroken segments, produced by fracture with fibre breakage

- Large brush like chips — produced by delamination at the end of a cut
Their study also linked surface roughness to high cutting speeds and lower feed rates, an affect

they attributed to heat build-up as a result of poor thermal conductivity.
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Figure 2.2 Chip Formation of 0° and 90° Fibre Orientation (Source: Koplev [6])

Bhatnagar et al. [8] in their studies observed that the in-plane shear strength of a composite material
influenced its machinability. Using the losipescu shear test [9] they calculated the shear strength
and plotted the variation of in-plane shear strength with the fibre angle. They studied the two
process variables, machining direction and Fibre orientation. The machining direction being
expressed as the angle between the cutting velocity vector and the fibre orientation in a plane
perpendicular to the cutting edge of the tool. The fibre orientation is the angle measured
counterclockwise from the datum of the machined surface. For fibre orientation less than 90°, they
found that the fibres break in tension and chips are produced ahead of the cutting edge of the tool
by shearing the matrix in a plane along the fibre orientation. For Fibre angles greater than 90°,
they showed that the fibres experience compression and bending are broken by shearing. They
used Merchant’s model to create a predictive model for cutting forces by substituting the fibre
angle instead of the shear plane angle as shown in Fig 2.3. They also noted that the friction
condition on the rake face of the tool changes depending on the fibre orientations. This indicates
that the tool wear not only depends on the direction of cutting but also on the individual fibre

orientations.
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Figure 2.3 Cutting Mechanism of CFRP (Source; Bhatnagar [8])

Cutting forces were predicted by Bhatnagar et al. [8] using a modified Merchant’s model.
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Chip formation in orthogonal edge trimming of graphite/epoxy composite was studied by Arola,
Ramulu & Wang [10]. They found that the characteristics of chip formation were primarily
dependent on Fibre orientation with only secondary effects from tool geometry and operating
conditions. An increase in the rake angle of the tool was found to localize the extent of fracture
from the tool nose, resulting in smaller discontinuous chips, giving better machined surface
quality. They observed three different cutting mechanisms during edge trimming of the
unidirectional graphite/epoxy laminate. In 0° fibre orientations, chip formation mechanisms
included failure along the fibre-matrix interface through cantilever bending and fracture
perpendicular to the fibre direction. In positive fibre orientations up to 75° chip formation involved
compressive loading induced shear at the tool nose. In the 90° and negative fibre orientations chip
formation and material removal in trimming comprised out-of-plane shear with severe
compressive loading induced intralaminar deformation. Chip formation during orthogonal edge
trimming of unidirectional graphite/epoxy composite is shown in Figure 2.4 from Wang, Ramulu
& Arola [11].
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Figure 2.4 Chip Formation in Orthogonal Trimming of Unidirectional Graphite/Epoxy Laminate,

(Source: Wang, Ramulu & Arola [11])
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2.2.2 Edge Trimming with Abrasive Water Jet

In recent years, Water Jet (WJ) and Abrasive Water Jet cutting processes have found increased
usage in machining of CFRP composite laminates. Between the two processes, AWJ dominates
the non-traditional machining process used in trimming of laminates. The major advantages of
using the AWJ process in trimming of composite laminates is the omnidirectional cutting capacity
of the jet and its relative insensitivity to material hardness. Water is pumped at pressures up to 400
MPa and expelled through a sapphire or diamond nozzle to form a fine cutting stream. At these
high pressures, the resultant jet varying in diameter from 0.07 to 1.3 mm exits the nozzle at speeds
approaching 900 m/s. These high-velocity jets can be used to cut a variety of materials [12]. The
basic process parameters in any water jet process are the jet pressure, the orifice diameter and the
coherency of the jet. In AWJ the pressurized water jet is ejected through the small-diameter orifice
which results in a vacuum being developed in the AWJ nozzle. This vacuum is instrumental in
conveying the abrasives to the nozzle. Within the nozzle the abrasive particles entrained and
accelerated to very high speeds with velocities in the range of 450-720 m/s. The material removal
takes place due to erosion and abrasion of the target surface when abrasive particles flow past the
target surface. The abrasives most widely used are the garnet abrasives. The AWJ cutting operation
is controlled by the following parameters [12]:
Hydraulic Parameters
Water Jet Pressure P
Nozzle (orifice) diameter dn
Abrasive Parameters
Abrasive material (density ga, hardness, toughness etc.)
Abrasive particle size da and size distribution
Abrasive particle shape (roundness, sphericity, etc.)
Abrasive flow rate ma
Mixing Parameters
Mixing tube length In
Mixing inner tube diameter dm
Hashish [13-15] and his team have done considerable research in areas of developing the AWJ
technology and have successfully commercialized the process.
A typical WJ/AWJ machining set-up is shown in Figure 2.5.
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Figure 2.5 WJ/AWJ Cutting of CFRP Composite Laminate (Source: Ramulu & Arola [15])

The cutting head of an AWJ machine consists of orifice, mixing chamber and focusing tube where

the water jet is formed and mixed with the abrasive particles to form the abrasive water jet as

shown in Figure 2.6.
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Figure 2.6 Schematic View of AWJ Cutting Head

(Schematic Courtesy - Omax Corporation, USA)
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The material removal rate of an AWJ cutting process is proportional to the power of the water jet.
The cut generated by an AW is called the kerf and its profile is shown in Figure 2.7. The top of
the kerf is wider than the bottom of the kerf. Generally, the top width of the kerf is equal to the
diameter of the AWJ [16]. The taper angle of the kerf can be reduced and the quality of the kerf
profile improved by increasing the power of the water jet. The surface cut by an AWJ process
shows striation marks along the traverse direction of the water jet. Figure 2.8 shows photographic

views of the kerf profile cross-section while Figure 2.9 shows the striation marks.

burr bs

Figure 2.7 Schematic View of AWJ Machined Kerf (Source: Class lectures, ME, IIT
Kharagpur, [16])
bt = width at top of kerf
bp = width at bottom of kerf

Figure 2.8 Photographic View of AWJ Machined Kerf (cross-section) (Source: Class lectures,
ME, IIT Kharagpur, [16])
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Striation
marks

Figure 2.9 Photographic View of AWJ Machined Kerf (longitudinal) (Source: Class lectures,
ME, IIT Kharagpur, [16])

The quality parameters of an AWJ machining process are striation formation, surface finish of the
kerf, tapering of the kerf and burr formation on the exit side of the kerf.

The research in the field of AWJ cutting of composites have focused on studying the optimization
of process parameters to improve the quality of the resultant surfaces of the machined composites.
Focus has also been on studying the mechanics of the AWJ cutting of composite laminates to
understand and limit the damage to laminate during the AWJ machining process. Ramulu [17] and
his team of researchers have led the field of study of the micromechanics of WJ and AWJ
machining of composites. Ramulu & Arola [17] were one of the earlier researchers in studying the
mechanics of Water Jet and Abrasive Water Jet cutting of unidirectional graphite/epoxy composite.
Their work was instrumental in establishing that the AWJ machining of unidirectional
graphite/epoxy composite consists of a combination of material removal mechanisms including
shearing, micromachining and erosion. They established that AWJ machining was a better process
than WJ due to its material removal processes and a superior resultant quality surface that was
generated.

They observed that during AWJ machining the matrix remains intact, microbending delamination
which allows the matrix to be withdrawn from the kerf wall only occurs near the jet exit. Arola et.
al [18] researched experimental investigations to show that from experimental data acquisition of
the near field stresses during AWJ cutting, it can be concluded that material removal occurs under
extremely localized mechanical and thermal loads. The cutting forces generated during AWJ are
low, which makes it a better option for machining of inhomogeneous and anisotropic CFRP

composite laminates.
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2.3 Drilling of Composite Laminates

For CFRP composite laminates drilling operations make up the largest of the post-cure
manufacturing processes. Drilling is predominant due to fastening required to assemble CFRP
laminate component assemblies. The bodies of work and resultant publications available from the
studies in drilling of CFRP composite laminates or other composite laminates can be characterized
as follows:

a) Study of drill process parameters and their optimization. These bodies of work encompass
studying the drill types in use, their point angles, speeds and feed rate parameters. These
studies also include process set-up and fixturing to help the minimization of damage due
to drilling.

b) Study of the types and causes of damage in CFRP composite laminates or other types of
composite laminates due to drilling processes. These damage types include delamination,
fibre pullouts, fibre fracture & microcracking.

c) Study of the effects of the damage on strength and performance caused due to drilling in
CFRP composite laminates or other composite laminates. These include studies involving
the effects of damage on tensile, compression, notched tensile/compression and fatigue

properties.

2.3.1 Drill Type & Geometry, Process Parameters Effect

Various researchers have studied the importance of using different cutting tool materials such as
Carbide, Polycrystalline Diamond (PCD) and Chemical Vapour Deposition (CVD) Diamond
Coated Carbide drills to produce holes of good quality in composite laminates. Shyha et. al [19]
studied the drill geometry and operating effects when cutting small diameter holes in CFRP
composite laminates. They found that the drill type and feed rate were the main contributing factors
affecting tool life and thrust force, while cutting speed and feed rate had the most significant effect
on torque. Their work showed that in small diameter hole drilling (1.5 mm diameter), a 140° drill
point performed better with the usage of a stepped drill diameter (Figure 2.10) at higher feed rates.
The use of a stepped drill and higher feed rates along with the 140° point angle resulted in a lower
thrust force while the increased feed rate resulted in reduced contact time between drill and the

composite laminate reducing abrasive action and heat generation.



16

Figure 2.10 Image of Conventional Twist Drill & Stepped Diameter Drill (Source: Shyha et. al
[19])
Palanikumar et. al [20] studied the influence of drill point angle in high speed drilling of Glass
Fibre Reinforced Plastics (GFRP). Their theoretical and experimental study of high-speed drilling
of glass fibre reinforced plastic using cemented carbide drills of different geometries showed that
the 85° point angle less delamination as compared to the drills with 115° and 130° point angles.
Their study also documented that a combination of higher speed, low feed and point angle helps
in the minimization of delamination in the drilling of GFRP laminates. The above two references
[19] & [20] show how the difference in materials CFRP and GFRP drive different geometry of
drills and process parameters. Capello & Tagliaferri [21] studied the effect of drilling damage in
GFRP laminates on their residual mechanical behavior. Their study consisted of researching the
influence of drilling parameters on the type and extension of damage. Their work also included
the study of drilling with and without a support beneath the specimens. Results indicated that the
degree of the peel-up delamination depended on the feed rate and the helix angle of the twist drill.
Push-down delamination is mainly affected by the feed rate, by the presence of support beneath
the specimen and by the twist drill temperature. Figure 2.11 shows the observed damage as a

function of drilling conditions.
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Figure 2.11 Pictorial Representation of Observed Damage as a Function of Drilling Conditions
(Source: Capello & Tagliaferri [21])
Capello & Tagliaferri [21] also showed that a large helix angle influenced the peel up delamination
while the presence of stiff supports reduced the peel down delamination as shown in figures 2.12
& 2.13. Feed rate influenced both peel up and peel down delamination and is a critical parameter

to prevent damage during drilling of composite laminates.
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Figure 2.12 Twist Drill Action on the specimen and Peel Up Delamination (Source: Capello &
Tagliaferri, [21])
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Figure 2.13 Effective Feed Rate and Push Down Delamination (Source: Capello & Tagliaferri,
[21])

Different methods (techniques) of drilling holes in composite laminates to avoid the generation of
damage have also been studied by various researchers. Persson et. al [22] in their study of effects
of hole machining defects strength and fatigue life of carbon/epoxy laminates studied the KTH
(Kungi Tekniska Hégskolan) method of generating holes in CFRP composite laminates. Their
work showed that the KTH method generated less defects compared to the drilling process using
a PCD tipped drill and a cemented carbide drill both using the traditional twist drill cutting
geometries. The KTH method uses the orbital drilling methodology in which the hole is machined
with a cutter both axially and radially by rotating the cutter about its own axis as well as
eccentrically about a principal axis while feeding the tool through the laminate. This method
reduces the axial force (thrust) as there is no stationary tool centre (drill point tip). Also, as the
cutter diameter is smaller than the hole diameter being drilled, clogging of the cutter flutes with

graphite dust is prevented, reducing heat generation and better tool performance.
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2.4 Surface Integrity of Composite Laminates

The resultant conditions of the surface and sub-surface of any composite laminates during prepreg,
cure and post-cure operations influence the performance of engineering materials including
composite laminates. Surface texture refers to the exterior microscale geometry of the machined
surface and surface integrity includes surface texture and the features immediately beneath the
surface (sub-surface) [16]. The surface integrity consists of the structure and stress conditions
within the interior layers. Research has shown that surface integrity can influence mechanical
properties of engineering materials. For homogeneous materials the differentiation between
surface texture and surface integrity is well established. Surface texture takes into account the
roughness/smoothness of the surface. For homogeneous materials, structure and stress conditions
of the machined surface are often interrelated and consist of depleted alloying elements, gradients
in the surface hardness and residual stresses. For homogeneous materials the surface integrity
resulting from manufacturing processes is well defined and shown in the schematic diagram in
Figure 2.14 by Metcut Research Associates [23].

Surface Texture Surface Inegrity
(exterior effects) (interior effects)
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* pits /// % Residual stresses
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Figure 2.14 Surface Integrity Classification of Homogeneous Materials (Source: Metcut
Research Associates [23])
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Surface Finish Definition Equations
Profile
Parameter
Ra Arithmetic mean deviation of the profile 1 s
Ra. - H E |y'é|
i=1
Rq Root mean square deviation of the profile 1 n
— |z 2
Rq " E y;
i=1
R, Maximum height of the profile R, =1 p T+ R,
Ry or R; Total height of the profile — height between Rt = RF' + R,,,
deepest valley and highest peak
Rp Maximum peak height of profile RF' = maxy;
i
Rv Maximum depth of valley of profile R,,, = Hl_il'l i
T
Rsk Skewness of the profile R. 1 m 3
k : — y.
3 T
ni, Zﬂﬁ -
Rku Kurtosis of the profile R 1 N
ku _ —— y
] z : T
nity

Table 2.1 Definition of Surface Finish Profile Parameters

In non-homogeneous materials the surface texture itself can be difficult to measure using the

traditional surface roughness parameters such as Ra, R, Ry, R; etc as defined in Table 2.1. This

happens due to the inherent nature of the ply layup, surface conditions due to machining. The

conditions on the external and just below the laminate surface are together described using the

term “Surface Integrity”. This term will refer to both the exterior and interior structure of the

machined surface. The surface integrity governs the performance of components through the stress

concentrations imposed by the texture and through adverse alterations to the near-surface

mechanical properties [18]. While in metals the relationship between surface integrity and its

influence on mechanical properties and fatigue has been studied and documented for some time,

similar works dealing with CFRP composite laminates are lacking [25].
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In composite laminates surface discontinuities such as microcracks, fibre pullouts, delaminations
etc. are often analyzed using a stress concentration factor such as (K:) specially when evaluating
the effects of these surface discontinuities on the strength of the composite components. The
presence of the surface discontinuities results in stress localization which is usually expressed with
the usage of K; . Discontinuities have been studied as notches and their effects on the strength
documented by previous researchers notably amongst them being Neuber [24].

Neuber [24] proposed a semi empirical relationship to describe the stress concentration posed by

Kt=1+n/ R? (2.3)

where R; is the ten-point roughness and p is the notch radius. The stress state is represented by the

surface roughness according to

empirical factor n, where n = 1 for shear and n = 2 for tension. A refers to the ratio between spacing
and height of surface irregularities.
Arola & Ramulu [25] proposed an alternative to the Neuber rule that quantifies the effects of

machined surface texture on Fibre Reinforced Plastics (FRPs) in terms of an effective stress

concentration factor ( K,) which is given by

Ki=1+n (%) (I;—Z) orK,=1+n (%“) (ﬁ) (2.4)

Rz

where Ra ,Ry or Ry, R; & p are the average roughness, peak-to-valley roughness, ten-point
roughness and effective notch root radius respectively. The empirical constant n accounts for
factors of material type and load type. For tension n = 2 and for shear n = 1 is generally
recommended. This model has been used to successfully evaluate the effects of surface texture on
the strength of FRPs under static and dynamic loading conditions.

Other researchers have studied the notch size effect on the normal stress distribution ahead of the
discontinuity. Nuismer & Whitney [26] discussed the size effect emanating from central holes in
the uniaxial failure of composite laminates. Whitney & Nuismer [27] developed two failure criteria
to account for the change in normal stress conditions near the traction free boundary with different
notch sizes. The first approach is referred to as the “point stress criterion” and assumes that failure
occurs when the normal stress at some distance (do) ahead of the notch is equal to the unnotched

tensile strength of the material. This was expressed as
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oy (x,0)| = o, (2.6)

x=t+d0 -

where the unnotched tensile strength of the laminate is expressed by o, and t is the notch depth.

An alternative approach to the point stress criterion was also developed and accounts for the
average stress ahead of the discontinuity. The “average stress criterion” assumes that failure occurs
when the average stress ahead of the notch/discontinuity at a point distance a, reaches the

unnotched tensile strength of the material and is expressed as

t
aotey @0 = 0 @7

The two characteristic lengths apand do are associated with the “average stress criterion” and the
“point stress criterion”. Another body of work by Cruse [28] also researched the size effects on
the strength of notched composite laminates. Cruse postulated that there exists an inherent flaw
size (a) which governs the tensile strength of an unnotched composite laminate. Flaws with
effective half length ( 1) greater than the inherent flaw size will dominate failure. The degree of

stress localization depends on the distance from notch root to the first fibre (r1). The influence of
the flaw size behaves according to the ratio (%) where A is the notch half length. For small (%1)

which is large relative notch length, many fibres adjacent to the notch respond to the K, whereas

1

for large (7) adjacent fibres are not influenced by K; . For large flaws the strength of the laminate

is governed by the nominal stress concentration factor. Within the transition region between
inherent flaws and those which are accurately described by K;, the strength of the laminate is
governed by two superimposed criterion.

The first criterion describes a stress field for the notch using the stress intensity factor for an
effective flaw as

Ko
YVar

where K, is the critical stress intensity factor of the laminate and Y is the infinite flaw size

(2.8)

O, =

correction factor.
If the inherent flaw size (a) is modeled as a small internal crack of length (2a), then the strength
of the unnotched specimen is

Ogp —

(2.9)

=
2l
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Cruse [28] showed that the application of the proposed model matched well against results from
experiments for the strength of notched laminates. K|, is estimated from the strain energy release
rate (Go), while A1* is obtained from numerical stress analysis for well-defined notch geometry.
Mar & Lin [29] proposed a model using a plane stress solution for the fracture stress of
unidirectional composite laminates containing discontinuities. They concluded that length of the
discontinuity was important in comparison to the shape which was nearly irrelevant. Considering
the tip of the discontinuity as a crack, the investigators theorized that the fracture stress is governed
by the equation

o = H.(2a,)™™ (2.10)
where H, is the composite toughness and is a property of the constituents and lay-up. a. is the
length of the discontinuity. For a sharp crack, H,. is the fracture toughness and m is the order of the
singularity at the crack tip. For isotropic materials the exponent m is conventionally equal to 0.5.
The Mar-Lin model when applied to multi-directional laminates using surface texture, the equation
uses maximum discontinuity length (Ry) and is written as

o ~ H.(2R,) " (2.11)
While work has been done in the areas of accounting for the notch size and shape effects on the
strength of laminates, there is still development left in accounting for the effects of multiple
notches and their interactions with adjacent discontinuities.
Post-cure processes such as machining processes produce surface integrity effects which are
process dependent. These effects are ply dependent and hence any effective stress concentration
factors should take into account the ply with the highest degree of damage. A stress concentration
factor which describes the effects of surface integrity on the stress distribution must be expressed
in terms of standard surface roughness parameters. Arola & Ramulu’s [25] equation 2.4 represents

the expression of the stress concentration factor in terms of surface texture parameters.

2.5 Defects and Damage Occurrence in Composite Laminates

Composite laminates inherently have occurrence of defects in their structure during the many
stages of their manufacturing processes. Defects and Damage in composite laminates are classified
primarily based on defect/damage size within each ply (intralaminar) or between plies

(interlaminar). While various bodies of work and general practice use the two terms defects and
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damage interchangeably, this study will classify defects as primarily occurring during the
manufacturing processes up to the curing process of the laminates while damage is classified as
those defects occurring during post cure processes such as edge trimming and drilling. These
damage conditions further progress under service life conditions and can result in reduction of
strength properties. Defects also progress and end up as damage in composite laminates. Various
types of defects/damage occur at different stages of manufacturing of the composite laminates.
Some of the defects that occur during processes up to complete cure of the laminates are:
Damage at Prepreg Stage — Defects at this stage usually consists of

Hollow Fibres

Excessive variability In Fibre Properties

Resin-Starved or Fibre-Starved Areas

Wrinkles, Waviness, Miscollimation

Foreign Particles, Contamination

Fuzz Balls

Non-uniform Agglomeration of Hardener

Prepreg Out of Specifications
Defects in Laminates — Defects at this stage usually consists of

Hollow Fibres Delaminations

Fibre Breaks, Ply Gaps

Excessive Porosity, Voids

Resin Rich and Resin-Stared Areas

Fibre Waviness,Wrinkles, Miscollimation

Foreign Particles, Contamination, Inclusions

Incomplete And/Or Variable Cure

Wrong Stacking Sequence

Dents, Tool Impressions, Scratches
The following post cure processes can cause damage:
Machining (edge trimming) & Drilling — Damage from these processes includes

Edge Delaminations

Edge Notches and Surface Notches

Oversize Holes/Undersize holes
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Fibre Pullout

Microcracking

Heat-Damaged Machined Edges

Fibre Break-Out On Hole Exit Side

Tilted Holes

Out-Of-Round Holes

Tilted Countersinks

Improper Depth of Countersinks

Dents, Fibre Breaking from Impact

Tearout Or Pull-Through in Countersinks
Bolted Assembly Process — Damage from these processes includes

Over torqued Fasteners

Improper Fastener Seating

Missing Fasteners

Fastener Installation Damage

Oversized And Undersized Fastener
While many past studies have focused on research on the effects of laminate porosity, ply gaps
and ply waviness, there have been limited bodies of work in the area of damage due to edge
trimming and drilling operations. This research study will focus on the science of damage (surface
integrity) due to edge trimming and drilling and its effects on strength properties.

2.5.1 Effects of Damage Due to Edge Trimming and Drilling

Past research on damage studies has concentrated on studying how edge trimming and drilling
process parameters influence the generation and propagation of damage in composite laminates.
Durao et. al [30] studied the effects of hole drilling process parameters in causing delaminations
during of hybrid composite laminates. Their results showed that a nominal cutting speed in the
range of 53 m/min and a feed rate round 0.025 mm/rev reduced the occurrence of delamination in
carbon/epoxy laminates. The study also reiterated that the drill point geometry has an effect on the
maximum thrust force and delamination around the hole and having a step drill with a smaller pilot
hole diameter helps in the reduction of occurrence of delaminations in the drilling of carbon/epoxy

laminates. As previously mentioned in section 2.4.1, Capello & Tagliaferri [21] studied the effects
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of drilling parameters on the type and extent of damage generated during drilling. Their work also
encompassed the influence of supports during drilling in the occurrence of damage
(delaminations). Figure 2.15 shows the damage during drilling with various process parameters
and the usage or lack of supports to the workpiece during drilling operations. Shyla et. al [19] as
mentioned in section 2.4.1 studied the effects of drill geometry on damage during drilling of small
diameter holes in CFRP composite laminates. Their work documented various forms of internal
hole defects such as internal cracks, porosity (due to the absence of matrix material between
layers), fibre/matrix cracking, resin loss, etc as shown in figure 2.16. They also determined that

drill geometry and feed rate were the primary factors influencing damage during drilling.

= 0.11 mmirev
not supported

Figure 2.15 Sample Holes, Damage & Drilling Conditions (source: Capello & Tagliaferri [21])
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Internal
damage

Figure 2.16 Internal Hole Damage Forms (source: Shayla et. al. [19])

Ramulu [31] has conducted extensive research in the areas of the influence of cutting direction and
fibre orientation. His publications have documented the damage occurrence during drilling at

various angular positions of the hole based on fibre orientations as shown in Figure 2.17.

e=0 o
-
wal

cutting
Delamination ool

m
Ml

Deformation

Fiber Cutting

Figure 2.17 Damage Mechanisms Type Occurrence Based on Cutting Direction & Fibre
Orientation (source: Ramulu [31])
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Mohan et.al. [32] analyzed the delaminations in the drilling of Glass Fibre Reinforced Plastics
(GFRP) composites. Their study included determining the factors and combination of factors that
influence the delamination using Taguchi and response surface methodology and to achieve the
optimization machining conditions that would result in minimum delamination. Similarly, Davim
& Reis [33] experimented based on the techniques of Taguchi the drilling with cutting parameters
of a Carbon Fibre Reinforced Plastic (CFRP) laminate. They developed a correlation between
cutting velocity and feed rate with the delamination in a CFRP laminate. The correlation was
obtained by multiple linear regression.

Similarly, researchers have studied damage occurrence during edge trimming processes both in
the case of machining with Endmills and Abrasive Water Jet (AWJ) cutting. Shanmugam et. al
[34] studied the delamination occurring in AWJ machining of graphite/epoxy laminates. They
found that crack tips are generated by the shock wave impact of the waterjet at the initial cutting
stage, while delamination is a result of water penetration into the crack tips that promoted water-
wedging and abrasive embedment (Figure 2.18). They developed a semi-analytical model based
on an energy conservation approach to predict the maximum delamination length generated by an
AWJ.

Figure 2.18 Mechanism of Delamination (source: Shanmugam et. al [34])
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There have been a few studies focusing on the effects of the damage caused due to machining
and drilling on the strength properties of composite laminates. Many researchers have
experimented with damage documented due to edge trimming and drilling and tested the
coupons/specimens under Monotonic Static Conditions as well as under cyclic Fatigue Loading
Conditions. Capello & Tagliaferri [35] studied the effects of drilling damage in GFRP laminates
on the static and cyclic bearing loads. They concluded that the main cause of the mechanical
failure was the micro damage generated at the inner part of the hole surface while delamination
played a minor role. The onset of microcracks was detrimental to the residual strength of the
GFRP laminates. Their study concluded that the progression of hole deformation/damage was
influenced by the feed rate used and increased with the usage of higher feed rates. Rao et. al [36]

researched the effects of drilling induced damage on the NOtChed tensile and pin bearing

strengths of woven Glass Fibre Reinforced - epoxy composites. They concluded that the increase
in effective diameter as a result of damage resulted in decreased notched tensile strength as well
as bearing strength properties. The effective maximum diameter due to damage is shown in
Figure 2.109.

Il - Damage

Figure 2.19 Schematic View of Effective Maximum Diameter (source: Rao et. al [36])

Persson et.al [24] researched the effects of hole machining defects on strength and fatigue life of
carbon/epoxy laminates. They subjected holes with and without defects to pin loading and uniaxial
compression loading at room temperatures. As mentioned in section 2.4.1 a new method based on
orbital drilling, the KTH method was used to produce defect free holes. The study concluded that
hole machining defects significantly reduced the static and fatigue strengths of pin-loaded
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laminates. Wisnom & Hallett [37] in their work explored the role of delamination in the strength
and failure mechanism in open hole testing on quasi-isotropic laminates. Their work showed that
delamination plays a crucial role in the in-plane strength, failure mechanism and hole size effect
in open hole tension of quasi-isotropic laminates. It can lead to premature failure, especially for
small holes and thick blocks. They concluded that for thin blocks, the plies failure is dominated
by fibre fracture before reaching the stress needed for delamination across the width. Their
experiments studied the damage progress using testing which was interrupted to study the damage
mechanism. They learnt that failure initiated from a transverse crack in the surface 45° plies,
followed by delamination at the 45/90 interface. This initiated first at the hole, then at the free
edge, propagating towards each other. When the damage joined up across the width it then stepped
down through the 90° ply, delaminating at the 90/-45 interface, further stepping down through the
-45° ply and then delaminating at the -45/0 interface. Splitting of the 0° ply also occurred at this
point leaving two ligaments on either side of the hole to carry the load. This mechanism is

illustrated schematically in Figure 2.20.

-45, 90 and 45° ply cracks

Remaining 0° plies

S

Loading
direction

Figure 2.20 Illustration of Mechanism of Outer 45/90/-45 Plies Separating from 0° Plies,
(source: Wisnom & Hallett, [37])

2.5.2 Surface Texture and Surface Integrity Effects on Strength Properties

While many bodies of work have studied the effects of damage on strength of composite laminates,

there have been only a handful of research efforts on relating the effects of machined surface
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integrity on mechanical strength properties of composite laminates. Arola & Ramulu [38]
researched the effects of surface texture on the mechanical properties of Fibre Reinforced Plastics
(FRPs). Their study showed that static bending strength decreased with increasing surface
roughness on net-shaped machined parts. Their experiments established that damage accumulation
prior to failure was dependent on the method of machining. The location of first ply failure was
influenced by the process-dependent surface structure but not by the magnitude of surface
roughness. They concluded that surface integrity resulting from net shape machining with
orthogonal cutting tools promoted significant reductions in the static strength of Graphite/Epoxy
laminates. The static bend strength of the AWJ machined specimens also decreased with increasing
surface roughness. It was also documented that laminates with the highest surface roughness
around 10 um Raunderwent a 15% reduction in the load to failure. Ramulu & Colligan [39] studied
the impact of edge finishing and delamination produced by AWJ trimming of Graphite/Epoxy
Laminates. They concluded that AWJ trimming of graphite/epoxy laminates is prone to producing
exit ply delamination which can held apart by the abrasive particles trapped in the delaminations.
Their compression strength testing of these specimens indicated that while rougher surface finish
did not have a pronounce effect on the reduction of compressive strength, the delaminations
produced due to the process do contribute significantly in reducing the compressive strength of the
laminates. Their study showed that higher feed rates caused rougher surface finish and larger
magnitude and number of delaminations occurrences. Figures 2.21 and 2.22 show the effects of
feed rates on surface finish and the effect of surface finish on the ultimate compressive strength of

the laminate.

Ge/Ep Panel - 3.96 mm thick

Figure 2.21 Surface Finish vs. Feed Rate, AWJ Trimming of a Graphite/Epoxy Laminate,
(source: Ramulu & Colligan, [39])
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Figure 2.22 Ultimate Compression Strength vs. Delamination and Surface Finish, AWJ
Trimming of a Graphite/Epoxy Laminate (source: Ramulu & Colligan, [39])
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Ghidossi et. al [40] have done considerable work in research and documentation of edge machining

effects on the failure of polymer matrix composite coupons. Their work documented the lack of

available studies in the areas of evaluation of surface roughness effects on strength properties.

They conducted various experiments using a variety of milling cutters carbide, PCD, CVD

Diamond Coated Cutters to generate different surface roughness parameter magnitudes in both

Carbon/Epoxy and Glass/Epoxy Laminates. losipescu test specimens for shear and Ring

specimens for tension testing were machined. The effects of a worn tool on surface damage were

also documented as shown in Figure 2.23.

(a) New tool

(b) Worn too

Figure 2.23 Effect of Tool Wear on Free Edge Delamination of a Carbon/Epoxy losipescu
Specimen (source: Ghidossi et. al [40])
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Their study concluded that surface roughness was not a good indicator to assess machining quality
of fibre composites especially when relating it to mechanical properties. Also, sub-surface damage
plays a significant role in resultant mechanical behaviours than surface texture. Ghidossi et. al [41]
also studied the influence of cutting parameters on the damage level and mechanical response of
off-axis glass/epoxy unidirectional coupons machined by side milling. Their work emphasized the
importance of the relative orientation of the fibres with respect to the cutting direction. The study
also parallels the conclusions from their previous study that the off-axis tensile failure stress of
glass/epoxy composite specimens is also influenced by the machining parameters used to prepare
the specimens. The type of damage is strongly influenced by the angle between the fibre direction
and the cutting edge. The damage types documented were of two types: craters for the 15° fibre
orientations and subsurface cracks for the 45° fibre orientations as shown in Figures 2.24 and 2.25.
They made some recommendations on future studies which helped lay the foundation for the body
of research to be conducted in this study particularly the use of Microscopic full-field strain
measurements to better understand reach how the initial damage develops and propagates,

particularly if linked to progressive damage computations.

§ 3 i direction of observanon
Tool rotation m feed direction 2

fibre orientation

Figure 2.24 Microscopic Observations from a 15° Fibre Orientation showing Craters (source:
Ghidossi et. al [41])
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Figure 2.25 Microscopic Observations from a 45° Fibre Orientation showing Subsurface
Cracking (source: Ghidossi et. al [41])
Ghidossi et. al [41] also documented the variation (reduction) in ultimate stress due to increased
percentage of damage both for the 15°and 45° Fibre orientations as shown in Figures 2.26 & 2.27.
Eriksen [42] studied the influence of surface roughness on the mechanical strength properties of
machined short-fibre reinforced thermoplastics. The strength properties he studied were Charpy
Impact, Monotonic Bending and Flexural Fatigue. He found that the mechanical strength
properties were independent of the surface roughness but not necessarily for materials with a
stronger bonding between matrix and the fibres or composites which have more notch sensitive

matrix materials.
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Figure 2.27 Ultimate Stress versus ‘‘Depth of Subsurface Cracking’’ Criterion, +45° and -45°
Fibre Configurations (source: Ghidossi et. al [41])

One of the earlier works by Tagliaferri et. al [43] research was conducted on studying the effects

of drilling parameters on the finish and mechanical properties of glass reinforced plastic

composites. This work concluded that the width of the damage zone is correlated to the ratio
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between drilling speed and feed rate. The higher the ratio, the better the cut and a smaller damage
zone produced. While the tensile strength did not change with the size of the damage zone, the
bearing strength suffered a marked decrease with the generation of a larger damage zone. Figures
2.28 and 2.29 show the relationship between size of damage zone to ratio of drilling speed to feed

rate along with the relationship between bearing strength and the size of the damage zone.
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Figure 2.28 Size of Damage vs. Speed/Feed Ratio (source: Tagliaferri et.al [43])

250 -

200 b }

;
oy

O, O/mm?)
M-
M-
e

Ioo . L " 1
00 04 08

D (mm)




37

Figure 2.29 Bearing Strength vs. Size of Damage (source: Tagliaferri et.al [43])

In recent years there has been research in the area of studying the strength properties variation
between holes that have been moulded into composite laminates versus holes that have been
drilled. Langella & Durante [44] compared the tensile strength of composite materials with drilled
and moulded holes. As drilled holes cause damage their study focused on comparing non damage
moulded hole effects on strength to those with damage due to drilling. As the holes were generated
by moulding directly during the impregnation phase there was no loss of continuity in fibres in
these laminates. With tensile testing and analysis, they documented that maximum load supported
by moulded holes was higher than the holes that were drilled. Similarly, Zitoune et. al [45] studied
the behavior of composite plates with drilled and moulded holes under tensile loading. Their
conclusions show that fracture strength for moulded hole specimens was higher than those
obtained for drilled hole specimens, with differences being as high as 30%. The damage
mechanisms also varied between drilled holes and moulded holes. The drilled holes showed
sudden fracture while moulded holes underwent progressive fracture. Maximum deformations for
a drilled hole were twice as high as those in the moulded holes.

The effect of machining processes using conventional (a burr tool machining and an abrasive
diamond saw (ADS) cutting) and a non-conventional machining (an abrasive water jet (AWJ)) on
the mechanical behaviour (compressive and inter-laminar shear strength) of composite parts made
of carbon/epoxy was investigated by Haddad et al {46]. The surface defects characterized between
the AWJ processes and the burr & ADS processes showed that the conventional machining
processes had wrenched areas with higher peaks and valleys as shown in Figure 2.30. These
damage areas resulted in stress concentrations that influenced the differences in mechanical
behaviour of the composite parts that were machined with ADS and burr tools as compared to the
AWJ processes.

The test specimens machined by AWJ had resultant compressive strength about 10-20% higher
than those machined with conventional burr tool and ADS machining processes as shown in Figure
2.31.

The study also included the observations of the differences in the mechanical behaviour of ADS
and burr tool machined composites parts after the original surface integrity was modified to

remove or reduce the quantity of wrenched areas in the surface topography by additional polishing
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processes. The results as shown in Figure 2.32 showed that the rectified surface specimens showed
an improvement in the compressive strength behaviour. The study concluded that the machining
defects are different created by different machining processes and do influence the differences in

the mechanical behaviour of the composite laminates.

(a)

328.6 um Wrench areas

Figure 2.30 Form of the trimmed surface after machining with burr tool (a) Image topography
3D (b) SEM observation (source: Haddad et al [46])
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Figure 2.31 Quasi static strength responses vs. surface roughness of different samples obtained
by AWJ machining, burr tool machining and Abrasive Diamond saw cutting (source: Haddad et
al [46])
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Figure 2.32 Influence of the rectification process of specimens trimmed by ADS process on the
mechanical behaviour in compression testing (source: Haddad et al [46])

2.6 Fatigue in Composite Laminates
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Composite materials are inhomogeneous and anisotropic accumulating damage in a general way
rather than a localized manner. As in metals, failure does not always occur due to the propagation
of a single macroscopic crack. The micro-structural mechanisms of damage accumulation,
including fibre breakage and matrix cracking, debonding, transverse-ply cracking and
delamination, occur sometimes independently and sometimes interactively and the predominance
of one or the other may be strongly affected by both the materials variables and testing conditions
[47].

The progression of damage in a composite laminate under fatigue loading conditions affects the
mechanical properties to a magnitude which is dependent on the lay-up of the composite laminate
and the loading conditions. Previous literature cited in this review confirms that the relationship
between cutting direction and fibre angle orientation is critical in the type and magnitude of
damage generated. Stacking sequence in composite laminates plays a vital role in the generation

of damage during manufacturing processes and its propagation under service life conditions.

2.6.1 Types of Damage and Fatigue Effects

There have been a few bodies of research that have focused on the study of correlation between
damage propagation to the stiffness reduction to the percent of life expended in fatigue testing of
composite laminates. Reifsnider [48] and his team have been active in researching the damage
mechanisms and their effects on strength in composite laminates. Jamison, Reifsnider &
Stinchcomb [49] researched and documented the characterization and analysis of Damage
mechanisms in Tension-Tension Fatigue of Graphite/Epoxy Laminates. They observed that the
type of microdamage was related to the stacking sequence of the composite laminates. Fibre
fracture occurs very early but does not progress as compared to other damage mechanisms such as
delaminations that accelerate and reduce strength sharply. The damage modes were also related to
each other and are interdependent. Matrix cracks can cause local fibre fracture and local interior
delamination. They also concluded that the edges of laminates experience a different level of
damage development due to the special stress states and the free surface deformation effects that

exist at the edge locations as shown in Figure 2.33.
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Figure 2.33 Details of Fibre Fracture in an Edge Replica (source: Jamison et. al [49])

Plumtree & Shi [50] conducted research in the fatigue damage evolution in off-axis unidirectional
CFRP laminates. Their damage mechanism study showed that the variation in fatigue life for a
given cyclic strain was found to be dependent upon the microstructure and the ease with which
coalescence of matrix cracks occurred. When matrix cracks coalesced quickly, the fatigue life was
short, while a good distribution of microcracks preventing the coalescence of microcracks resulted
in better fatigue life. The fatigue life curves generated from their study were characterized by
damage evolution based on modulus changes. Their work primarily focused on the study of
damage mechanisms in conditions under which the matrix properties were dominant.

It has been documented through various studies that delaminations cause a larger degradation of
stiffness in a composite laminate even though microcracking occurs first especially under service
life conditions. Various researchers have studied the cause and effects of delaminations on the
strength and fatigue life of composite laminates. Beghini et. al [51] studied the influence of crack
front to the fibre orientation on fatigue delamination growth rate under mode Il loading conditions
(in-plane shear). Their conclusions and modeling showed that the delamination growth rate was
related to the stacking sequence of the laminates but did not vary a large degree in magnitude.
Matrix Cracking and Delaminations remain the focus of damage studies in composite laminates.

A schematic representation of these two types of damage mechanisms is shown in Figure 2.31.
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Matrix cracking
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Figure 2.34 Typical Damage Modes for a Composite Laminate (source: Harris [47])

Pearson & Hallet [52] investigated the damage development and residual strengths of open hole
tension specimens in fatigue. Quasi-isotropic carbon/epoxy laminates were used in their study with
45, 90- and 0-degree ply stacking directions. The study focused on the usage of X-ray CT to
produce a 3D volume of the damage which was segmented to reveal the precise locations within

the laminate in a non-destructive fashion as shown in Figure 2.35.
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Figure 2.35 X-ray CT micrographs showing the damage magnitude and locations at 60%
ultimate loading and a stiffness loss of 15% (source: Pearson & Hallet [52])

The research concluded that the dominanat mode of failure under fatigue loading was
delaminations. The sub-laminate level portion of the study observed that the initial damage
propagated out of the hole in terms of matrix cracks and delaminations. The failure events for the
ply level and the sub-laminate level were more localized around the hole. Damage was also found
to occur in the outer sub-laminates first before passing through the thickness of the laminate thus
give rise to a more progressive damage sequence leading to failure [52].

Montesano et al [53] rsearched the infleucne of drilling and abrasive water jet induced damage on
the performance of carbon fabric/epoxy plates with holes. The comparative study focused on the
differences between drilling holes with conventional twist drills in comparisions to holes drilled

with Abrasive Wate Jet (AWJ). The damage evolution with both processes is shown in figure 2.36.
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Figure 2.36 SEMs showing damage in carbon fabric/epoxy plates with (a) AWJ drilling (b)
Conventional Twist Drill (source: Montesano et al [53])
The study concluded that the AWJ drilled hole specimens displayed greater than long-term fatigue
performance at high stress levels in comparison to conventional twist drill hole specimens [53].
This was attributed to the severe damage modes present in the conventional drill specimens
including localized delamination at hole exit plane and fibre pullouts. The AWJ specimens had
streaks and craters aligned with jet direction and uniformly distributed along the hole surface.
The effect of conventional drilling processes in comparison to AWJ drilling process on the
mechanical behaviour of CFRP plates with holes was also studied by Saleem, M. et al [54]. Fatigue
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testing results showed that the damage accumulation in specimens drilled with conventional

drilling was higher than specimens drilled with the AWJ process as shown in Figure 2.37.
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Figure 2.37 Damage vs. cycles for fatigue testing of Conventional Drill (CD) and AWJ drilled
specimens (source: Saleem, M. et al [54])

The authors of the study used a Thermographic Damage Criterion (TDC) based on heat dissipation

to assess the effect of two types of machining processes (conventional drilling vs. AWJ drilling on

the mechanical behaviour of CFRP plates. The influence of hole surface damage on the fatigue

performance was studied. The surface damage at the hole wall was studied and noted that the

conventional drilled holes showed visibly district regions of fibre pullout and epoxy matrix

degradation while those of AWJ drilled holes showed striation marks in the direction of water-jet

[54] as shown in Figure 2.38. Also shown are SEM photographs of the damage in Figure 2.39.
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Figure 2.38 Cartography of the surface roughness of the wall of the hole obtained with (a)
conventional drilling (b) AWJ drilling (source: Saleem, M. et al [54])
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(b)

Figure 2.39 SEM photographs of the surface roughness of the wall of the hole obtained with (a)
conventional drilling (b) AWJ drilling (source: Saleem, M. et al [54])

Venkatachalam et. al [55] researched the damage evolution in CFRP subjected to cyclic loading
using Digital Image Correlation (DIC) to obtain full field surface strains. Their study showed that
the variation of normalized local transverse strain (ratio of local transverse strain to applied stress)
near the initiated delamination indicates that the damage evolution occurred over 2 to 3 stages.
Each stage has a stable damage growth with a drastic increase between stages. The stages
correspond to different damage mechanisms and matrix cracking, fibre-matrix debonding,
delamination and fibre breakage) dominating at different periods during the fatigue life.
Normalized local transverse strain plots were found to qualitatively reflect the physical extent of
damage, thereby providing confidence in the methodology. The researchers found that the damage
become critical after delamination became visible that occurred at nearly half the fatigue life in
specimens subjected to Tension-Tension fatigue. Generally, the fibres can keep carrying the tensile

loads even after debonding from the matrix until fibre fracture occurs.

The study concluded that the local transverse strain is a better indicator of damage in composites
because delamination leads to a reduction in local stiffness in transverse direction due to local
“bending/buckling’ of the delaminated layer.



47

Figure 2.40 shows the transverse strains and damage during tension-tension fatigue testing at

various N cycles and with R = 0.5 value for the testing
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(A)R=0.5,N=15000. (B)R=0.5, N=37000. (C)R=0.5,N=55000. (D) Delamination location.

Figure 2.40 Transverse strains for different (N) cycles for tension-tension fatigue testing,
(source: Venkatchalam et. al [55])

Figure 2.41 shows the various stages of damage evolution during Tension-Compression fatigue

testing as documented in the study.

(A) Matrix cracks. (B) Fiber debonding.

Figure 2.41 Various stages of damage evolution during tension-compression testing, (source:
Venkatchalam et. al. [55])

Ansari Alam et. al. [56] explored the effects of various parameters such as fibre type, fibre

orientation, fibre volume fraction etc. on the fatigue behaviour of fibre-reinforced polymer
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composites. Fibres are the main load bearers in the composites so the fatigue behaviour is affected
by the types of fibres used in the composites. The use of carbon fibre confines the strain in the
composite thereby limiting the vast distortion in the matrix. The usage of glass fibre allows larger
distortions in the matrix giving rise to the fatigue failure. It was also found that the Kevlar fibres
are fatigue sensitive. Figure 2.42 shows the S-N curves for the unidirectional composite materials

using different fibres.
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Figure 2.42 S-N curves for unidirectional composite materials with different fibres (source:
Ansari Alam et. al [56])

The researchers found that the fibre volume fraction affected the static and fatigue strength
properties. Stiffness, strength and load carrying capacity of a laminate are higher with a higher
fibre content. When the fibre volume fraction (V¢) is high the ultimate strength decreases. With
increased fibre volume fraction, the matrix content decreases which can and does affect the load
carrying capacity of a laminate as the fibres and matrix carry load as a system. The researchers
found that the ideal volume fraction of fibres is between 45 — 60%. If the fibre volume fraction
keeps increasing, at a certain point the strength of the composite starts decreasing because of the
lack of matrix to hold the fibres together.

Figure 2.43 shows the variance of fatigue life with two different fibre volume fractions.
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Figure 2.43 Comparison of fatigue life with two different fibre volume fraction (source: Ansari
Alam et. al [56])
The study also found that the fibre orientation influenced the mechanical properties of fibre-
reinforced composite laminates with decreasing strength of the laminates with increasing fibre
orientation, Figure 2.44 shows the variation of static strength with fibre orientation angle, while
Figure 2.45 shows the variation of fatigue strength with the fibre orientation angle.
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Figure 2.44 Variation of static strength with Fibre orientation angle (source: Ansari Alam et. al

[561)
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Figure 2.45 S-N Curves for different fibre orientation angles (source: Ansari Alam et. al [56])

The study by Ansari Alam et. al [56] also studied the damage mechanism indicating the 3 stages

of damage evolution mainly, matrix cracking, fibre-matrix debonding and fibre fracture and

delamination prior to failure. The magnitude of damage is influenced by the property of each

lamina, interface property of the laminate and stacking sequence. The 3 stages of damage evolution

in unidirectional composites are shown in Figure 2.46
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Figure 2.46 Damage evolution stages in unidirectional composites (source: Ansari Alam et. al

[561)

Along with previously discussed parameters, Ansari Alam et. al [56] also studied the effects of the

following on the fatigue damage of fibre-reinforced polymer composites.
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a) Mean stress and stress ratio
b) Frequency and hysteresis effect
c) Environmental effects

a. Temperature

b. Moisture

2.6.2 Bolted Joints and Fatigue

As most composite laminates are used in assemblies, the behavior of bolted composite joints in
under fatigue loading has dominated the in-service effects research studies. Xiao & Ishikawa [57]
researched the bearing strength and failure behaviour of bolted composite joints. Their study
concluded that bearing failure is a process of compressive damage accumulation occurring in four
stages, damage onset; damage growth; local fracture; structural fracture. Delamination was one of
the dominant modes of damage onset and large-scale delamination were the major cause of final
fracture along with through-thickness shear cracks. Figure 2.47 shows the delamination damage

in a bolted composite joint under service loading conditions.
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Figure 2.47 Delamination Damage in a Bolted composite Joint under Service Life Conditions,
(source: Xiao & Ishikawa, [57])
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Seike et. al [58] studied the Fatigue and Static Damage of a Pinned Joint in CFRP Composite
Laminates. Their study concluded that there was not much difference in the macroscopic external
damage between fatigue and static loading failure while the microscopic internal damage showed
differences both in critical damage and damage evolution. They also found that the total
delamination length was longer than the matrix crack length during fatigue failure. Figure 2.48

shows the damage growth during the fatigue loading as part of their experimental study.

Figure 2.48 Damage Evolution in a Pinned Joint in CFRP Laminate under Fatigue Loading,
(source: Seike et. al [58])

2.6.3 Fatigue Damage Modeling

Past researchers have developed fatigue models and life time prediction methodologies for fibre-
reinforced polymer composites subjected to fatigue loadings. Degrieck & Paepegem [59]
conducted a detailed review of fatigue damage modeling of fibre-reinforced composite materials.

They classified the fatigue models into the following three categories:
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a) Fatigue Life Models that do not take into account the actual degradation mechanisms
but use S-N curves or Goodman-type diagrams and introduce some sort of fatigue
failure criterion

b) Phenomenological models for residual stiffness/strength

c) Progressive damage models that use one or more damage variables related to
measurable manifestations of damage (transverse matrix cracks, delamination size).

Progressive damage models are further subdivided into two categories:

1) Models that predict the damage growth such as number of transverse of matrix cracks
per unit length, size of delamination area

2) Models that correlate the damage growth with the residual mechanical properties
(stiffness/strength)

Wicaksono and Chai {[60] also conducted a review of advances in fatigue and life prediction of
fibre-reinforced composites. The study categorized the review into four different groups:

1) Fatigue of fibre-reinforced composites

2) Composite damage mechanism

3) Composite failure criteria

4) Composite fatigue modeling and life prediction
The study reviewed the research conducted on various factors shown in Figure 2.49 affecting

fatigue of fibre-reinforced composites

Fatigue of

F Fibre-Reinforced Composites 7

Inherent factors External factors
1. Type of fibre 1. Loading conditions

-Glass fibres Tension
Carbon fibres -Compression
-Kevlar fibres -Shear
-Combine loads
2. Type of matrix
-Thermoplastic resin 2. Environments
-Thermaset resin -Temperature
Moisture
3. Stacking sequence -Corrasion
-Symmetric -Combined effects

-Antisymmetric
-Unsymmetric

4. Type of reinforcement
-Unidirectional
-Woven

Braiding
-Stitching
-Pinning

Figure 2.49 Factors affecting fatigue life of fibre-reinforced composites (source: Wicaksono &
Chai [60])
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For the composite damage mechanism review the study [60] focused on the research conducted on
types of damage in unidirectional and multidirectional composites along with woven and three-
dimensional composites. In the case of composite failure criteria, the study reviewed the mode
independent and mode dependent criteria as shown in Figure 2.50 while using the fundamental

three-dimensional state of stresses as shown in Figure 2.51

Composite Failure Criteria

Mode Independent Mode Dependent

Polynomial Parametric

Figure 2.50 Composite failure criteria classification (source: Wicaksono & Chai [60])
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Figure 2.51 Three-Dimensional state of stresses (source: Wicaksono & Chai [60])
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As part of the composite fatigue modeling and life prediction review the researchers classified the

modeling into 3 categories:
1) Fatigue life
2) Phenomenological

3) Progressive Damage

Figure 2.52 shows the classification of composite fatigue modeling

Composite Fatigue Modelling

Fatigue Life

Phenomenological Progressive Damage
Residual Residual Damage Residual
Strength Stiffness Growth Properties

Prediction Prediction

Figure 2.52 Composite fatigue modeling classification (source: Wicaksono & Chai [60])

Bak et al. [61] conducted a study of delamination under fatigue load in composite laminates and a

review on the observed Phenomenology and Computational methods. Fatigue delamination was

studied at three different stages initiation, onset and propagation. Phenomenological models are

mainly used for delamination propagation and relate fracture mechanics quantities like energy

release rates or the stress intensity factor with the crack growth rate obtained in the experiments.

Simulation models that make use of computational models are based on either Linear Elastic
Fracture Mechanics (LEFM) or Cohesive Zone Models (CZM).
Models based on LEFM make a direct comparison of computed values (stress intensity factor or

energy release rate) with a critical value obtained with phenomenological models. They also can

account for different parameters (load ratio, mixed-mode and threshold) [61].
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CZMs can be used to predict delamination initiation, onset and growth in a structure. The maturity
of CZMs is very low and availability for delamination onset is not there thus resulting m most
availability and usage of CZMs for delamination propagation [61].

Shirazi & Varvani-Farahani [62] researched and developed a stiffness degradation based fatigue
model for FRP composites of (0/0) laminate systems. The damage model was constructed based
on (i) cracking mechanism and damage progress in matrix, matrix-fibre interface and fibres and
(ii) the corresponding stiffness reduction of unidirectional composite laminates as the number of
cycles progresses. The overall damage was estimated by integrating the fatigue damage of the 0
degree and 0 degree plies. The fatigue damage model takes into account the effects of off-axis

angle 0, cyclic stress magnitude, mean stress and the fibre-matrix interfacial strength factor f and

is given by
E :
D=1- E_ — {Em()[a +f (J/ - O!)] + E;‘OR*)L}
(2.12)

where
Ec.= Modulus of composite laminate
Ene= Modulus of matrix accounting for off-axis angle 0
E» = Modulus of fibre accounting for off-axis angle 0
And

Eng =1 = EfVy [E. 2.13)

Ero = EfVy(cos 0) /E.
(2.14)

where

Vi= Volume fraction of fibres

The terms a, y and A are functions of the number of cycles to failure Nfand progressing fatigue
cycles N while n corresponds to percentage reduction in stiffness during the fatigue test and are
described as:
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In(n(N +1))

o=
In (N;-) 2.14)
N
. ln(l —n \i)
" (ﬁ) (2,16)

where
n = percentage of drop in stiffness recorded for a fatigue test

f = representative of fibre/matrix interfacial shear strength and varies between 0 and 1

Equation 2.12 was used by Shirazi & Varvani-Farahani [62] to predict damage and validated with

experiments as shown in Figure 2.53

GRP Composites
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0.6 |
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8=30", @=118 MPa, \',_‘U'\I 5 cycles
¢ 6=45" 0=45 MPa, N=1091 cyeles
04 | Vo g=00% e=0.002, \‘I,leﬂ\_\;lc\

Proposed Damage Eq(2.12)

0 0.2 04 0.6 0.8 |
N/N

Figure 2.53 Predicted versus experimental values of damage for UD GRP composites tested

under various off-axis angles 0 and stress amplitudes (source Shirazi & Varvani-Farahani [62])
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The authors of the study also tested experimentally and verified the model for various off-axis
angle 0 and stress amplitudes. Some of the results are shown in Figures 2.54 and 2.55

The results between the predictive model and those obtained with experimental testing were found
to be in good agreement,
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Figure 2.54 Predicted fatigue damage versus experimental data for 210 MPa stress and off-axis
angle plies (a) 0 degree (b) 90 degree and for 300 MPa for (c) 0 degree (d) 90 degree (sources:
Shirazi & Varvani-Farahani [62])

Figure 2.55 Predicted fatigue damage versus experimental data for 424.8 MPa stress and off-
axis angle plies (a) 0 degree (b) 90 degree and for 662 MPa for (c) 0 degree (d) 90 degree,
(source: Shirazi & Varvani-Farahani [62)]
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Senthinathan et. al. [63] researched the linkage between the damage state and the stiffness
degradation regardless of how the damage state was created. In the study controlled
microstructural damage was created by subjecting the unidirectional CFRP specimen to tension-
tension fatigue load with predetermined stress ratio, load factor and number of cycles.

For the experimental portion of the study, specimens were fabricated with 0°, 45°, 90° fibre
orientations. Specimens were subjected to monotonic tensile testing to determine the modulus of
elasticity. Tension-tension fatigue testing was conducted to determine the load factors for
controlled damage testing in the next phase of fatigue testing. Interrupted fatigue testing was
conducted to obtain varying degree of damage. The microstructure was observed using bright field
imaging and digitally recorded using CCD camera.

To obtain 3D microstructural parameters, the researcher used stereology which uses the volume
fraction and image analysis to convert from two-dimensional observations to 3D results. Fibre
volume fraction Vy is given by

Ar

Y B

(2.17)
Where
A= Area occupied by the fibre in um?

Aot = Total Area of micrograph in um?

The quantification of damage was represented by Fibre cracks per unit volume, Fibrematrix
debonding area and Crack surface area per unit volume

Fibre cracks per unit volume is calculated by:

~ (Na);
(Nv)f - 5 (2 18)
(Na)y =%
(2.19)
D=2r
(2.20)

Where

(Nv)r = Fibre cracks per unit volume (um)
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(Na)r = Fibre cracks per unit area (um-)

ns= number of fibre cracks

A = Area of the micrograph

r = Radius of fibre in um

Fibre/matrix debonding area was estimated from a micrograph containing interface debonding. It
was obtained by superimposing an array of grid lines, perpendicular to the fibre axis, on an image

and counting the number of intersections and debonding. It was calculated by:

(Sv)ap = 2(I1) (2.21)

Where

(Sv)ab = Debonding area per unit volume (um™)

I. = Average number of intersection points per unit length of a test line (um™)

Matrix micro crack was used as a measure of crack surface density, defined as crack surface per
unit volume. It was obtained by superimposing parallel grid lines on an image and counting the

number of intersections of grid lines and cracks. It was calculated by:

(Sv)m = 2(I)
(2.22)

Where

(Sv)m = Crack surface area per unit volume (um=)

I. = Average number of intersection points per unit length of a test line (um™)

Figure 2.56 shows the 3D state of damage space showing Fibre breakage, debonding and matrix
cracking.

G F

(Sv)af o

O (N A

Figure 2.56 3D Damage state space showing fibre breakage, debonding and matrix cracking,

(source: Senthinathan et. al. [63])
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The progression of damage was observed for various orientations of fibres and micrographs are

shown in Figure 2.57.

(a)

Figure 2.57 Micrographs showing a) 0°fibre cracks b) 0° fibre missing c) 0°fibre/matrix
debonding d) 45°fibre/matrix interfacial debonding e) 90° fibre/matrix interfacial debonding
) 90°Matrix cracking (source: Senthinathan et. al. [63])

The research study observed that there was a steep reduction in normalized stiffness at the onset
of fatigue. With further increase in number of cycles, reduction in normalized stiffness was gradual
irrespective of fibre orientation and stress ratio. Microstructural damage was observed in the form
of fibre cracking, interface debonding and matrix cracking. However, the damage mechanisms

were different and not always occurring in all fibre orientations. Interface debonding was observed
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in all fibre orientations while fibre cracking and matrix cracking were observed in the 0° and 90°

fibre orientations.
The variation of the normalized elastic modulus with damage mechanisms for different fibre

orientations are shown in Figure 2.58
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Figure 2.58 Elastic Modulus variation with respect to a) fibre damage in 0° b) interface
debonding in 0° ¢) interface debonding in 45° (source: Senthinathan et. al. [63])

Whitworth [64] conducted a study in developing a stiffness degradation model for composite

laminates under fatigue loading. The model developed was based on an assumed relationship
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between the failure stiffness and the applied stress. An experimental study was conducted to
evaluate the model.

The model formulation was limited to specimens subjected to constant amplitude fatigue loading
with the assumption that the residual stiffness is a monotonically decreasing function of the fatigue

cycles. The residual stiffness degradation is given by:

o e
dE*(n) _ -a _ LE(N)
dn (n+DE*(M)™*  dn

(2.23)

Where

E"(n) = E(n)/E(N)

E(n) = residual stiffness

E(N) = Failure stiffness

n = number of load cycles

a, m = parameters dependent on applied stress

Integration of equation 2.24 results in equation 2.25 which represents the residual stiffness after n
fatigue cycles

EX EN[ nl +1+(E(0))m]”m
n=EWN) —hln(n+1) EN)

(2.24)
Where
E(0) = Stiffness at 0 cycles
h=axm
Since equation 2.25 requires the determination of failure stiffness E(N) which can be obtained only
after failure occurs, the usage of failure strain criterion helps in development of the model. Failure

strain criterion assumes that the failure of the specimen will occur when the fatigue strain reaches

S I:E(N) 1
2,
S, E0)

the tensile ultimate strain.

(2.25)

Where
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S = Applied Stress
Su = Ultimate Strength

The stiffness life relation model was developed and is given by:

S 1iey S nilcy |V
) ':—hln(n+]) +(cl-i) }
¢S, hY
Where

C1, C2= constants obtained experimentally

E(n) =E(0)(
(2.26)

The model was validated with experimental testing and comparisons between the model

predictions and the experimental results were generally good [64].

Amongst the models predicting damage growth, Dahlen & Springer [65] proposed a semi-
empirical model for estimating delamination growth in graphite/epoxy laminates under cyclic
loading including mode I, mode Il and mixed-mode conditions. They used the crack growth rate

described with dimensionless grouping and a Paris similar growth law:

2

Aa—Z =A(Uw)b (2.27)

Echrit Gerit

where Aa is the delamination growth normal to the circumference of the existing delamination
oy is the ply strength
E,, is the transverse ply modulus

G it 1S the critical energy release rate with contributions from mode | and mode Il
A & b are parameters which depend upon the material and the relative contributions of mode I and
mode 11 to the delamination growth

) . G Gmi
U is a function of =22* and of 22

crit max

Gmax 1S the total maximum energy release rate during the cycle under consideration

Henaff-Gardin et. al [66] researched progressive matrix cracking in cross-ply laminates. They

established the propagation law under fatigue loadings as:

B oaG) (2.28)

AN Gmax

where S is the crack surface
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G, is the strain energy release rate for the current crack density
Gmax 1S the strain energy release rate when the first matrix crack initiates

A & n are constants determined from experimental measurements of crack density

Researchers have also developed progressive damage models that relate the damage variables with
the residual mechanical properties (stiffness/strength) of the laminate. The damage growth rate
equations of such models are often based on damage mechanics, thermodynamics,
micromechanical failure criteria or specific damage characteristics such as crack spacing,
delamination area etc. [67].

Since most damages interact in composites, damage modeling with single types if damage
variables is problematic. Reifsnider [68] proposed a modeling philosophy to counteract the
problem of interaction of damage types. He used the approach of the representation volume
concept. The representation volume is divided into critical and subcritical elements. In the
subcritical elements, damage initiation and propagation is modeled on a micromechanical level
and the local stress fields are calculated. Details not important for the determination of the local
stress field associated with the final failure event are grouped into continuum representation of the
critical elements in the representation volume. The reduction in strength is calculated by using the

integral formulation:

F .
ST C¢/p )t _
Ls(fﬂ = [Fe(ﬂ i3 l J1- [ - F.(k®)*dr] (2.29)
Lu /FL(T)

Tv

The quantity on the left side is the residual strength, normalized by the initial ultimate strength for
the failure mode. The first factor on the right is the ratio of the initial stress concentration to the
current stress concentration in a representative volume (rv) and F is a generalized failure function.
The subscript e indicates that the value of that failure function F is evaluated in the critical element
and the subscript L indicates the value of F in the laminate at some position from the location of
the failure event. All quantities in the integral are evaluated in the critical element. The failure
function is written as a function of time since the stress state in a critical element changes as
damage develops in the subcritical elements around it. The Critical Element Method was used to

determine the variables and uses a micro-mechanical analysis to determine local stress
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redistribution caused by the failure of “subcritical elements”, and phenomenological (constitutive)
information to characterize the condition of the “critical elements” which control fracture. This
methodology has been used by other researchers such as Diao et. al [69] and Subramanian et. al.
[70].

Similarly, Bak et al. [61] conducted a study of delamination under fatigue load in composite
laminates and a review on the observed Phenomenology and Computational methods. Fatigue
delamination was studied at three different stages initiation, onset and propagation.
Phenomenological models are mainly used for delamination propagation and relate fracture
mechanics quantities like energy release rates or the stress intensity factor with the crack growth
rate obtained in the experiments. Simulation models that make use of computational models are
based on either Linear Elastic Fracture Mechanics (LEFM) or Cohesive Zone Models (CZM).
Models based on LEFM make a direct comparison of computed values (stress intensity factor or
energy release rate) with a critical value obtained with phenomenological models. They also can
account for different parameters (load ratio, mixed-mode and threshold) [69].

CZMs can be used to predict delamination initiation, onset and growth in a structure. The maturity
of CZMs is very low and availability for delamination onset is not there thus resulting m most
availability and usage of CZMs for delamination propagation [70].

A study of numerical modeling of damage development in open-hole composite specimens in
fatigue was conducted by Pearson et al [71]. The study investigated the capability of a cohesive
interface element formulation with fatigue damage capability to predict the damage development
and failure of open-hole tensile specimens. The damage pattern consists of multiple delamination
interfaces, matrix cracks and complex interactions between them. The study combined the
modelling techniques developed for predicting the static strength of open-hole tensile specimens
with the extended capability of interface elements to predict damage accumulation under fatigue
loading. The numerical models used were first loaded in static conditions to determine failure loads
and then used in fatigue loading using a loading envelope strategy at varying percentages of the
static failure load. A detailed comparison of the predicted failure behaviour in terms of the stiffness
loss and damage development was undertaken against experimental data. A very good correlation

between the experiments and modelling was observed Initially damage starts to propagate out from
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the hole edge in terms of matrix cracks and delamination. Once this propagates through the

thickness, asymmetric -45/0 delamination occurs causing the large effective modulus drop [71].

Shokreih & Behrooz [72] developed a progressive fatigue damage model based on two
assumptions. First it was assumed that off-axis plies are responsible for stress redistribution into
the laminate. Second, the on-axis plies are responsible for strength reduction and control failure of

the laminate.

I Model preparation |

| Stress analysis |

|Cycl Cvol 3 Failure - e 0e of
ycles = Cycles + on - analysis* “Failure analysis in 0° plies
failure
Catastrophic
Cycles > Total cycles failure
No
Yes
Egy=0.5GPa

— Strength degradation Stiffness degradation

in 0° piles in 90° piles

Figure 2.59 Flowchart of Progress fatigue damage modeling of cross-ply laminates (source:
Shokreih & Behrooz [72])

Figure 2.59 shows the flowchart used by Shokreih & Behrooz [72] in development and
experimental evaluation of a progressive fatigue damage model. Firstly, the model preparation
part, material properties, maximum and minimum fatigue load, maximum number of cycles,
incremental cycles etc. are defined. Then a stress analysis based on maximum and minimum
fatigue load is performed. The maximum and minimum induced on-axis of all layers are calculated
and the stress ratio for each layer is determined. Failure analysis is then conducted using equation
2.31.
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U.\'.\' A A
—————— =g, (if gr > 1, then failure occurs
Xi(R,o,n) g (g )

(2.30)
Where

oxx = Applied stress

Xt = Residual longitudinal tensile strength of a unidirectional ply under uniaxial fatigue loading

R = Stress ratio

o = Stress state

n = Number of cycles

If there is a sudden mode of failure, the programme reports the catastrophic failure and fatigue life
is reached. Otherwise additional cycles are applied. If the number of cycles exceeds the preset
number of cycles, the programme is stopped, otherwise transverse stiffness of off-axis plies and
longitudinal stiffness of on-axis plies along are changed according to material property degradation
using strength degradation models for 0° plies (equation 2.32) and stiffness degradation models

for 90° plies (equation 2.33).

1

o log(n) — log(0.25) \* |
Fr= |:1 — (log(Nj)log(OQS)) } (1 — Fa) + Fa,

(2.31)
Where

Fr=R(R, 5, n)/Rs= Dimensionless residual strength
Rs= Static Strength

R = Stress ratio

o = Stress state

n = Number of cycles

Fa= o/ Rs= Local failure function

Nf= Cycles to failure

a = Curve fitting parameter

S = Experimental parameter

|, log(m) — log(0.25) g AW
Hfteom = {1 (logwn —oe25) } ( e_f) o

(2.32)
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Where

E = Residual Stiffness

R = Stress ratio

o = Stress state

n = Number of cycles

Nf= Cycles to failure

A, y = Curve fitting parameters

er = Average strain to failure

Behrooz-Taheri et. al. [73] conducted an experimental investigation to evaluated the capability of
the progressive fatigue damage model developed in study by Shokreih & Behrooz [72]. The
researchers fabricated test specimens with unidirectional and cross-ply configurations.

The specimens were tested for static stiffness and strength as well as normalized residual strength
in the fibre direction in tension-tension fatigue testing.

Figures 2.60 and 2.61 show the test data from the static strength and normalized residual strength
fatigue testing.

Table 1. Static test results of unidirectional T700/Cycom 890 RTM
carbon/epoxy laminates manufactured by VARTM technique.

Properties Magnitudes (mean) Standard deviation
Exx (GPa) 130 4.6
Eyy=Ezz (GPa) 7.53 0.439
Exy=Exz (GPa) 4.8 -
Eyz (GPa) 272 -
Yy =V 0.28 -
Yz 0.382 -
X, (MPa) 2008 261
Y, (MPa) 58.3 4.41
Sy =S (MPa) 103 6.2
£ur 0.0176 -
Eum 0.0074

Ply thickness (mm) 0.152

Fiber volume fraction (%) 52 -

Figure 2.60 Static strength test data (source: Behrooz-Taheri et. al. [73])
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Figure 2.61 Normalized residual strength of a unidirectional 0° ply under longitudinal tension-

Figure 2.62 shows the S-N curve for the longitudinal tension-tension fatigue testing.

Percent of static strength

tension fatigue testing (source: Behrooz-Taheri et. al. [73])
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Figure 2.62 S-N curve of unidirectional 0° laminates in longitudinal direction (source: Behrooz-

Taheri et. al. [73])

Transverse tensile static strength as well as tension-tension fatigue testing was conducted on the

90° laminates. Figures 2.63 and 2.64 show the residual stiffness and the S-N curve for transverse

direction testing.
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For cross-ply laminates testing was conducted to determine the tensile loading behaviour as well
as the tension-tension cyclic testing. Figures 2.65 and 2.66 show the stress strain curves from the

uniaxial tensile testing as well as the cyclic loading testing.
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Figure 2.65 Stress Strain curve for [0/90s/0] laminate under uniaxial tensile loading (source:
Behrooz-Taheri et. al. [73])
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Figure 2.66 Stress Strain curve for [0/90s/0] laminate under tension-tension cyclic loading,

(source: Behrooz-Taheri et. al. [73])
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The stiffness degradation was also studied in the cross-ply laminates and plotted first to the
characteristic damage state (CDS) which is the saturation level of interlaminar crack density and
is shown in Figure 2.67. The stiffness degradation was also plotted to the initiation of delamination
and is shown in Figure 2.68.
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Figure 2.67 Stiffness degradation of 90° plies from first cycle to Characteristic Damage State
(CDS) level (source: Behrooz-Taheri et. al. [73])
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Figure 2.68 Stiffness degradation of 90° plies from first cycle to delamination initiation, (source:
Behrooz-Taheri et. al. [73])
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Figure 2.69 shows the fatigue life prediction of a cross-ply laminate.
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Figure 2.69 Fatigue life prediction of a [0/90s/0] laminate (source: Behrooz-Taheri et. al. [73])

Overall the authors were able to validate the progressive damage model proposed in study [72] by

conducting experiments and validating it as part of the Phase Il of the research study [73]

Table 2.2 shows an overview of Fatigue Damage rate models developed by various researchers.
DM and FM stand for damage mechanics and fracture mechanics.
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2.7 Summary

Literature review was made with intent to have a methodological approach to understand and
explain the published research that have related surface integrity to changes in mechanical strength
properties and fatigue strength. An initial study of differences in surface integrity due to machining
processes with cutters and AWJ was presented along with resultant surface integrity studies due
to drilling. A brief discussion of the basics of surface integrity in composites was presented leading
to the review of past works conducted researching the defects & damage and their effects on the
strength properties of composite laminates. Research conducted in the areas of fatigue and the
effects of damage on fatigue strength, bolted joints bearing strength and damage was then reviewed
along with fatigue damage modeling work done to date.

While past work has focused on studying defects and damage in test coupons there has been a
shortage of research and publications in the area of relating surface integrity of post-cure processes
to strength properties and behaviour under service life conditions. Real life manufacturing
processes primarily in the aerospace operations utilize edge trimming and drilling processes
extensively in the final component size and shape and assembly. Fibre pullouts and delaminations
are the two type of defects during these manufacturing processes whose occurrence increases the
cost and schedule of usage of composite laminates while affecting the overall quality and business
plan of any manufacturing operations. Fibre pullouts eventually result in delaminations and
delaminations once initiated will eventually grow under fatigue loadings. Fibre pullouts can be
large in size as much 1 ply (200 um) in width and %2 ply in depth (100 pum). There has been no
work to date on the study of fibre pullouts and their effects on the strength properties of composite
laminates. During delamination growth, the structural loads may redistribute such that a new
delamination occurs in another location. Delaminations potentially are the critical mode of damage
and their occurrence may cause reduction of load bearing properties leading to failure. All of the
above discussion points to a need for truly understanding the effects of these defects on the
stiffness/strength properties and their behaviour under service life fatigue loadings and the

following questions arise:

a) How do delaminations and fibre pullouts affect the bolted joints when they are
subjected to service life loadings?
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b) What is the magnitude of the effects of machined and drilled surface integrity on
stiffness/strength properties?

¢) How do these initial defects from machining and drilling processes behave under
service life conditions especially in terms of damage growth and propagation?

d) Does the damage growth and propagation change the failure loadings and fatigue life
limits?

e) Can a reduced stiffness and a progressive damage model be created that uses initial
defects as a starting point of failure and can then predict the damage growth and

correlate it to residual strength properties and fatigue life?

The above questions when answered could not only help in understanding the fabrication effects
but also help design engineers of composite laminate structures fine tune the damage allowances
on the components. Most importantly, production engineers can better understand the long-term
effects of delaminations and fibre pullouts to reduce the magnitude and occurrence of the critical

damage variables.
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Chapter 3 — Motivation of Research, Goals and Objectives

3.1 Research Scope

With increased usage of CFRP Laminates in many industries including aerospace, there has been
substantial work in the research and development of machining processes for these material
systems. Developments in the area of trimming include use of Polycrystalline Diamond (PCD)
based cutting technologies as well as Abrasive Water Jet (AWJ) cutting. PCD Drills as well as
Chemical Vapour Deposited (CVD) Diamond coated carbide drills have been developed and in
use for the drilling of holes in the CFRP laminates. As most CFRP material systems are near net
shape, post-cure machining processes have to be efficient for material removal. Machining process
variables in combination with heat build-up and the abrasive nature of CFRP laminate systems
cause damage to the cutting tools as well as the CFRP laminates. While there has been significant
research conducted in improving the cutting tools and processes in an effort to reduce damage to
both the material systems and tools, there have been very few significant bodies of work studying
the effect of the machining processes on the mechanical performance of the CFRP material
systems.

CFRP laminate composites undergo damage during machining and also during service life loading
conditions. The damage mechanisms consist of delaminations, fibre rupture, fibre pullout,
fibre/matrix debonding and matrix micro-cracking. These damage mechanisms affect mechanical
properties such as tensile strength, compressive strength, notched tensile and compressive strength
and bearing strengths. While past researchers have studied the influence of surface integrity on
monotonic static properties, the influence of damage and its progression during cyclic loading on
residual strength and fatigue life are still being explored.

The scope of the research was to characterize the influence of damage caused by machining
(trimming) and drilling operations and its progression on monotonic static strength and Fatigue
strength of CFRP laminates. The differences between resultant surface integrity for two different
types of trimming operations (Edge Milling & AWJ) was studied.
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Surface Roughness Damage
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Damage Progression

Figure 3.1 Process Methodology for Surface Integrity Study of Machining Process

For Edge Milling PCD endmills and Carbide Endmills with CVD diamond coated were used. In
order to document and observe damage caused by trimming, surface roughness measurements (Ra
— Roughness Average, R; — Mean Roughness Depth) were recorded and then optical microscopy
was used to observe macroscopic and mesoscopic damage on the surfaces and edges of the
specimen. Scanning Electron Microscopy (SEM) was also used to observe microscopic damage.
Monotonic Static Strength Testing (Tensile & Compressive) was conducted to document
differences in strength based on surface integrity variability based on type of trimming conducted.
Tension-Tension Fatigue cycle testing was also conducted to study the effects of damage and its
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progression on Fatigue Strength. Damage progression was monitored using photography and
changes in stiffness. The proposed process methodology used for the surface integrity study for

machining process is shown in the above Fig 3.1.
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Figure 3.2 Process Methodology for Surface Integrity Study of Drilling Process
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For the drilling surface integrity, PCD drills and CVD Diamond Coated Carbide drills were used.
Drill point angle study is also included with a study of 2 drill point angles, 90° and 120°. Surface
roughness measurements (Ra — Roughness Average, R; — Mean Roughness Depth) were recorded
and then optical microscopy was used to observe macroscopic and mesoscopic damage on the
surfaces and edges of the specimen. Scanning Electron Microscopy (SEM) was also used to
observe microscopic damage. A baseline almost damage free hole drilling process was used as a
benchmark to document and analyze the monotonic strength properties as well as fatigue strength
based on tension-tension fatigue testing. Notched Tensile and Compressive Strength testing was
conducted as well as pinned bearing strength (tensile) testing. Fatigue cycle testing was conducted
with open hole and unnotched specimens along with the study of damage progression. Damage
progression was monitored using photography and changes in stiffness of test specimens. The
proposed process methodology of the surface integrity study used for drilling process is shown in
Fig 3.2.

3.2 Goals and Objectives

The Goal of this research was to study the effects of resultant surface integrity from post-cure
machining processes such as trimming and drilling on the mechanical performance of CFRP
laminates.

1) One of the principal objectives of this study was to investigate the relationship if any of the
machining process damage to a change in monotonic static strength properties and fatigue
strength. As a baseline the classical lamination theory is used to calculate the longitudinal
Youngs Modulus and Poisson’s Ratio (vi2) which are then validated against empirical
values obtained from mechanical testing with the machined specimens of varying damage
intensities. Theoretical Tensile and Compressive Strength values obtained from
calculations using the classical lamination theory were compared to those obtained from
empirical data from testing.

2) Another major objective of this study was to truly understand the science of machined
surface and subsurface damage in CFRP laminates. Initial damage at the fabrication of
CFRP laminate components and their assembly propagates and influences the mechanical
performance of the laminates. The goal of this study was to help develop a progressive

damage model and its relationship to fatigue life to help fatigue life prediction of CFRP
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laminates. As damage in CFRP laminates starts early during the post-cure machining
operations, the size of the damage zone grows steadily along with the type changing (matrix
microcracking can lead to large delaminations). This can lead to gradual deterioration of
the CFRP requiring knowledge of the progression of damage for predicting fatigue life and
failure.
Fatigue life models are classified into three categories [53] which are:
a) Fatigue life models that do not take into account the actual degradation mechanisms, but
use S-N curves or Goodman diagrams and introduce some sort of fatigue failure criterion
b) Phenomenological models for residual stiffness/strength
c) Progressive damage models which use one or more damage variables which are measurable
damage characterizations such as transverse matrix cracks or delamination size
Progressive damage models are also of two types:
1) Progressive damage models that predict damage growth such delamination area size and/or
microcrack density
2) Progressive damage models that correlate the damage growth with the residual mechanical

properties (stiffness/strength)

For this study, the development of the progressive damage model will be based on percentage
change in compliance (damage) versus number of cycles is modeled from test data. This model is
dependent on the applied stress, surface integrity and notch factors and based on predictive
damage, the number of cycles to fatigue failure are predicted.

The damage model will focus on the 3 distinctive damage zones which constitute matrix cracking,
matrix-fibre interface debonding, delamination, fibre fracture and failure. The testing conducted,
static and fatigue will be depicted in the following chapters in terms of test results, photo
micrographs and scanning electron microscopy for damage mechanisms and surface profilometry

for surface integrity observations.
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Chapter 4 — Experimental and Theoretical Methodology

4.1 Overview

This body of work comprises a two-phase approach to study the effects of surface integrity on
mechanical properties and fatigue life on CFRP laminates. In phase 1, a 10 ply thick balanced
symmetric [0/-45/90/45/0]s composite laminate of unidirectional Carbon fibre prepreg tape with
an Epoxy resin was used in the study. For Phase 2, a 20 ply thick balanced symmetric
[0/45/90/45/0]2s composite laminate of unidirectional Carbon fibre prepreg tape with an Epoxy
resin was used. The resin used in the laminate is a 350 degree F curing epoxy based thermosetting
resin. By weight the resin content of the laminate is 35.5 % of the total weight of the laminate.

4.2 Phase | Research Plan — 10 Ply Thick Laminate — Mechanical Properties Testing

The 10 ply thick balanced symmetric [0/-45/90/45/0]s laminate used in the study had a nominal
thickness of 1.91 mm and with an average ply thickness of 190 um. The prepreg tape material
used was approximately 305 mm in width and all layup was done manually as a 1220 x 1220 mm
wide sheet. The sheet was cut into smaller coupons using Abrasive Water Jet (AWJ). The coupons
were then machined either using endmill cutters or AWJ into smaller specimens for mechanical
testing. Prior to mechanical testing, surface integrity (roughness and Scanning Electron
Microscopy) was documented. The following mechanical testing was conducted:

1) Tensile Strength Testing

2) Compression Strength Testing

3) Open Hole Tensile Strength Testing

4.3 Phase 11 Research Plan - 22 Ply Thick Laminate — Mechanical Properties Testing

The 22 ply thick balanced symmetric [90/-45/0/-45/90/45/0/-45/0/90/0]s laminate used in the study
had a nominal thickness of 4.52 mm and with an average ply thickness of 190 um. The laminate
had a top layer of woven fabric material [0/90] and a bottom layer of fiberglass skin material. The
coupons were machined either using endmill cutters or AWJ for edge trimming for mechanical

testing. Holes were also drilled using test drills as described later in the chapter for open hole
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testing. Prior to mechanical testing, surface integrity (roughness and Scanning Electron
Microscopy) was documented. The following mechanical testing was conducted:

1) Tensile Strength Testing

2) Compression Strength Testing

3) Open Hole Tensile Strength Testing

4) Open Hole Compression testing

5) Pinned Bearing Testing

4.4 Research Plan for 22 Ply Thick Laminate — Tension-Tension Fatigue Cycle Testing

The 22 ply thick balanced symmetric [90/-45/0/-45/90/45/0/-45/0/90/0]s laminate used in the study
had a nominal thickness of 4.52 mm and with an average ply thickness of 190 um. The laminate
had a top layer of woven fabric material [0/90] and a bottom layer of fiberglass skin material. The
coupons were machined either using endmill cutters or AWJ for edge trimming for fatigue cycle
testing. Holes were also drilled using test drills as described later in the chapter for notched
specimen fatigue testing. Prior to fatigue cycle testing, surface integrity (roughness and Scanning
Electron Microscopy) was documented. The following fatigue cycle testing was conducted:
1) Unnotched Specimen Testing

a. High Load
b. Medium Load
c. Low Load

2) Notched Specimen Testing

a. High Load
b. Medium Load
c. Low Load

4.5 Theoretical Strength Calculations

A lamina is a single ply whose thickness can range from 0.143 to 0.191 mm. A laminate is
composed of multiple plies of different orientations. The common fibre orientation angles are 0°,
90°, 45°, - 45°. A unidirectional composite (0 ply) has the largest tensile and compressive stiffness

and strength in the fibre direction. A 45 ply has the highest shear stiffness and strength. The
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stresses/strains, strength and the apparent (or effective, equivalent, average) stiffness of a laminate
can be predicted using “Classical Lamination Theory” (CLT) [11]. CLT is a theory for predicting
(force/moment) and strain/curvature) relations of a generally flat laminate based on the properties
of a single ply (a lamina) and is based on the following assumptions [65];
a) The plane stress form of Hooke’s Law for a single ply in the arbitrary (x-y) coordinates
b) “Kirchhoff Hypothesis” — The normal to the midplane remains normal to the midplane
after deformation i.e. transverse shear strains are zero.

c) Small deformation, perfect bonding between plies.

Fig 4.1 shows the construction of a typical carbon-fibre reinforced plastic laminate. Laminates can
be of 4 types:

1) Symmetric unbalanced — example (0 / 45/ 90)s

2) Symmetric balanced — example (45 /0 /- 45/ 90)s

3) Unsymmetric balanced — example (0/45/90/90/-45/0)

4) Unsymmetric unbalanced — example (0/45/90/0/45/90)

8 2
=

Figure 4.1 Construction of a Typical Carbon-Fibre Reinforced Plastic Laminate(source: Lin [59])

lamina

X,y : reference axes
1, 2: material axes

0 = angle between x and 1 axis
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Most laminate applications use plates as the basic structural form and most require the plate
geometry to be thin (longitudinal and transverse dimensions of plate are greater than 10 times the
thickness of the plate). Thin laminates are usually characterized by three stiffness matrices which
are denoted by [A], [B] & [D]. Since the plate is “thin”, a state of plane stress can be assumed with
out of plane normal stress (cz) equal to zero and the shear stresses (tx; & T1y;) are equal to zero.

The displacements of a point in the laminate under loading and in the x, y & z direction are denoted
by u, v & w. The displacements in the midplane are denoted by u°, v® & w°. Using Kirchoff’s
hypothesis it can be shown that the strains (e,, €, & ¥y,) can be calculated using the following

relationships:

ou° 2°w°

€x =S~ 725 (4.1)
ov° a°w°

€y =%y %%y (4.2)
ou’  av° 20%w°

Vxy = oy + 0x —Z dxdy (4-3)

These equations can be written as:

Ex Eg Kx
{Ey}= €y +Z{Ky} (4.4)
ny y)?y ny

where €2, €5 & vy, are the strains in the reference midplane and k,, k,, & k., are the curvatures of
the reference midplane and given by:
a°w° 2°w?° 20%w°

K,=—2 K, = —Z & Ky, = —Z
X ax2 '’ y dy? xy 0x0y

Using Three-Dimensional (3-D) Anisotropic Constitutive Relations, Hooke’s law can be written
as:
g; = ij .Gj where (l,J = 1, 2,6) (45)
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C;; = Elastic Stiffness Matrix
Equation (4.5) can also be written as:
€ = Sl] . O'] where (|,J = l, 2,6) (46)

S;j = Elastic Compliance Matrix

The stacking sequence of a multi-angle laminate is denoted as shown in Fig 4.2

ply 1 H
ply 2 \
Zo ply 3 \

#1
Z 2 Z
3 ] Geometric Midplane +X

ply (n-1) \
ply n ‘

Note:
- Outer surface of ply 1 is at the most negative z - position: z, <0
- Outer surface of ply n is at the most positive z - position: z, >0

- Plies can be composed of different materials

Figure 4.2 Stacking Sequence of a Multi-Angle Laminate (source: Lin [59])

If Nx, Ny & Nyy are the in-plane loadings and Mx , My & Myy are the applied moments then their
relationship to in-plane stresses is given by:

h/2
N, = J 0, dz

—h/2
h/2
N, = j oy dz
—h/2
h/2
Ny, = j Tyy dZ
—h/2

and for the moments it is given by:
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h/2
M, = f 0, zdz
~h/2
h/2
M, = f oy zdz
~h/2
h/2
M, = f Ty 2dZ
~h/2

The stress-strain relationship for a given ply in a laminate is given by:

Oy (\211 @2 @6 €x
{Gy}: Q12 Q22 Q2 {EYI (4.7)

Txy Q16 Q26 Qe Vv

where [ Q ] is the stiffness matrix of the ply in the x-y coordinate system and its components are
given by:

0, =0, cos* O+ Z(Q12 + 20 )sin2 Ocos’ O+ Q,,sin* 0

0, =(0,, +0,, —40,, )sin* Ocos” O + le(sin4 0 + cos* 9)

0,, =0, sin* 8 +2(Q, +20,, )sin’ fcos> 8+ Q,, cos* 6

0, =(0,-0,-20,)sinfcos’ 8 +(0,, — 0, +20,, )sin’ Bcos

0,. =(0,, - 0, —20,, )sin’ Bcos O +(Q,, — 0,, + 20, )sinfcos* &

O = (Qll +0,, —20,, =20, )sin2 Ocos’ 0+ Q,, (sin4 0 + cos’ 9)

For specially orthotropic materials,

E v, E
O, = ! 2= — O =0
1-v;50,, 1-0v)50,,
E,
sz =0 Q26 =0 Q66 = G12
1-v,,0,;

where E1 , E> are the Youngs Modulus in 1 & 2 direction,
U1, = Poisson’s ratio in direction 2 due to applied stress in direction 1
U,1 = Poisson’s ratio in direction 1 due to applied stress in direction 2
G, = Shear Modulus in 1-2 direction

Combining equations (4.4) and (4.7) we get,
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N, w2 | Ox
N, ¢= j o, dz= Z I
—h/2 k=l g,
N, T, rxy .
o
0, O, Q]6 5 | €x ;| K«

n

|
:z O, 0, 0Oy _[ g;) dZ"'J. K, zdz
k=l —  —  — Z_ o Z4
O O O T i T Ky

which can be written as

N, A4, A, Ag||e&! B, B, Bj||k,
N y ([~ A, Ay Ay € ;0 +| B, B, Byl|{k y
N A Ay Ag ||V )(;/ B By By ||k,

where A; = Z (Q.j ), (z, —z,,) Extensional (or Stretching) Stiffness

B, —lz (Q.].)k (z; —z.,) Bending — Stretching Coupling Stiffness

similarly the moment equations can be written as

M. vy | Ox o,
My = I o, zdz = ZJ. o, zd
~h/2 k=12 |
M, T, Ty,
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. Ql 1 le Q16 2 g f - K,
2
— O, 0, O, I 8;’ zdz + J. K, (Z dz
k=1 Zy_ o Z_
Q16 Q26 Qes i VA xy . - Kx,v

M, B, B, Bj 5: D, D, Dg||kK,
My = BlZ Bzz Bz6 ‘9; + DIZ Dzz D26 K,
Mxy B, By By 7;; Dy D, Dg X

|~ : :
where D, =§;(Ql.j)k (z; —z,,) Bending Stiffness

Thus the [A], [B] & [D] matrices are given by

4, = Z Q(]k) t,  (Stretching Stiffness Matrix)
k=1
1 &G —=
B, :EZ Qf.jk) (z; —z._,) (Coupling Stiffness Matrix)
k=1

1 & =
D, :gz Q;.k)(z,f ~z, ) (Bending Stiffness Matrix)
k=1

where t is ply thickness, and h is the thickness of a laminate.

In general, the inverse matrices of [A], [B] & [D] denoted by [a], [b] & [d] are used in laminate

properties calculations.



For a symmetrical balanced laminate as such used in this study, the [b] matrix is zero. The strains

cause by N, are given by:

8; all a12 O O O | Nx alle
£} a a, 00 0 010 a, N
Ve 0O 0 a, 0 0 O0]]O0 0
K. 0O 0 O0 . d, d, d,||0 0
K, 0 0 d,, d, dy||O0 0
K, 0 0 do, dg, dg || 0 0

The nominal (or “effective”) uniaxial stress applied to the
laminate is:

X

h

Hence, the effective Young’s modulus and Poisson’s ratio
for a laminate with thickness h 1s:

Ox =

_ox_ N, 1
=E= -
& h(a,N,) ha,
Vv :_g_y:_aZINx:_aZI
w
&, a, N, a,

Using the above theoretical formulas many companies have developed lamination theory software
systems to accelerate the calculations of the laminate properties. The theoretical values of the
effective Youngs Modulus and the Poissons’s ratio were determined using the “Laminator” [66]
software which calculated the apparent laminate material properties, ply stiffness and compliance
matrices, laminate "ABD" matrices, laminate loads and mid-plane strains, ply stresses and strains
in global and material axes for the laminate used in the study for Phase 1. Input to the software
consisted of ply material properties, material strengths, ply-fibre orientations, stacking sequence

and mechanical loading.
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4.6 Experimental Plan

The goal of this experimental study was to characterize the effects of surface integrity of
machined composites laminates on their strength properties. The study also attempted to
characterize the influence of the variability of surface integrity on the fatigue life of the
composite laminates while documenting the evolution of damage under cyclical loading
conditions.

Composite Laminate material coupons were machined using different machining processes to
generate a variety of surface integrity conditions on the edges of the laminates. Mechanical
testing was conducted on these specimens and the change in their strength properties with
changing surface integrity conditions was evaluated and compared amongst the specimens.
Fatigue strength testing and the progression of damage in the laminate with cyclical loading was

also evaluated with varying surface integrity specimens.

As part of the experimental study the generation of data for the following properties of the
composite laminate specimens was planned.

e Tensile Strength

e Compressive Strength

e Open-Hole Tensile Strength

e Open-Hole Compressive Strength

e Pinned Bearing Strength (Tensile)

e Tension — Tension Fatigue Stress Cycles (S-N)

4.6.1 Specimen Readiness

Composite laminate material was laid up manually with prepreg tape and cured in an autoclave
with the cure schedule shown in Fig 4.3. For both the 10 ply thick and 22 ply thick, a composite
laminate of unidirectional Carbon fibre prepreg tape with an Epoxy resin was used in the study.
All specimens were machined by either endmilling of surface edges or using an Abrasive Water
Jet (AWJ) process for edge trimming. All edge machining and drilling processes were performed
on a HAAS Tool Room Mill, M 1P with a 7.5 HP spindle with max speed of 6000 RPM.
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Abrasive Water Jet (AWJ) machining of coupon edges was performed using a WaterJet Pro
WJP1313 Water Jet Machine. The surface roughness of all specimens was then recorded on the
trimmed edges as well as the surface of the hole. The surfaces were also examined under a
microscope and damage areas were studied using Scanning Electron Microscopy (SEM).
Aluminium tabs which were machined to the size and shape per each ASTM mechanical test
standard were then adhesive bonded to the specimens to be used for gripping during the

mechanical testing of the specimens on the Instron Test Machine, Model 5585H.

85 3551
. FL5
140~
20 -
75+
Pressure Temperature Time
psig F
FL1 — — FL3
FL1 Apply 22 inches Hg minimum vacuum to bag.
FL 2 Pressurize autoclave to 85 psig. Vent vacuum bag to atmosphere when pressure reaches 20

+10/-0 psig. Keep vented until end of cure. Pressure under vacuum bag shall be 0 +5/-0 psig
throughout remainder of cure cycle.

FL3 Apply heat after full pressurization of autoclave.
FL 4 Heat-up rate shall be 1 to 5 F/minute.
FL5 Hold for 120 +60/-0 minutes at 355 + 10 F and 85 +15/-0 psig. Temperature is based on lagging

thermocouple. Cure begins when last thermocouple reaches the minimum cure temperature.
All thermocouples shall remain in cure temperature range.

FL6 Cool under pressure until the part temperature reaches 140 F or below. Natural pressure drop
(19 psig max.) in autoclave due to cool down is allowed. Cool-down rate shall be 5 F/minute
maximum.

FL7 When part temperature reaches below 140 F, release pressure and remove part.

Figure 4.3 Cure Cycle of a CFRP Laminate (source: Boeing [61])

4.6.2 Edge Trimming with Cutters

End milling was performed using a 6.35 mm Diameter, Chemical VVapour Deposition (CVD)
Diamond Coated, 4 flute endmill. The helix angle of the endmill used was 18 degrees. Also End
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Milling using a 6.35 mm Diameter Polycrystalline Diamond (PCD). 2 flute, O degree helix cutter
was performed. The following machining parameters were used for endmilling with both types
of cutters:

Speed ‘N’ = 6000 RPM

Feed rate ‘F’ = 635 mm/min
The following Fig 4.4 shows the machining set-up of the edge trimming operation using the

HAAS machining centre.

RIBTLER

o

Figure 4.4 Machining Set-up for Edge Trimming with Endmill Cutters

The machining set-up used a Kistler Rotating dynamometer for capturing cutting force data.
Acoustic Emission Data was also recorded during the cutting process. Cutting using a PCD
endmill, 6.35 mm diameter, 0 degree helix, 4 flutes was conducted along with cutting using a 6.35
mm diameter, 18 degree, 4 flutes CVD diamond coated endmill. Both climb milling and
conventional milling processes were used for edge trimming. Both the 0 degree and the 18 degree
helix cutter machined samples were used for mechanical strength testing as well as surface
integrity analysis. The 0 degree PCD and the 18 Degree CVVD Diamond coated cutters are shown
in Figure 4.5.
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0 Degree Helix 18 Degree Helix
PCD Endmill CVD Diamond Endmill

)

Figure 4.5 PCD Endmill & CVD Diamond Coated Endmill

Table 4.1 Shows the Endmill geometries and cutting Parameters

Cutting Parameters

Diameter Type of Radial Axial Feed Rate Speed Linear Type of Cut
(mm) Endmill Depth of Depth of (mm/min) (RPM) Cutting
cut Cut (mm) Speed
(mm) (m/min)
6.35 PCD, 0.76 2.0 635 6000 120 Climb
2 flutes,
0 degree
Helix
6.35 CVD, 0.76 2.0 635 6000 120 Climb
4 flutes
18 degree
Helix

Table 4.1 Endmill Geometries and Cutting Parameters

4.6.3 Edge Trimming with Abrasive Water Jet

Edge trimming with an Abrasive Water Jet cutting machine was conducted using the WaterjetPro
WJP1313 Machine (Figure 4.6). The abrasive used for cutting was a 120 grit Garnet and the feed
rate used was 1444 mm/min.
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Figure 4.6 WaterjetPro WJP1313 Machine

Table 4.2 shows the cutting parameters for AWJ trimming

Cutting Parameters
Abrasive Feed Rate Pressure Flow Rate
(mm/min) (bar) (L/min)
120 Grit 1444 3447 3.0
Garnet

Table 4.2 Cutting Parameters for AWJ Trimming

4.6.4 Hole Drilling

For Open Hole Testing and for Bearing response of pinned holes in CFRP composite laminates

holes were drilled in the specimens. The two types of drills used were a Precorp Polycrystalline
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Diamond (PCD) drill and a Sumitomo CVD Diamond Coated drill (Figure 4.7). The Precorp Inc.
PCD drill is 4 facet drill with 118 degree cutting angle and a 24 degree helix. The Sumitomo Corp.
CVD drill is a 4 facet, 90 degree cutting angle with a 30 degree helix. The diameter of both drills
and holes drilled was 6.35mm. All drilling operations were conducted using the following
parameters:

Speed ‘N’ = 6000 RPM

Feed rate ‘F’ = 305 mm/min

CVD Diamond

Figure 4.7 CVD Diamond Coated and PCD Drill

Table 4.3 shows the drill geometries and drilling parameters

Drilling Parameters

Diameter Type of Drill Feed Rate Speed (RPM) Linear Cutting Speed
(mm) (mm/min) (m/min)

6.35 PCD, 305 6000 120
4 facet, 118 degree
cutting angle
24 degree Helix
6.35 CVD, 305 6000 120
4 facet, 90 degree
cutting angle
30 degree
Helix

Table 4.3 Drill Geometries and Drilling Parameters
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4.6.5 Surface Integrity Documentation

The surface integrity was documented using surface roughness measurement equipment, surface
microscopy and scanning electron microscopy for both surface and sub-surface damage
documentation.

4.6.5.a Surface Profilometry

The surface roughness of all machined and drilled specimens was documented using the Mahr
Mahrsurf GD 25 profilometer (Figure 4.8). Surface roughness readings were taken in the
longitudinal and transverse directions for the edge trimmed specimens (cutters and AWJ trimmed).
Detailed surface roughness parameters such as Ra, Rz, Rg, Rmax, R, Rp, Ry, Rsk, Rku were
documented. Detailed surface roughness profile was also recorded for all the specimens. The

profile length is 4.0 mm and the cutoff length is 0.8 mm.

Figure 4.8 Mahr Mahrsurf GD 25 Surface Profilometer

4.6.5.b Surface Microscopy

The machined surfaces were examined with a Wyko — NT 2000 Surface Profiler (Figure 4.9) which
uses a halogen light source (with or without a filler), with an interferometer and a Charged Coupled
Display (CCD) camera inside the microscope. For scanning electron microscopy (SEM), an FEI
Sirion SEM was used (Figure 4.10).
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Figure 4.10 FEI Sirion Scanning Electron Microscope

4.6.5.c Mechanical Strength Testing

For monotonic static strength testing with the machined and drilled specimens an Instron
Universal Testing machine, model 5585H (Figure 4.11) was used. Bi-axial Strain Gauges were

used to record displacement of the test specimens under loading conditions.
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Figure 4.11 Instron Universal Testing Machine, Model 5585H

4.7 Summary

In summary the research plan methodology is primarily based on the usage of different
machining processes resulting in varying surface integrity amongst the different specimens. The
specimens were the tested in static conditions subjected to different types of loadings and the
resultant strengths documented both for specimens without holes and with holes.

For fatigue cycle testing, specimens with varying surface integrity due to different machining
processes were tested under varying loading conditions in tension-tension cycle testing. The
progress of damage in both static and fatigue testing was documented during the testing and its
influence on both residual strength as well as cycles to failure for fatigue testing was
documented.

A model for damage progression during fatigue testing as well as predictive cycles to failure was

developed and tested against empirical data obtained from testing.
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Chapter 5 — Experimental Testing of Static Mechanical Properties of 10 Ply
Thick Laminate

5.1 Screening Experiments

Test specimens were edge trimmed with endmills and also using AWJ trimming. The surface
roughness of the edges was measured using the MAHR surface profilometer. Similarly, for Open-
Hole Testing holes were drilled using PCD and CVD Diamond Coated drills. Surface roughness
was also measured using the profilometer. The machined and AWJ trimmed specimens were also
examined using the Wyko surface profiler. Scanning Electron Microscopy (SEM) was used to
examine the damage from each process including the surface of the drilled holes. Specimens were
then bonded with aluminium tabs per the ASTM standards and mechanically tested to failure for
the tensile strength, compressive strength and open-hole tensile strength. The failure mode of the

test specimens for each case was examined and recorded.

5.2 Surface Integrity Observations

5.2.1 Machined Surfaces — Endmill Trimming Vs. AWJ

Surface roughness parameters were recorded for both the endmill trimmed and AWJ trimmed
surface edges. The readings were taken both in the longitudinal and transverse direction. The
surface roughness for the endmill machined surfaces was a lower value (Rz) in the longitudinal
direction while the AWJ trimmed edge had a lower (Rz) value in the transverse direction, as shown
in Table 5.1. The cutting parameters are as follows:

Endmill Trimming: Spindle Speed = 6000 RPM, Cutting Speed = 1.9 m/s, Feed Rate = 635
mm/min

AWJ Trimming: Linear Cutting Feed Rate = 1444 mm/min

The above parameters were chosen due to both limitations of the equipment used as well as cutting

parameters recommend by endmill and drill manufacturers.
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Type of Edge Trimming Longitudinal Ra (um) Transverse Ra (um)
Endmill 0.662 1.209
AWJ 4.491 0.816

Table 5.1 Example of Measured Surface Roughness of Edge Trimmed Surfaces

The surface profile readings in the longitudinal direction obtained from the two types of edge

trimming operations are shown in Figure 5.1 & Figure 5.2.

Meas. Instrum.. Mahr Data Acquisition Board Lt:

Drive Unit: GD 25 Ls:

Pick-up: MFW-250 [?777] VB:
Vi
Points:

5.60 mm [N=5]
25um

+250 pm

0.50 mmis
22400 [2]

[0.8 mm/div]

Profile [1/2]: R [LC GS: 0.8 mm)]

[0.8 mm/div]

Profile [2/2]: R [LC GS: 0.8 mm]

1 f_J__L._

Ra Rg Rz

pm pm pum

1: 0662 0.B92 6.232

2: 0557 0.711 4298
Xb: 0609 0.802 5.265
S: 0074 0.128 1368
Max: 0662 0.892 6232
Min: 0.557 0.711 4298
R: 0.104 0.181 1934

Rmax
um
8.01
6.09
7.05
1.36
8.01
6.09
192

Rt Rp Rv R Sm
um um pum um
8.97 3.38 2.85 3995
611 209 220 4773
754 274 253 4384
202 091 046 550
897 338 285 4773
611 209 220 3995
285 129 085 778

26.34
2374
25.04

1.84
26.34
23.74

2.60

RSk REKuRMr_ . .RMr_.
% % .
0.57 658 2911 78.56 ..
011 373 4302 B88.80 .
0.23 515 36.06 8368
0483 202 983 T7.24
0.57 ©6.58 4302 88.80
011 373 2911 78.56
0.68 285 1391 1024

Figure 5.1 Surface Roughness of Endmill Machined Edge (Longitudinal)
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University of Washington
Mechanical Engineering
Manufacturing Science and Technology Laboratory

MarSurf XR 20 Harinder
V1.40-3 (SP1) New Measurement 04/17/11, 3.38 PM
Object:
Number:
Comment:
Meas. Instrum.: Mahr Data Acquisition Board Lt: 5.60 mm [N=5]
Drive Unit: GD 25 Ls: 2.5um
Pick-up; MFW-250 [?77] VB: +250 um
vVt 0.50 mm/s
Points: 22400 [2]

Profile [1/2]): R [LC GS: 0.8 mm]

BO.0f e e e e e i
T e SRR e
0.0 W/\Vm o FAS \1/ P WWMWVMWM /\Lnr\ X
k -------------- e oo oo o :
[0.8 mm/div] 4.0 mm
Profile [2/2]: R [LC GS: 0.8 mm]

500 - [ s R SR :
[um] - - - === - o oo oo GACSTEEEE TN EEPEEEREREEE S
0.0 /I\\\. . ™ 1;\_ e s - . Ar’“/\""J.
N g — ) w’ \/\,_V_,( W YA \'\‘\(‘ vy A ) \“J*\FW N |
500 - D EERREEEEEEEE S RREEEEEEEEES R EREEEEEEES -
[0.8 mm/div] 4.0 mm
Ra Rqg Rz Rmax Rt Rp Rv.  RSm RS R Sk RKu ..

um um um Mm um Mm Mm Mm Mm

1: 4491 5623 26.150 3212 3500 1266 13.49 266.57 124.00 -0.02 3.00 ..

2: 4100 5.080 23.012 2893 31.11 12.54 1048 226.31 115.15 0.29 2.99 ..
Xb: 4295 5342 24581 3053 33.06 1260 1198 24644 119.58 0.13 3.00
S: 0277 0399 2219 2.26 2.75 0.09 213 2847 6.26 0.22 0.01
Max: 4491 5623 26150 3212 3500 1266 13.49 266.57 124.00 0.29 3.00
Min: 4100 5.060 23.012 28,93 31.11 12.54 1048 226.31 115.15 -0.02 2.99
R: 0.391 0.564 3.138 3.19 3.89 0.12 3.02 40.26 8.85 0.31 0.01

Figure 5.2 Surface Roughness of AWJ Trimmed Edge (Longitudinal)

Next the two types of resultant surfaces were examined using an SEM and the Wyko surface
profiler. Damage was observed using both pieces of equipment. A comparative view of the

differences between the two types of surfaces is shown in Figure 5.3.
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Edge Delamination (top)

Fibre Pullouts ———>

Endmill Trimmed - AWJ Trimmed

Edge Delamination (bottom) Edge Delamination (exit)

EndMill Trimmed AWI Trimmed

@ | (b)

Figure 5.3 Surface Comparison between Endmill vs. AWJ Trimmed — (a) schematic (b) actual

specimen
It was observed that the AWJ trimmed surface showed evidence of edge delamination the exit side
of the waterjet. The endmill trimmed surface though a smoother surface than the AWJ surface, had
more damage on the top and bottom edge in the delamination mode of damage. The endmill
machined edge also had evidence of fibre pullouts. These fibre pullouts were in the 45 degree ply
and occur due to the way the cutting angle presents itself to the fibre orientation. The pattern of
fibre pullouts repeats itself for the 45 degree ply as shown by the surface profile montage mapped
by the Wyko surface profiler and shown in figure 5.4, while Figure 5.5 shows a micrograph with
the fibre pullout areas. The two types of damage that dominate the machining processes remain
fibre pullouts and delaminations. The occurrence of the fibre pullouts was more dominant during
endmilling than delaminations although both occurred during trimming of each specimen with
endmills. Exit delaminations during AWJ trimming were also noticed for each test specimen that
was AWJ trimmed. Figures 5.6 & 5.7 show the detail damage on the endmill and AWJ trimmed

edge surfaces.
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Average Width of
Damage = 0.7 - 0.9 mm

wi

Figure 5.4 Montage of 45 Degree Ply Fibre Pullout Area of Endmill Machined Edge

Delamination

Figure 5.5 Micrograph showing Fibre Pullouts in 45 Degree Ply of Endmill Machined Edge
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Smeared
Surface

h=0.2mm
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(a) (b)

Figure 5.7 SEM of Delamination in the Edge Surface of AWJ Trimmed Edge — (a- schematic (b)

actual specimen
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5.2.2 Drilled Holes — CVD Diamond Coated Vs. Polycrystalline (PCD) Drills

Surface roughness parameters were recorded for holes drilled with CVD Diamond Coated and
PCD drills. The surface roughness readings were lower (better surface) for the PCD drilled holes
compared to the CVD Diamond drilled holes. This is due to the fact that the PCD edge is polished
and smooth compared to the CVD coating which is not polished. CVD coatings are chemically
deposited and are pure coatings without any binder. They are also thin coatings and cannot be
polished as during polishing they can dis-bond from the substrate and strip off. The average surface
roughness parameters for the two surfaces were:

PCD - Drilled Surface, Ra=0.506 um

CVD — Drilled Surface, Ra=1.241 pm
The surface profile readings obtained from the hole surfaces on the PCD and the CVD Dirilled

holes are shown in Figures 5.8 & 5.9

Meas. Instrum.: Mahr Data Acquisition Board Lt: 1.10 mm [N=5]
Drive Unit: GD 25 Ls: 2.5um
Pick-up: MFW-250 [?777] VB: +250 pm
Vi 0.50 mm/s
Points: 2200
Prefile: R [LC GS: D;DB mm] . . . .
10.0f----------m--- dmmmm oo mm oo bomsommm oo dommmmmomomo- dmmm oo 1
[um]f--==--=-=--—--- qmm=mm—mmmmmm—- fm==mmm—m—mm-- fommmmmm e s mme—m oo 1
A 1 1 1 1
D’O 1 i ] ] 1
—————————————— e e
R e e R T i
[0.16 mm/div] 0.79 mm
Profile: R [LC GS: 0.08 mm]
Ra 0.506 pm
Rq 0.946 pm
Rz 3.557 um
Rmax 5.28 um
Rt 8.28 um
Rp 1.53 um
Rv 203 um
R Sm 4663 pm
RS 52.03 pm
R Sk =211
R Ku 14.06
R Mr (-1.00;5.00) 1368 %
R Mr (-2.00;5.00) 8885 %
R Mr (-3.00;5.00) 9548 %
Profile: W [LC G5: 0.08 mm]
Wa 1.366 pum
Wit 1313  pm

Figure 5.8 Surface Roughness of PCD Drilled Hole



Meas. Instrum.: Mahr Data Acquisition Board
Drive Unit: GD 25
Pick-up: MFW-250 [?777]

Lt

Ls:
VB:

Vi
Points:

1.10 mm [N=5]
2.5um

+250 pm

0.50 mmis
2200

10.0

[um]
0.0

-10.0

Profile: R [LC GS: 0.08 mm]

'
4
1
1
1
1
1
!
1
1
4
1

[0.16 mm/div]

Ra
Rg
Rz
Rmax
Rt
Rp
Rv

R Sm
RS
R Sk
R Ku

Wa
wit

R Mr(-
R Mr (-
R Mr (-
Profile:

Profile: R [LC GS: 0.08 mm]

1.00;5.00)
2.00:5.00)
3.00;5.00)
W [LC GS5: 0.08 mm]

pm
pm
pm
pm
pm
pm
pm
pm
pm

FFEF

pm
pm

Figure 5.9 Surface Roughness of a CVD Diamond Coated Drilled Hole
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Next the two types of drilled holes were examined under a Scanning Electron Microscope. Damage

was noticed on the hole surfaces with both types of drills used. The SEM micrographs from holes

with both types of drills are shown in Figures 5.10 through 5.14.
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Damage,width 7 0.12mm
=

! le ! Damage space = 0.22mm

(a) (b)

Figure 5.10 SEM of Fibre Pullout Region in PCD Drilled Hole — (a) Fibre Pullouts (b) magnified

view of fibre pullout

Damagea space 7 0.22mm
—»

I le ) Damage space=0.22mm

Fibre Pullouts

Delaminations

Figure 5.11 SEM of Surface Damage in CVD Diamond Drilled Hole



110

Damage =0.2 mm

(a) (b)

Figure 5.12 SEM of Fibre Pullout Region in CVD Diamond Drilled Hole — (a) magnified view of

fibre pullout (b) magnified view of fibre pullout showing fibre fracture

The following observations were made on the surface integrity features for the 3 different
machining processes used
AWJ Trimming - The AWJ timed specimens overall displayed a smooth surface with 3 distinct

zones from the top of jet entry to the bottom of jet exit as shown in Figure 5.13.

'''''''''''''''''''''''''''''''''''''''''''''''''''''''''''' < Abrasion zone

4— Wear zone

Figure 5.13 Surface Roughness Zones on AWJ Specimen

The top zone at the entry of the jet is the abrasion zone where the jet stream with particles enters
the material. The wear pattern in this zone is abrasion occurring due the abrasion impact by the
particles in the jet stream. The second zone is the wear zone where the cutting occurs and is
smoother than the other 2 zones. The bottom zone is the deformation zone and occurs between

the cutting zone and the exit edge of the specimen. This zone has a waviness pattern which is
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primarily linked to the deflection of the just as the depth of the material increases. The AWJ
trimmed surface also had striations along the surface and also displayed evidence of matrix
cracking.

PCD Endmill Trimming - The PCD endmill used was a 0 degree helix endmill, so the orientation

of the fibres to the cutting edge determined the resultant surface integrity. Fibre fractures were
noticed on the plies that were parallel to the cutting edge while in plies parallel to the cutting
edge, the surface was smooth. Fibre pullouts ere present predominantly in the 45 degree plies
and based on the orientation of the fibres (positive or negative) and the angle of engagement to
the cutting edge and cutting direction, the surface was smooth with fibre fracture being smoother
under tension or rougher with fibre fracture due to shear. The cutting flutes of the PCD Endmill
were polished and resulted in a smoother surface finish compared to other processes. EXit
delamination (bottom edge) were present while there was a small occurrence of entrance
delamination. Matrix cracking was also present through the thickness of the laminate. The
damage zones were about 0.12 mm in size.

CVD Endmill Trimming - The CVD endmill used was an 18 degree helix endmill, resulting in a

different angle of engagement with the orientation of the fibres resulting is surface integrity
different in comparison to PCD Endmill and AWJ trimmed surfaces. The cutting edges of the
endmill were not as sharp as compared to the PCD endmill to allow for effective adhesion of the
diamond coating to the cutting edge. This resulted in an increased density of fibre pullouts in
comparison to PCD endmill and AWJ trimmed surfaces. The higher density was also a resultant
of the multi-faceted cutting edges of the diamond coating. Exit delamination were present on the
trimmed surface and entrance delamination at the op edge was also present. The surface finish of
the CVD Endmill trimmed surface was smooth and better than AWJ trimmed but slightly worse

than PCD Endmill trimmed surfaces, the damage zones were approximately 0.2mm in size.

5.3 Mechanical Testing

5.3.1 Theoretical Strength Calculations

The laminator software was used to calculate the effective laminate strength based on the material
strengths and the ply make up. The loading direction is X axis. The software returned the following

theoretical Apparent Laminate Stiffness Properties:
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Apparent Modulus in X direction, Ex =91.95 GPa
Apparent Modulus in Y direction, Ey =59.6 GPa
Apparent Shear Modulus, Gxy = 22.94 GPa

5.3.2 Specimen Readiness

5.3.2.1 Tensile Strength Specimens

Specimens were prepared and tested per ASTM D3039/D3039M for standard test method for
tensile properties of Polymer Matrix Composite Materials. The specimens (Figure 5.14) were
prepared per the standard and aluminium tabs were adhesively bonded on the ends using an epoxy
adhesive. Both machined specimens using cutters and AWJ trimmed specimens were prepared and
tested per the tensile properties test standard.

63.5 mm L 191 mm &3.2 mm

254 mm

Aluminium Tabs

CFRP Specimen

Figure 5.14 Tensile Strength Test Specimen
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5.3.2.2 Compression Strength Specimens

Specimens were prepared and tested per ASTM D3410/D3410M for standard test method for
compressive properties of Polymer Matrix Composite Materials. The specimens (Figure 5.15)
were prepared per the standard and aluminium tabs were adhesively bonded on the ends using an
epoxy adhesive. Both machined specimens using cutters and AWJ trimmed specimens were
prepared and tested per the compressive properties test standard.

Aluminium Tabs CFRP Specimen

Figure 5.15 Compressive Strength Test Specimen



5.3.2.3 Open Hole Tensile Strength Specimens
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Specimens were prepared and tested per ASTM D5766/D5766M for standard test method for

Open-Hole Tensile Strength of Polymer Matrix Composite Laminates. The specimens were

prepared per the standard and aluminium tabs were adhesively bonded on the ends using an epoxy

adhesive. Both machined specimens using cutters and AWJ trimmed specimens were prepared by

drilling holes using PCD and CVD drills and tested per the Open-Hole Tensile Strength Test

Standard.

5.3.3 Test Matrix

A test matrix shown in Table 5.2 was developed for the test specimens used along with the

processes used for trimming.

10 Ply Thick Laminate - Static Mechnical Properties Testing - Test Matrix
Surface Finish - | Surface Finish - | Surface Finish - [Surface Finish -| Surface Finish -
Specimen Name Trim Hole Test

R, R R: R Ry

Al AWI -120 Tension 4,686 25.232 34.41 -0.19 2,55

A2 AWI -120 Tension 5,945 32.473 42.56 -0.21 3.37

M1 CVD Endmill Tension 0.541 4.4 5.072 NA NA

M2 CVD Endmill Tension 0.841 2.64 4,22 NA NA
A3-C AWI -120 Compression 4,491 26.15 35.00 -0.02 3,00
Ad-C AWI -120 Compression 4,099 23.012 31,109 0.289 2,99
M3-C CVD Endmill Compression 0.79 1751 2.19 NA NA
M4-C CVD Endmill Compression 0.661 2,077 2,988 NA NA
A5-OHT-P AWJ-120 PCD Drill | Open Hole Tension 0.407 2,744 49112 NA NA
A6 -OHT-P AWJ-120 PCD Drill | Open Hole Tension 0.566 3,531 4,991 NA NA
A7-0OHT-C AWI -120 CVD Drill Open Hole Tension 0.985 6.00 10.547 NA NA
A8-OHT-C AWI -120 CVD Drill Open Hole Tension 0.531 4,597 12.64 NA NA
B5-OHT-P | CVD Endmill PCD Drill Open Hole Tension 0.301 2.502 4.588 NA NA
B6-OHT-P | CVD Endmill PCD Drill Open Hole Tension 0.5062 3.557 8.277 NA NA
B7-OHT-C | CVD Endmill CVD Drill Open Hole Tension 0.998 5.601 7.867 NA NA

Table 5.2 Test Matrix for 10 Ply Thick Laminate — Static Mechanical Properties Testing

The following test conditions were implemented after screening of machining processes for

testing

a) For AWJ trimming 120 grit size was used for trimming

b) For Endmill trimming, CVD diamond coated endmills were used
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c) For the Tension and compression testing, the surface finish parameters in the longitudinal
direction were documented

d) For open hole tensile testing, the surface finish parameters for the holes were recorded in
the transverse (thickness direction

e) Not all skew and kurtosis values were recorded due to a breakdown in the lab
profilometer recording software

The following specimen dimensions were used in the mechanical testing as shown in Table 5.3

Test Dimensions (W x L X T) in mm
Tensile Strength 25.4x 254 x 2.0
Compressive Strength 12.7x 127 x 2.0
Open Hole Tensile Strength 25.4 x 254 x 2.0 with a 6.35 hole in centre

Table 5.3 Specimens Dimensions for 10 Ply Laminate — Static Mechanical Testing

5.3.4 Tensile Strength Testing

Both endmill trimmed and AWJ specimens were mechanically tested in tension and the results
tabulated. Strain gauges were used to capture the strain under tension loading conditions. All the
specimens were taken to failure during the testing process. Figures 5.16 and 5.17 show the load

displacement curves to failure of the endmill and the AWJ trimmed specimens.



Load (N)

Load (N) Vs. Micro Strain - Endmill Trimmed
Tension Specimens
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Figure 5.16 Load Displacement Curve, Endmill Specimen — Tension
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Load (N) Vs. Micro Strain - AWJ Trimmed Tension Specimens
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Figure 5.17 Load Displacement Curve, AWJ Specimen — Tension
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The results from the testing process showed the following Modulus for the tested specimens;

a) Endmill Trimmed Specimen — Ex = 70.7 GPa & 64.7 GPa
b) AWJ Trimmed Specimen — Ex = 72.5 GPa & 73.0 GPa
As seen from the above results there is a drop in the stiffness from the theoretical apparent stiffness

calculations.

When analyzed for the failure mode, it was observed that the endmill trimmed specimen failed
along the top ply as well as internal ply failure. The stiffness loss in this specimen was slightly
larger compared to the AWJ specimen. SEM micrographs had shown evidence of fibre pullout in
the endmill trimmed specimens as compared to the AWJ trimmed specimens. Figures 5.18 & 5.19

show the failure of the two types of specimens tested.

Figure 5.18 Failure of Endmill Trimmed Specimen in Tension

Figure 5.19 Failure of AWJ Trimmed Specimen in Tension
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5.3.5 Compressive Strength Testing

Figures 5.20 & 5.21 show the load displacement curves of the endmill and AWJ trimmed
specimens to failure in compression.
The _results from the compression testing process showed the following Modulus for the tested
specimens;

a) Endmill Trimmed Specimen — Ex = 54.9 GPa & 70.7 GPa

b) AWJ Trimmed Specimen — Ex = 49.2 GPa
As seen from the above results there is a drop in the stiffness from the theoretical apparent stiffness
calculations.
In compression testing, the AWJ specimens showed a larger reduction in stiffness properties which

is in line with research conducted by Ramulu & Colligan [39].

Load (N) Vs. Micro Strain - Endmill Trimmed Compression
Specimens

12000
)

\
P

8000

6000 M3

Load (N)

4000
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0 1000 2000 3000 4000 5000 6000 7000

Micro Strain

Figure 5.20 Load Displacement Curve, Endmill - Compression
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Load (N) Vs. Micro Strain - AWJ Trimmed
Compression Specimens
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Figure 5.21 Load Displacement Curve, AWJ — Compression
In case of specimen A3 for the AWJ trimmed specimens, there was slippage between the

grippers and the metallic tabs which resulted in collected strain gauge data to be inaccurate.

5.3.6 Open Hole Tensile Testing

Both PCD drilled holes and CVD drilled holes were tested in the open-hole tensile testing and their
results documented. Figure 5.22 and Figure 5.23 show the Load Displacement Curves for Open-
Hole Testing with PCD and CVD Drilled Holes for Endmill Trimmed and AWJ trimmed

specimens.
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Load (N) Vs. Micro Strain - EndMill Trimmed
Specimens- PCD Vs. CVD Drilled Holes
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Figure 5.22 Load Displacement Curve, Endmill Trimmed — PCD Vs. CVD Drill Open-Hole
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Load (N) Vs. Micro Strain - AWJ Trimmed
Specimens- PCD Vs. CVD Drilled Holes
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Figure 5.23 Load Displacement Curve, AWJ Trimmed - PCD Vs, CVD Drill Open-Hole Tension
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From the test data, it was observed that the reduction in strength was larger for the CVD holes that
had more damage on the surface area of the hole. The failure for the CVD specimens occurred on
an average 2000 N lower load than the PCD drilled specimens.

The failure mode was internal delamination in both PCD and CVD drilled holes as shown in Figure

5.24

Figure 5.24 Delamination Failure of Specimen in Open-Hole Testing

From the damaged specimens it was observed that damage initiation was at the 45 degree plies in

the hole. Damage progressed along the varies plies on the surface of the hole. Predominant

damage was delamination along the 45 degree plies and failure was due to fibre fracture.

5.4 Discussion and Summary

This portion of the research study with a 10 ply thick laminate was conducted as a screening
study to understand the processes, resultant surface integrity and the static mechanical testing
that was conducted in the next phase with a 22 ply thick laminate. The following Table 5. 3

shows the results from the static mechanical testing conducted.
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10 Ply Thick Laminate - Static Mechanical Properties Testing - Results Matrix
Maximum | Maxium M
Specimen Trim Hole Test .Su.rfaca 'Su.rface .&fﬁace ‘Syrface .Sl.jrface Load (N) at [Stress (MPa) strain Mcdulu‘slGPa]
Name Finish -R, | Finish-R, | Finish - R; [ Finish - Ry | Finish - Ry, . . (mm/mm) at Failure
Failure at Failure L——
Al AWJ-120 Tension 4.686 25.232 34.41 -0.19 2.55 52350 1030.00 0.014 73.00
A2 AW] -120 Tension 5.945 32.473 42,56 -0.21 3.37 47902 942.9 0.013 72,5
M1 CVD Endmill Tension 0.541 44 5.072 NA NA 51740 1018.5 0.0144 70.7
M2 CVD Endmill Tension 0.841 2.64 4.22 NA NA 42935 845.17 0.0132 64.02
A3-C AWJ-120 Compression 4.491 26.15 35.00 -0.02 3.00 10394 409.20 0.0018 NA
Ad-C AWJ-120 Compression 4,099 23.012 31.109 0.289 2.99 10249 403.5 0.0082 49.2
M3-C CVD Endmill Compression 0.79 1,751 2.19 NA NA 8380 329.9 0.006 54.9
M4-C CVD Endmill Compression 0.661 2.077 2.988 NA NA 10249 403.5 0.0057 70.78
A5-OHT-P | AWJ-120 | PCD Drill | Open Hole Tension | 0.407 2.744 4.9112 NA NA 33238 654.29 0.0095 NA
A6-OHT-P | AWJ-120 PCD Drill | Open Hole Tension | 0.566 3.531 4.991 NA NA 31812 626.22 0.0087 NA
A7-0QHT-C| AWJ-120 | CVD Drill | Open Hole Tension | 0.985 6.00 10.547 NA NA 30942 609.09 0.0073 NA
A8-OHT-C| AWJ-120 | CVD Drill | Open Hole Tension | 0.531 4,597 12.64 NA NA 33742 664.2 0.0081 NA
B5-OHT-P | CVD Endmill | PCD Drill | Open Hole Tension | 0.301 2.502 4.588 NA NA 33925 667.8 0.0084 NA
B6- OHT-P | CVD Endmill | PCD Drill | Open Hole Tension | 0.5062 3.557 8.277 NA NA 32361 637.02 0.0086 NA
B7-0HT-C | CVD Endmill | CVD Drill | Open Hole Tension | 0.998 5.601 7.867 NA NA 30858 607.44 0.0075 NA

Table 5.4 Static Mechanical Testing Results for 10 Ply Thick Laminate

The results from the mechanical testing of the 10 ply thick laminate provided the following

observations:

1) Overall the maximum loads for a given test or loads at failure generally were slightly

2)

3)

4)

5)

lower for specimens with a rougher surface finish.

The maximum stress at failure was also lower for specimens with a rougher surface

finish.

For the open holes specimens both maximum load at failure and maximum stress at

failure were lower as compared to specimens with no holes. This is attributed to the stress

concentration factor due to the presence of notch (hole) which is discussed in detail in

chapter 6 and 7 during the testing of the 22 ply thick laminate.

The test specimens displayed higher strength properties in Tension in all cases as the

fibres that carry the load are stronger in tension versus compression.

For the tension properties, the effect of surface integrity did result in slight reduction in

stiffness from the theoretical calculated stiffness. Both the AWJ trimming and Endmill

Trimming processes resulted in tension strength close to each other even though the

surface roughness values were different between the 2 processes. This effectively pointed
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to the surface integrity factor as having a dominant effect versus surface roughness. This
was taken into accounted and discussed in detail in chapter 6.

The progress of damage during the testing was evaluated by reviewing the magnified views of

the load versus displacement curves an example of which is shown in Figure 5.25 through Figure
5,27

Load (N)

N

Matrix Cracking

Micro Strain

Figure 5.25 Matrix Cracking initiation and progress in an Endmill Trimmed Tension Specimen

From the Figure 5.25, it was observed that matrix cracking in an Endmill trimmed specimen
under tension loading starting at around 2000N of loading and about 0.03% strain.
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Load (N)

First Ply Failure

Figure 5.26 First Ply Failure in an Endmill Trimmed Tension Specimen

From Figure 5.26 it was observed that Frist Ply Failure for an endmill trimmed specimens
occurred at around 0.55% strain and around a load of 18750 N.

Load (N)

Matrix Cracking

Micro Strain

Figure 5.27 Matrix Cracking Initiation and Progress in an AWJ Trimmed Specimen



125

From Figure 5.27 it was observed that Matrix Cracking in an AWJ trimmed specimen under

tension loading initiated at around a load of 1750N and around a strain of 0,025%.

It was observed that in AWJ trimmed specimens matrix cracking was dominant as a damage

mode and first ply failure occurred also around 0.5% strain values.

This methodology of review of damage progress was used in the static mechanical properties

testing of the 22 ply thick laminate as described and discussed in Chapter 6.

The damage progress mechanism constituted initial brittle nature in terms of matrix cracking.
Once matrix cracking progresses, it starts with the debonding of the matrix-fibre interface. This
mechanism is first inter-ply due to the shear modulus effect and soon it progress to intra-ply with
initiation of delamination and first ply failure. As the fibres debond from the matrix, load transfer
reduces with individual fibres carrying the load. This eventually results in fibre fracture with ply
separation and eventual failure. This mechanism is studied in detail with the 22 ply thick

laminate testing, both static and fatigue cycling as described in chapters 6 and 7.

The initial screening testing of all the 10 ply thick specimens led to some observations on the
effects of surface integrity on the strength of CFRP laminates. Initial screening data showed a trend
in reduction in stiffness and strength due to surface integrity effects. While the screening testing
pointed in the direction of the magnitude of the correlation between surface integrity and
stiffness/strength of the laminates, it also helped the author to understand that there is a link
between the two. The effects of surface integrity were studied by including the surface integrity
stress concentration factor in the static and fatigue cycle testing of the 22 ply thick laminate in
chapters 6 & 7. All specimens with larger amounts of surface damage had lower loads to failure
in every mode of testing. The type of failure resulting in lower loads had been predominantly the
occurrence of Fibre pullouts in the specimens due to both trimming and drilling processes. This
quantifies to some extent that fibre pullouts cannot be ignored in their detrimental effects on the
Mechanical properties of CFRP laminates. It is an area that has not been studied by past researchers
and was researched as a major part of the study by the author during the 22 ply thick laminate
testing portion of the study. Initial screening tests also validated some of the results of past
researchers that the surface integrity efforts from manufacturing processes do influence the

mechanical properties of the CFRP laminates.
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Chapter 6 — Experimental Testing of Static Mechanical Properties of 22 Ply
Thick Laminate

6.1 Screening Experiments

Test specimens were edge trimmed with endmills and also using AWJ trimming. The surface
roughness of the edges was measured using the MAHR surface profilometer. Similarly, for Open-
Hole Testing holes were drilled using PCD and CVVD Diamond Coated drills. Surface roughness
was also measured using the profilometer. Scanning Electron Microscopy (SEM) was used to
examine the damage from each process including the surface of the drilled holes. Specimens were
then bonded with aluminium tabs per the ASTM standards and mechanically tested to failure for
the tensile strength, compressive strength, open-hole tensile strength, open hole compressive
strength and bearing strength. The failure mode of the test specimens for each case was examined

and recorded.

6.2 Material Specification and Specimen Preparation

The 22 ply thick balanced symmetric [90/-45/0/-45/90/45/0/-45/0/90/0]s laminate used in the study
had a nominal thickness of 4.52 mm and with an average ply thickness of 190 um. The laminate
had a top layer of woven fabric material [0/90] and a bottom layer of fiberglass skin material with
material specification as defined in the Boeing Material Specification BMS 8-276 [67]. The Ply
table is shown inn Table 6.1 The prepreg tape material used was approximately 305 mm in width
and all layup was done manually as a 1220 x 1220 mm wide sheet. The sheet was cut into smaller
coupons using Abrasive Water Jet (AWJ). The coupons were then machined either using endmill
cutters or AWJ into smaller specimens for mechanical testing. For open holes and bearing testing,
holes were drilled using PCD and CVD Diamond Coated Drills with a diameter of 6.35 mm. Prior
to mechanical testing, surface integrity (roughness and Scanning Electron Microscopy) was

documented.



Material Orientation*
Fiberglass scrim 0/90
BMS 8-276 TY 40 CL 2 Form 1 6K-70-PW 0/90
BMS Spec 8-276 Type Il CL 10 or 11 GR 190 Form 3 90
BMS Spec 8-276 Type Il CL 10 or 11 GR 190 Form 3 45
BMS Spec 8-276 Type Il CL 10 or 11 GR 190 Form 3 0
BMS Spec 8-276 Type Il CL 10 or 11 GR 190 Form 3 -45
BMS Spec 8-276 Type 1l CL 10 or 11 GR 190 Form 3 90
BMS Spec 8-276 Type Il CL 10 or 11 GR 190 Form 3 45
BMS Spec 8-276 Type Il CL 10 or 11 GR 190 Form 3 0
BMS Spec 8-276 Type Il CL 10 or 11 GR 190 Form 3 -45
BMS Spec 8-276 Type Il CL 10 or 11 GR 190 Form 3 0
BMS Spec 8-276 Type Il CL 10 or 11 GR 190 Form 3 90
BMS Spec 8-276 Type Il CL 10 or 11 GR 190 Form 3 0
BMS Spec 8-276 Type Il CL 10 or 11 GR 190 Form 3 90
BMS Spec 8-276 Type Il CL 10 or 11 GR 190 Form 3 0
BMS Spec 8-276 Type Il CL 10 or 11 GR 190 Form 3 -45
BMS Spec 8-276 Type Il CL 10 or 11 GR 190 Form 3 0
BMS Spec 8-276 Type Il CL 10 or 11 GR 190 Form 3 45
BMS Spec 8-276 Type Il CL 10 or 11 GR 190 Form 3 90
BMS Spec 8-276 Type Il CL 10 or 11 GR 190 Form 3 -45
BMS Spec 8-276 Type Il CL 10 or 11 GR 190 Form 3 0
BMS Spec 8-276 Type Il CL 10 or 11 GR 190 Form 3 45
BMS Spec 8-276 Type Il CL 10 or 11 GR 190 Form 3 90
BMS 8-276 TY 40 CL 2 Form 1 6K-70-PW 0/90

Table 6.1 Ply Table for 22 Ply Laminate
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6.3 Surface Integrity Observations

6.3.1 Machined Surfaces — Endmill Trimming Vs. AWJ

128

Surface roughness parameters were recorded for both the endmill trimmed and AWJ trimmed

surface edges. The readings were taken both in the longitudinal and transverse direction. The

surface roughness for the endmill machined surfaces was a lower value (Rz) in the longitudinal

direction while the AWJ trimmed edge had a lower (Ra) value in the transverse direction. Table

6.2 shows the longitudinal surface finish values while Table 6.3 shows the transverse direction

values.

Specimen Type

Diameter
(mm)

Type of
Endmill

AWIJ (80 Grit)

AW (120 Grit)

PCD Endmill

CVD Endmill

Specimen Type Speed (RPM)

AWI (80 Grit) N/A
AW]J (120 Grit) N/A
PCD Endmill 6000
CVD Endmill 6000

N/A

N/A

6.35

6.35

Linear Cutting
Speed

(m/min)

N/A

N/A

120

120

N/A
N/A

PCD,
2 flutes,
O degree
Helix

CcVvD,
4 flutes
i8
degree
Helix

(@)

Type of Cut

N/A
N/A

Climb

Climb

Feed Rate
(mm/min) (bar)

Radial Axial Depth

Depth of of Cut
cut (mm)
(mn1)
N/A N/A
N/A N/A
0.76 2.0
0.76 2.0

Flow Rate

(L/min)

Pressure

1444 3447 3.0
1444 3447 3.0
635 N/A N/A

635 N/A N/A
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(b)
Specimen Type Average Surface Surface Readings at
Surface Finish — Finish - depth (mm)
Finish - R, R, (um) R, (pm)
(um)
AWI (80 Grit) 4613 25.315 31.70 2
AW (120 Grit) 3.467 21.416 31.31 2
PCD Endmill 0.473 3.907 5.51 2
CVD Endmill 1.358 8.312 10.5 2
(c)

Table 6.2 Surface Roughness (longitudinal) of Edge Trimmed Surfaces and Trimming
Parameters , (a), (b) and (c)

Specimen Type Average Surface Finish | Surface Finish
Surface - -

Finish - R, (km) R, (km)

R, (um)

AWJ (80 Grit)  1.424 7.801 14.295
AWJ (120 Grit)  1.404 8.277 12.285
PCD Endmill 1.614 9.142 14.06
CVD Endmill 1.994 9.904 20.575

Table 6.3 Surface Roughness (transverse) of Edge Trimmed Surfaces, Trimming parameters are
same as Table 6.2 (a) and (b)
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The cutting parameters used are as follows:

Endmill Trimming: Spindle Speed = 6000 RPM, Cutting Speed = 1.9 m/s, Feed Rate = 635
mm/min

AWJ Trimming: Linear Cutting Feed Rate = 1444 mm/min

The surface profile readings obtained from the two types of edge trimming operations are also

shown in Figure 6.1 thru Figure 6.3.

Meas. Instrum.: Mahr Data Acquisition Board Ra Rz Rt Rp
Drive Unit: GD 25 Mm Mm Mm Mm
Pick-up: MFW-250 [8.2 %)] 1z 0.473 3.907 5.51 1.82

2 0.523 4.219 6.50 2.16
Lt: 5.60 mm [N=5] 3: 0.504 4.105 4.98 1.96
Ls: 2.5um Xb: 0.500 4.077 5.66 1.98
VB: +250 um S: 0.025 0.158 0.77 0.17
Vi: 0.50 mm/s Max: 0.523 4.219 6.50 2.16
Points: 33600 [3) Min: 0473 3.907 498 1.82

R: 0.050 0.312 1.52 0.34

Profil [1/3]: R [LC GS: 0.8 mm]

[0.80 mm/div] ' 4.00 mm
Profile [2/3]: R [LC GS: 0.8 mm)] ‘ .
10.0} ; 3 : i :
[um] - | === . r |
ﬂ | I , |
[0.8 mm/div] 4.0mm
Profile [3/3]: R [LC GS: 0.8 mm]
S R bemmmmessnmnsembone s enmmmsmeshenesnen e ———— e :
(um] T ‘\' “““““““ ,.J 3
0.0}y Www N “w‘**w LUl A L e b ey
5.0 E : , : 5
[0.8 mm/div] 4.0 mm

Figure 6.1 Longitudinal Surface Roughness of PCD Endmill Machined Edge



Meas. Instrum.: Mahr Data Acquisition Board Ra Rz Rt Rp
Drive Unit: GD 25 Hm Hm Hm Hm
Pick-up: MFW-250 [8.0 %] 1 3467 21416 31.31 9.39
2 3483 21435 31.27 9.33
Lt: 5.60 mm [N=5] Xb: 3475 21426 31.29 9.36
Ls: 25pum S: 0.011 0.013 0.03 0.04
VB: +250 ym Max: 3483 21435 31.31 9.39
Vt: 0.50 mm/s Min: 3467 21416 31.27 9.33
Points: 22400 [2] R: 0.016 0.018 0.04 0.06
Profile [1/2]: R [LC GS: 0.8 mm] . .
50.0 - b oo e o ; } !
(um] i } 5 ; i
0.0 \ . ;
——————————————— T e e R it
500 s s s e '

[0.80 mm/div] 4.00 mm

Figure 6.2 Longitudinal Surface Roughness of AWJ (120 grit) Trimmed Edge

Profile [2/2]: R [LC GS: 0.8 mm]

[0.8 mm/div] 4.0 mm

Meas. Instrum.: Mahr Data Acquisition Board Ra Rz Rt Rp
Drive Unit: GD 25 pm pm pm pm
Pick-up: MFW-250 [8.0 %] 1: 4613 25315 31.70 11.44
2 4611  25.201 31.14 1127

Lt: 5.60 mm [N=5] Xb: 4612 25258 31.42 11.35
Ls: 2.5um S: 0.001 0.081 0.40 0.12
VB: +250 um Max: 4613 25315 31.70 11.44
Vt: 0.50 mm/s Min: 4611  25.201 31.14 11.27
Points: 22400 [2] R: 0.002 0.114 0.56 0.17
Profile [1/2]: R [LC GS: 0.8 mm] . . A ‘

90,0 ~mmmermmrn oy T Gl s T R it Dot s 1
) =~ e i | s
0.0 MWWWWWW
-50.0 E : ! : !
[0.80 mm/div] 4.00 mm

Profile [2/2]: R [LC GS: 0.8 mm]

[0.8 mm/div] 4.0 mm

Figure 6.3 Longitudinal Surface Roughness of AWJ (80 grit) Trimmed Edge
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Following Figures 6.4 and 6.5 show the SEMs of AWJ (80 grit) trimmed surface.

’/

Fibre Pullouts

Streaks & Craters

Fibre
Breakage

Figure 6.5 SEM of AWJ trimmed Edge Surface (80 Grit)
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The following damage was observed after AWJ (80 Grit) Edge Trimming

Streaks and Craters along the direction of the water Jet axis

Matrix Degradation (cracks) present throughout the thickness of the specimen with
approximate size of 15 pm

Matrix Cracks are consistent in occurrence and independent of orientation of fibres
with approximate size of 15 pm

Fibre pullouts are present, lower in density and dependent on ply orientation

Fibre pullouts are predominant along the 45 degree plies and present mostly in the
bottom half of the laminate

Exit delamination are present while there is some occurrence of entrance

delamination with approximate size of 0.08 mm

Figures 6.6 and 6.7 show the SEMs of AWJ (120 grit) Trimmed edges.

Matrix Degradations

i | Streaks & Craters I N
* -; r‘l'-_ ' .

Fibre Pullout

A

Fibre Pullouts

Figure 6.6 SEM of AWJ (120 grit) Trimmed Edge Surface
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T

Matrix Degradations

réaks'& Craters ™
& RS

Exit Delamination

=200 =

Figure 6.7 SEM of AWJ (120 grit)Trimmed Edge Surface

The following damage was observed after AWJ (120 Grit) Edge Trimming

Streaks and Craters along the direction of the water Jet axis

Matrix Degradation (cracks) present throughout the thickness of the specimen with
approximate size of 15 pm

Matrix Cracks are consistent in occurrence and independent of orientation of fibres
with approximate size of 15 um

Fibre pullouts are present, lower in density and depend in ply orientation

Fibre pullouts are predominant along the 45 degree plies and present mostly on the
bottom half of the laminate

Exit delamination are present while there is some occurrence of entrance
delamination with approximate size of 0.08 mm

Exit delamination caused by erosion effects due to water jet deflection with depth

resulting in penetration between layers/plies



Figures 6.8 and 6.9 show the SEMs of PCD Endmill trimmed edges

\ Degradation Zone approximately 1 mm,
]

i
4

Degradation
Zone

Matrix Degradations

e

7

Fibre Puliouts

W Fibre Pallouts

—

Figure 6.9 SEM of PCD Endmill Trimmed Edge Surface
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The following features of surface roughness were observed after PCD Endmill Edge Trimming
* Smooth surface obtained compared to all other trimming processes
e Cutting flutes of PCD endmill polished with a sharp corner aiding in better surface
finish of trimmed surface
The following damage was observed after PCD Endmill Edge Trimming
» Fibre pullouts are present, higher in density in comparison to AWJ trimmed specimens
with spacing of 2 times the feedrate/rev
» Fibre pullouts are predominant along the 45 degree plies and occur through the thickness
of the laminate
+ Exit (bottom edge) delamination are present while there is some occurrence of entrance
delamination with approximate size of 0.1 mm

» Matrix cracks also present in the PCD trimmed edge surface

Figures 6.10 and 6.11 show the SEMs of CVD Endmill trimmed edges

Ply thickness
0.2 mm

Matrix Degradations

Fibre Pullouts
At spacing of 2 times

Ply thick
of feedrate/rev / y thickness

0.2 mm

Fibre Pullouts

—500 pm—

Figure 6.10 SEM of CVD Endmill Trimmed Edge Surface
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. ’h-‘g“ Vossca ons

i1 HV | WD Mag Det|/Spot
SkV8.7mm250x SE| S

Figure 6.11 SEM of CVD Endmill Trimmed Edge Surface

The following features of surface roughness were observed After CVD Endmill Edge Trimming

* Smooth surface obtained compared to AWJ processes but rougher than PCD Endmill
Trimming
» Cutting edges coated with diamond coating which is poly crystalline with large

number of sharp cutting edges resulting in smoother surface

The following damage was observed after CVD Endmill Edge Trimming

Fibre pullouts are present, higher in density in comparison to AWJ and PCD Endmill
trimmed specimens

Higher Fibre Pullouts density is attributed to the contact angle between the 18-degree
helix 4 flutes and the -45 degree plies. Also contributing to this high density are the multi
facet sharp edges of a CVD diamond coating. The frequency/spacing of the pullouts I
greater than 2 times the feedrate/rev.

Fibre pullouts are predominant along the 45 degree plies

Exit (bottom edge) delamination are present while there is some occurrence of entrance
delamination

Matrix cracks also present in the CVD trimmed edge surface
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6.3.2 Drilled Holes — CVD Diamond Coated Vs. Polycrystalline (PCD) Diamond Drills

Surface roughness parameters were recorded for holes drilled with CVD Diamond Coated and
PCD drills. Table 6.4 shows the surface roughness comparisons between holes drilled by PCD
and CVD drills.

Specimen Type Average Surface Surface
Surface Finish — Finish —
Finish - R, (um) R, (km)
R, (km)

PCD Drill - F1 0.445 2.91 6.15

PCD Drill - F2 0.342 2.81 5.365

CVD Drill-F1 0.965 5.632 11.597

CVD Drill - F2 0.890 5.172 11.38

Table 6.4 Surface Roughness (longitudinal) of PCD vs CVD Drilled Holes

Surface roughness parameters were recorded for both the PCD and CVD drilled hole surfaces.
The readings were taken along the thickness of the hole. The surface roughness for the PCD drilled
holes was a lower value (R,) compared to the CVD drilled holes.

The drilling parameters used are as follows for both the PCD and CVD drills:

Spindle Speed = 6000 RPM

Cutting Speed = 1.9 m/s

Feed Rate = F1 = 305 mm/min and F2 =508 mm/min

Sample surface profile readings obtained from the hole surfaces on the PCD and the CVD Drilled
holes are shown in Figures 6.12 to 6.15. The difference in the helix angles (24 deg for PCD and
30 deg for CVD) along with coating differences (polished for PCD while multi-faceted non
polished for CVD) resulted in higher fibre pullout for CVD drilled holes.



Meas. Instrum.: Mahr Data Acquisition Board Ra Rz Rt Rp
Drive Unit: GD 25 um gm Hm pm
Pick-up: MFW-250 [8.0 %] 1 0.735 4.765 6.32 262

2 0.733 4.683 6.21 2.56
Lt: 5.60 mm [N=5] Xb: 0.734 4724 6.27 2.59
Ls: 25um S: 0.001 0.058 0.08 0.04
VB: +250 pm Max: 0.735 4.765 6.32 262
Vt: 0.50 mm/s Min: 0.733 4.683 6.21 2.56
Points: 22400 [2] R: 0.002 0.082 0.1 0.06

Profile [1/2]: R [LC GS: 0.8 mm]

1
'
'
i |
l

4.0mm

[0.8 mm/div]

—

139

Fibre Pullout Density
Lower at Lower
Feedrate

Figure 6.12 Surface Roughness of PCD Drilled Hole (Feedrate 305 mm/min, longitudinal)

Meas. Instrum.: Mahr Data Acquisition Board Ra Rz Rt Rp
Drive Unit: GD 25 Hm um um Hm
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VB: +250 pm Max: 0.772 5.056 6.54 2.59
Vt: 0.50 mm/s Min: 0.766 4.970 6.09 2.56
Points: 22400 [2] R: 0.006 0.086 0.45 0.03

Profile [1/2]: R [LC GS: 0.8 mm]

[0.80 mm/div]
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Figure 6.13 Surface Roughness of PCD Drilled Hole (Feedrate 508 mm/min, Longitudinal)
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Figure 6.14 Surface Roughness of CVD Drilled Hole (Feedrate 305 mm/min, Longitudinal)

[0.80 mm/div]

™

10.0
[um]
0.0

-10.0

1:

&
Xb:
S:
Max:
Min:
R:

Profile [2/2): R [LC GS: 0.8 mm]

[0.8 mm/div]

Ra Rq Rz Rmax

Mum um um um
0.591 0.783 4699 599
0.583 0.767 4676 6.14
0.587 0.775 4.687 6.07
0.006 0.011 0.016 0.10
0.591 0.783 4699 6.14
0.583 0.767 4676 5.99
0.008 0.016 0.023 0.15

Rt
pm
6.83
6.30
6.56
0.38
6.83
6.30

Rp

um
1.98
1.90
1.94
0.05
1.98
1.90
0.07

um
272
277
215

277
272
0.05

RS

um
35.34
33.44
34.39
135
35.34
33.44
1.90

R Sk

-0.59
-0.58
-0.58

0.01
-0.58
-0.59

0.01

RKuRMr..RMr... ..

4.30
4.16
4.23
0.10
4.30
4.16
0.14

%
38.20
40.24
39.22

1.44
40.24
38.20

203

%
86.73 ..
87.78 ..
87.26

0.74
87.78
86.73

1.05

Fibre Pullout Density
Higher at Higher
Feedrate

Figure 6.15 Surface Roughness of CVD Drilled Hole (Feedrate 508 mm/min, Longitudinal)

Following Figures 6.16 and 6.17 show SEMs of PCD drilled holes drilled at the 2 different

feedrates.
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Figure 6.16 SEM showing damage during PCD Drilling at Feedrate = 305 mm/min

-

b"‘rei Pullouts

.. «— Matrix Crack

N

Fibre Pullouts

Figure 6.17 SEM showing damage during PCD Drilling at Feedrate = 508 mm/min

The following damage was observed after PCD Hole Drilling at 305 mm/min
* Top ply rolled over the hole surface along with delamination
* Delamination observed along the bottom edge of the hole surface

* Matrix Cracks are consistent in occurrence and independent of orientation of fibres
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» Fibre Pullouts are present but lower in density
* Fibre Pullouts are predominant in the — 45 degree plies

» Separation of plies was also observed through the thickness of the laminate

The following damage was observed after PCD Hole Drilling at 508 mm/min
« Top ply rolled over the hole surface along with delamination
» Delamination observed along the bottom edge of the hole surface
» Matrix Cracks are consistent in occurrence and independent of orientation of fibres
» Fibre Pullouts are present and density is higher due to higher feedrate
» Fibre Pullouts are predominant in the — 45 degree plies

» Separation of plies was also observed through the thickness of the laminate

Following Figures 6.18 through 6.21 show SEMs of CVD drilled holes at 2 different feedrates

Fibre Pullouts

D

mm e 5 () () || e

Figure 6.18 SEM showing damage during CVD Dirilling at Feedrate = 305 mm/min
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Figure 6.20 SEM showing damage during CVD Dirilling at Feedrate = 508 mm/min
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Figure 6.21 SEM showing damage during CVD Drilling at Feedrate = 508 mm/min

The following damage was observed after CVD Hole Drilling at 305 mm/min
* Delamination observed along the bottom edge of the hole surface
* Matrix Cracks are consistent in occurrence and independent of orientation of fibres
» Fibre Pullouts are present and higher in density compared to PCD drilled holes
* Fibre Pullouts are predominant in the — 45 degree plies

» Separation of plies was also observed through the thickness of the laminate

The following damage was observed After CVD Hole Drilling at 508 mm/min
» Delamination observed along the bottom edge of the hole surface
» Matrix Cracks are consistent in occurrence and independent of orientation of fibres
» Fibre Pullouts are present and density is higher due to higher feedrate
» Fibre Pullouts are predominant in the — 45 degree plies

» Separation of plies was also observed through the thickness of the laminate
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6.4 Mechanical Testing

6.4.1 Theoretical Strength Calculations

The laminator software was used to calculate the effective laminate strength based on the material
strengths and the ply make up. The software returned the following theoretical Apparent Laminate

Stiffness Properties:

Apparent Modulus in X direction, Ex = 78.46 GPa
Apparent Modulus in Y direction, Ey = 55.97 GPa
Apparent Shear Modulus, Gxy = 16.56 GPa

6.4.2 Specimen Preparation

6.4.2.1 Tensile Strength Specimens

Specimens were prepared and tested per ASTM D3039/D3039M for standard test method for
tensile properties of Polymer Matrix Composite Materials. The specimens were prepared per the
standard and aluminium tabs were adhesively bonded on the ends using an epoxy adhesive. Both
machined specimens using cutters and AWJ trimmed specimens were prepared and tested per the

tensile properties test standard.

6.4.2.2 Compression Strength Specimens

Specimens were prepared and tested per ASTM D3410/D3410M for standard test method for
compressive properties of Polymer Matrix Composite Materials. The specimens were prepared per
the standard and aluminium tabs were adhesively bonded on the ends using an epoxy adhesive.
Both machined specimens using cutters and AWJ trimmed specimens were prepared and tested

per the compressive properties test standard.

6.4.2.3 Open Hole Tensile Strength Specimens

Specimens were prepared and tested per ASTM D5766/D5766M for standard test method for
Open-Hole Tensile Strength of Polymer Matrix Composite Laminates. The specimens were
prepared per the standard and aluminium tabs were adhesively bonded on the ends using an epoxy

adhesive. Both machined specimens using cutters and AWJ trimmed specimens were prepared by
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drilling holes using PCD and CVD drills and tested per the Open-Hole Tensile Strength Test
Standard.

6.4.2.4 Open Hole Compression Strength Specimens

Specimens were prepared and tested per ASTM D6484/D6484M for standard test method for
Open-Hole Compression Strength of Polymer Matrix Composite Laminates. The specimens were
prepared per the standard and aluminium tabs were adhesively bonded on the ends using an epoxy
adhesive. Both machined specimens using cutters and AWJ trimmed specimens were prepared by
drilling holes using PCD and CVD drills and tested per the Open-Hole Compression Strength Test
Standard.

6.4.2.5 Bearing Strength Specimens

Specimens were prepared and tested per ASTM D5961/D5961M for standard test method for
Bearing Strength of Polymer Matrix Composite Laminates. The specimens were prepared per the
standard and aluminium tabs were adhesively bonded on the ends using an epoxy adhesive. Both
machined specimens using cutters and AWJ trimmed specimens were prepared by drilling holes
using PCD and CVD drills and tested per the Bearing Strength Test Standard.

6.4.3 Tensile Strength Testing

Both endmill trimmed and AWJ specimens were mechanically tested in tension and the results
tabulated. Strain gauges were used to capture the strain under tension loading conditions. All the
specimens were taken to failure during the testing process.

The test matrix with surface roughness data for the test specimens is shown in table 6.5

The following tables and figures show the data along with the stress-strain curves and failure for

both the endmill and AWJ trimmed specimens



. Surface Finish (L) - | Surface Finish (L) -| Surface Finish (L) - | Surface Finish (L) - | Surface Finish (L) -
Specimen Name Trim
R, R, R, Ry Ry
Tension Specimens
AWJ 80 Trim
Specimen 1 AWI -80 3.728 24.464 27.63
Specimen 2 AW -80 4.612 25.258 31.42
Specimen 3 AW -80 3.262 17.062 24.1
AWJ 120 Trim
Specimen 1 AWJ - 120 2.915 20.411 24.000
Specimen 2 AW -120 3.557 19.299 24.52
Specimen 3 AW] -120 3.475 21.426 31.29
Specimen 4 AW -120 3.742 21.71 27.27
PCD Endmill Trim
Specimen 1 PCD Endmill 0.664 4.722 7.23
Specimen 2 PCD Endmill 0.826 5.632 7.31
Specimen 3 PCD Endmill 0.5 4.077 5.66
Specimen 4 PCD Endmill 0.524 4.141 6.09
CVD Endmill Trim
Specimen 1 CVD Endmill 1.189 8.05 10.79 0.54 3.97
Specimen 2 CVD Endmill 1.251 7.569 9.96 0.000 3.28
Specimen 3 CVD Endmill 1.636 9.319 10.75 -0.02 2.34
Comp Specimens
AW) 80 Trim
Specimen 1 AWI -80 3.416 22.074 27.8
Specimen 2 AW -80 2.891 16.155 20.58
CVD Endmill Trim
Specimen 1 CVD Endmill 1.065 5.713 7.28
Specimen 2 CVD Endmill 0.695 4.391 5.56
Specimen 3 CVD Endmill 0.455 3.305 4.42
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Table 6.5 Summary of surface finish recordings (longitudinal) of edge trimmed specimens for

tension testing

Tensile Testing of AWJ (80 Grit) Edge Trimmed Specimens
Edge trimmed specimens machined with AWJ (80 Grit) were tested in tension to failure. Figures

6.22 6.23, & 6.24 show the data plots from the testing.
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Figure 6.22 Tensile Stress Vs. Strain for AWJ (80 Grit) edge trimmed specimen
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Figure 6.23 Magnified view of Tensile Stress Vs. Strain showing matrix cracking in AWJ (80

Grit) edge trimmed specimen
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View B

Tensile Stress Vs. Strain - AW (80 Grit) Edge Trimmed
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Figure 6.24 Magnified view of Tensile Stress Vs. Strain showing first ply failure and damage for
AWJ (80 Grit) edge trimmed specimen

Test Data & Observations from tensile strength testing of AWJ (80 Grit) edge trimmed
specimens

The following strength data was recoded from the tensile testing:
Maximum Tensile Stress = 737.5 MPa

Maximum Tensile Load = 84668 N

Strain at Maximum Tensile Stress = 0.011429 mm/mm

Youngs Modulus from Testing = 64.5 GPa

It was observed that matrix cracking started around 0.31% strain. Matrix cracking progress to
0.6% strain. First ply failure occurred around tensile stress of 668.7 MPa. Frist ply failure was
around 1.01% strain. The subsequent failure zone contained ply failures (delamination) along
with additional matrix cracking.

Damage observations from tensile strength testing of AWJ (80 Grit) edge trimmed specimens
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Figures 6.25, 6.26, 6.37 & 6.28 show the damage recorded in the tensile strength testing of AWJ

(80 Grit) edge trimmed specimens

Brittle Failure at 0
and 90 deg plies

Figure 6.26 SEM of failed specimen from tensile testing of AWJ (80 Grit) edge trimmed

specimen
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il Tt

Figure 6.27 SEM showing brittle fracture of 90 degree fibres from tensile testing of AWJ (80
Grit) edge trimmed specimen

Figure 6.28 SEM showing brittle fracture of O degree fibres from tensile testing of AWJ (80 Grit)

edge trimmed specimen

From the damage recorded it was observed that brittle fracture is the predominant failure mode

in the 0 and 90 degree plies. In the 45 degree plies, delamination is the primary failure mode. It
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was observed that matrix cracking precedes ply failure and delamination. Fibre-matrix
debonding was seen in the SEMs showing brittle fracture of fibres.

Tensile Testing of AWJ (120 Grit) Edge Trimmed Specimens

Edge trimmed specimens machined with AWJ (120Grit) were tested in tension to failure. Figures
6.29, 6.30, & 6.31 show the data plots from the testing.

Tensile Stress Vs. Strain - AWJ (120 Grit) Edge Trimmed

" |views
7| | View

Tensile Stress (MPa)

Strain x 10? (mm/mm)

Figure 6.29 Tensile Stress Vs. Strain for AWJ (120 Grit) edge trimmed specimen
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Figure 6.30 Magnified view of Tensile Stress Vs. Strain showing matrix cracking in AWJ (120
Grit) edge trimmed specimen
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View B

Tensile Stress Vs. Strain - AWJ (120 Grit) Edge Trimmed
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Figure 6.31 Magnified view of Tensile Stress Vs. Strain showing first ply failure and damage for
AWJ (120 Grit) edge trimmed specimen

Test Data & Observations from tensile strength testing of AWJ (120 Grit) edge trimmed
specimens

The following strength data was recoded from the tensile testing:
Maximum Tensile Stress = 781.0 MPa

Maximum Tensile Load = 89685 N

Strain at Maximum Tensile Stress = 0.010688 mm/mm

Youngs Modulus from Testing = 71.8 GPa

It was observed that matrix cracking started around 0.39% strain. Matrix cracking progress to
0.6% strain. First ply failure occurred around tensile stress of 701.3 MPa. Frist ply failure was
around 1.13% strain. The subsequent failure zone contained ply failures (delamination) along

with additional matrix cracking.
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Damage observations from tensile strength testing of AWJ (120 Grit) edge trimmed specimens
Figures 6.32, 6.33 & 6.34 show the damage recorded in the tensile strength testing of AWJ (120

Grit) edge trimmed specimens

7~ Brittle'Failure at 0
““"~and 90 deg plies

Figure 6.33 SEM of failed specimen from tensile testing of AWJ (120 Grit) edge trimmed
specimen
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Figure 6.34 SEM showing brittle fracture of 0 and 90 degree fibres from tensile testing of AWJ
(120 Grit) edge trimmed specimen

From the damage recorded it was observed that brittle fracture is the predominant failure mode
in the 0 and 90 degree plies. In the 45 degree plies, delamination is the primary failure mode. It
was observed that matrix cracking precedes ply failure and delamination. Fibre-matrix

debonding was seen in the SEMs showing brittle fracture of fibres.

Observations on AWJ (80 Grit) Vs. AWJ (120 Grit) edge trimmed Tensile testing
It was observed that the AWJ )80 Grit) specimens had a higher load for the same magnitude of

strain compared to AWJ (120 Grit) specimens. Failure in AWJ (120 Grit) specimens occurred at
a higher tensile stress compared to AWJ (80 Grit) specimens. The AWJ (80 Grit) specimens
displayed a higher level of damage in comparison to the AWJ (120 Grit) specimens. Fibre-matrix
debonding was seen in the SEMs showing the brittle fracture in fibres. As erosion is the
mechanism of cutting in AWJ edge trimming processes, the 120 grit process produces damage
such as matrix cracking at lower loads but the progress of damage is slower than the 80 grit

specimens resulting in lower overall damage as well as failure at higher load. Figure 6.35 shows
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the comparative Tensile Stress Vs. Strain plots for the AWJ (80 Grit) and AWJ (120 Grit) edge
trimmed specimens.

Tensile Stress Vs. Strain - AWJ (80 Grit) Vs. AWJ (120 Grit)
Edge Trimmed
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Figure 6.35 Comparative Plot of Tensile Stress Vs. Strain for Tensile Testing of AWJ (80 Grit)
Vs. AWJ (120 Grit) edge trimmed specimens

Tensile Testing of PCD Endmill Edge Trimmed Specimens

Edge trimmed specimens machined with PCD Endmill were tested in tension to failure. Figures
6.36, 6.37 & 6.38 show the data plots from the testing.
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Tensile Stress Vs. Strain - PCD Endmill
Edge Trimmed
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Figure 6.36 Tensile Stress Vs. Strain for PCD endmill edge trimmed specimen
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Figure 6.37 Magnified view of Tensile Stress Vs. Strain showing matrix cracking in PCD

endmill edge trimmed specimen
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Figure 6.38 Magnified view of Tensile Stress Vs. Strain showing first ply failure and damage for
PCD endmill edge trimmed specimen

Test Data & Observations from tensile strength testing PCD endmill edge trimmed specimens

The following strength data was recoded from the tensile testing:
Maximum Tensile Stress = 806.5 MPa

Maximum Tensile Load = 92594 N

Strain at Maximum Tensile Stress = 0.011157 mm/mm

Youngs Modulus from Testing = 72.3 GPa

It was observed that matrix cracking started around 0.25% strain. The magnitude of matrix
cracking was found to be lower than that in AWJ trimming. First ply failure occurred around
tensile stress of 759.5 MPa. Frist ply failure was around 1.01% strain. The subsequent failure
zone with ply failures (delamination)was smaller before ultimate failure pointing to lower

damage tolerance.

Damage observations from tensile strength testing of PCD endmill edge trimmed specimens

Figures 6.39, 6.40 & 6.41 show the damage recorded in the tensile strength testing of PCD

endmill edge trimmed specimens
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Figure 6.40 SEM of failed specimen from tensile testing of PCD endmill edge trimmed specimen
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Figure 6.41 SEM showing brittle fracture of 0 and 90 degree fibres from tensile testing of PCD

endmill edge trimmed specimen

From the damage it was observed that brittle fracture was predominant failure mode in 0 and 90
degree plies. In the 45 degree plies delamination was the primary failure mode. Matrix cracking
preceded ply failure and delamination but was smaller in magnitude. Fibre-matrix debonding
was seen in the SEMs showing brittle fracture of fibres. Exit (bottom edge) delamination was
also predominant with PCD endmill trimming. Failure occurred close to after start of first ply

failure. Fibre pullouts may also be contributing to reduced damage tolerance.

Tensile Testing of CVD Endmill Edge Trimmed Specimens
Edge trimmed specimens machined with CVD Endmill were tested in tension to failure. Figures

6.42 6.43 & 6.44 show the data plots from the testing.
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Tensile Stress Vs. Strain - CVD Endmill
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Figure 6.42 Tensile Stress Vs. Strain for CVD endmill edge trimmed specimen
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Figure 6.43 Magnified view of Tensile Stress Vs. Strain showing matrix cracking in CVD

endmill edge trimmed specimen
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Tensile Stress Vs. Strain - CVD Endmill
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Figure 6.44 Magnified view of Tensile Stress Vs. Strain showing first ply failure and damage for

CVD endmill edge trimmed specimen

Test Data & Observations from tensile strength testing CVD endmill edge trimmed specimens

The following strength data was recoded from the tensile testing:
Maximum Tensile Stress = 817.8 MPa

Maximum Tensile Load = 93891N

Strain at Maximum Tensile Stress = 0.011542 mm/mm

Youngs Modulus from Testing = 70.8 GPa

It was observed that matrix cracking started around 0.12% strain. The magnitude of matrix
cracking was found to be lower than that in AWJ trimming. First ply failure occurred around
tensile stress of 756.9 MPa. Frist ply failure was around 1.01% strain. The subsequent failure
zone with ply failures (delamination)was smaller before ultimate failure pointing to lower
damage tolerance. The drop in stress was also found to be larger in magnitude after first ply
failure.
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Damage observations from tensile strength testing of CVD endmill edge trimmed specimens
Figures 6.45, 6.46 & 6.47 show the damage recorded in the tensile strength testing of CVD

endmill edge trimmed specimens

= —

R e e e s

Figure 6.46 SEM of failed specimen from tensile testing of CVVD endmill edge trimmed

specimen
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Figure 6.47 SEM showing brittle fracture of 0 and 90 degree fibres from tensile testing of CVD
endmill edge trimmed specimen

From the damage it was observed that brittle fracture was predominant failure mode in 0 and 90
degree plies. In the 45 degree plies delamination was the primary failure mode. Matrix cracking
preceded ply failure and delamination but was smaller in magnitude. Fibre-matrix debonding
was seen in the SEMs showing brittle fracture of fibres. Exit (bottom edge) delamination was
also predominant with PCD endmill trimming. Failure occurred close to after start of first ply

failure. Fibre pullouts may also be contributing to reduced damage tolerance.

Observations on PCD endmill Vs. CVD endmill edge trimmed Tensile testing

In observations comparing the performance of PCD endmill Vs. CVD endmill edge trimmed
specimens, it was found the CVD specimens had a higher load for same magnitude of strain
compared to PCD specimens. The failure in CVD specimens was at a higher tensile stress in
comparison to PCD specimens. The PCD specimens also displayed a higher level of damage in
comparison to CVD specimens. Fibre-matrix debonding was also seen in the SEMs showing
brittle fractures of fibres. First ply failure in PCD specimens also occurred at a higher tensile
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stress compared to CVD specimens. Figure 6.48 shows the comparative Tensile Stress Vs. Strain

plots for the PCD endmill Vs. CVD endmill edge trimmed specimens.

Tensile Stress Vs. Strain - PCD Vs. CVD Endmill Trimmed

858.4
758.4
658.4
558.4

458.4

Tensile Stress (MPa)

358.4

258.4

Figure 6.48 Comparative Plot of Tensile Stress Vs. Strain for Tensile Testing of PCD endmill
Vs. CVD endmill edge trimmed specimens

Summary of Tensile Strength Testing Results. Observations & Conclusions

Tensile testing results were summarized and are shown in Table 6.6 along with surface
roughness data. An example calculation of stress concentration factor is shown in Figure 6.49
This calculation using the notch root radius and formula shown in equation 2.4 in chapter 2 of
this work. The calculation along with the graphical determination of the notch root radius is
shown in Figure 6.51 along with the surface finish values. The input values of the surface finish
are shown in Figure 6.49. Figure 6.50 shows the surface profile used for the graphical

determination of the notch root radius.

. . Surface Finish (L)[Surface Finish (L)[Surface Finish (L)
Specimen Name Trim
- R -R, -
Specimen 4 AWJ-120 3.747 21.719 27.27

Figure 6.49 Sample Surface finish data for a AWJ (120 Grit) edge trimmed specimen for stress

concentration factor calculation
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Figure 6.50 Sample Surface profile data for a AWJ (120 Grit) edge trimmed specimen for stress

concentration factor calculation

L —
K. =l+l}[i)(%] where

P

n = factor = 2(tension & compression )

SOum t — B
p =notch root radius
R, = average surface roughness
Falsem R, = peak to valley height roughness
R. =10 point roughness
0 S50 um 100 pm

Notch Root Radius — Graphical Calculation for a
AWJ (120 Grit) Edge Trimmed Specimen

Figure 6.51 Sample stress concentration factor calculation for a AWJ (120 Grit) edge trimmed

specimen
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Specimen Type Average Calculated Max Youngs Matrix First Ply First Ply
Su_.lt_face Effective Stress Tensile C_r_aclfing Fa_ilure - Failure_—
Finish - Concentration Stress Modulus Initiation — Tensile Stress % Strain
R, (km) (MPa) E, (GPa) % Strain —(MPa)

Factor K;

AWI (80 Grit) 3.867 22.261 27.71 2.03 737.5 0.01142 64.5 031 668.7 1.01
AWI (120 Grit) 3.315 20.71 26.77 1.67 781.0 0.01068 71.8 0.39 701.3 113
PCD Endmill 0.735 4.643 6.57 1.28 806.5 0.01115 723 0.25 759.5 1.01
CVD Endmill 1.358 8.312 10.5 1.34 817.8 0.01154 70.8 0.12 756.9 1.01

Table 6.6 Summary of Tensile Strength Testing Results

Observations from Surface Integrity plots of Tensile Testing

Surface integrity data was calculated and plots created from the surface roughness data. The
plots show that the higher stress concentration factor resulted in larger reduction in stiffness
compared to theoretical modulus (stiffness). Stress concentration factor is a function of surface
finish parameters Ra, Rz, Rt Generally the higher the surface roughness, Ra, the large reduction
in stiffness. The ratio R, / Rtinfluences the reduction in stiffness. The larger the ratio the greater
the reduction in stiffness. This is attributed to the larger values of the highest peaks and deepest
valleys in the surface profiles. This leads to an increase in number of points of stress risers which
lead to stiffness reduction and load carrying capacity. The test specimens for AWJ -120 Grit and
the PCD & CVD endmill specimens had tensile properties closer to each other. The AWJ-80 grit
specimens had larger variations in surface finish parameters as well as tensile properties in
comparison to other trimming process specimens. Figure 6.52, 6.53 & 6.54 show the plots of
various surface finish parameters Vs. the ratio of tested modules to theoretical apparent modulus
(E / Eo)
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(E/E,) Vs. Stress Concentration Factor
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0.82 °

0.8
1 1.2 14 1.6 1.8 2 2.2

Stress Concentration Factor

Figure 6.52 Plot of (E/Eo) Vs. Stress Concentration Factor for various edge trimmed specimens

in Tensile testing

(E/E,) Vs. Average Surface Roughness R,

0.94
PCD

0.92 ° AWJ-120

cvD @
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— 0.88

“ 086
Das AWJ-80
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0.8
0 0.5 1 15 2 2.5 3 35 4 4.5

Average Surface Roughness - R, (um)

Figure 6.53 Plot of (E/Eo) Vs. Average Surface Roughness - Ra (um) for various edge trimmed

specimens in Tensile testing
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(E/E,) Vs. Surface Finish (R,/R,)
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Figure 6.54 Plot of (E/Eo) Vs. Surface Finish (R;/ Ry) for various edge trimmed specimens in
Tensile testing

Observations from Damage Progress Plot for Tensile Testing

Damage progress plot Vs. applied load was generated and it was observed that AWJ-80 Grit
specimen showed damage starting at higher applied load and had the greatest amount of damage
before failure. The plot for AWJ-80 Grit was steeper than the 120 Grit specimen. As erosion is
the mechanism of cutting, the 120 grit process produces damage such as matrix cracking at lower
loads but the progress of damage is slower than the 80 grit specimens resulting in lower overall
damage as well as failure at higher load. The progress of damage is slower in AWJ specimens as
compared to endmill trimmed specimens as matrix cracking is dominant mode of damage
initially. The transition of damage from matrix cracking in delamination in AWJ is over a larger
spread of applied loads. Damage tolerance of AWJ specimens was found to be better in
comparison to endmill trimmed specimens. For the endmill trimmed specimens damage from
matrix cracking is lower and the predominant mode is delamination. The damage initiation in
endmill trimmed specimens occurred at higher loads as compared to AWJ specimens. It was also
found that Delamination damage progresses faster and endmill trimmed specimens while having

damage initiation at higher loads fail faster after damage initiates. For CVD specimens the
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damage progress is faster compared to PCD endmills. Delamination is predominant damage and
progresses faster in CVD specimens due to higher density of fibre pullouts. Damage tolerance
for endmill trimmed specimens is lower in comparison to AWJ trimmed specimens. Figure 6.55
shows the damage progress plot with damage Vs. applied load for tensile testing.

—— CVD Endmill
PCD Endmill
—— AWJ (120 Grit
0.20 - —— AWJ (80 Girit

Damage = 1 — (E/E,)

0.10 1

Damage

0.05 4

0.00 4 /

0 2 4 6
Load x 10 (KN)

Figure 6.55 Damage Vs. Applied Load for edge trimmed specimens in Tensile Testing
6.4.3.1 Analysis of Tension Testing Results

As seen from the above results there is a drop in the stiffness from the theoretical apparent stiffness
calculations. This can be attributed to resultant surface integrity from varying edge trimming
operations conducted. Test specimens machined with endmills displayed better surface finish
profile characteristics across variables in the longitudinal direction. Across Transverse direction,
the AW test specimens displayed better surface profile characteristics.

AW trimmed specimens had a lower failure load as compared to Endmill trimmed specimens
even though the fibre pullout density was lower in the AWJ specimens. The higher load carrying
capacity in tension samples which were endmill trimmed was attributed to better surface finish
profiles in the longitudinal direction, the direction of applied loading.

Comparing the AWJ samples, the 120 grit trimmed sample displayed slightly better load carrying
capacity than the 80 grit trimmed surface. In the transverse direction, the surface finish profiles of
the 80 grit trimmed surface were slightly better than the 120 grit trimmed surface.
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Overall all maximum tension loads were within 10% of each other for all edge trimmed surfaces.
The reduction in stiffness was the most for AWJ (80 grit) trimmed surface which displayed the
roughest surface profile in the longitudinal direction, the direction of loading.
When analyzed for the failure mode, it was observed that most of the specimens in tension failed
along the top ply as well as internal ply failure.
The damage mechanism is generally in 3 stages as following:

a) Stage 1 — matrix cracking

b) Stage 2 — Matrix-Fibre debonding

c) Stage 3 — Fibre Fracture
First ply failure stress is also a function of surface integrity. With the higher surface roughness

value (Ra), the lower the first ply failure stress.

The reduction in stiffness is a function of the surface integrity and the resultant stress

concentration factor from surface integrity

EEZ F(K) 6.1

0

When the value of the stress concentration factor (Rt) is higher, the value of (EEJ is lower
0

When the value of [%) is higher, the value of [Ej is lower

0

6.4.4 Compression Strength Testing

Both endmill trimmed and AWJ specimens were mechanically tested in compression and the
results tabulated. Strain gauges were used to capture the strain under tension loading conditions.
All the specimens were taken to failure during the testing process.

The following tables and figures show the data along with the stress-strain curves and failure for

both the endmill and AWJ trimmed specimens
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Compression Testing of AWJ (80 Grit) Edge Trimmed Specimens
Edge trimmed specimens machined with AWJ (80 Grit) were tested in compression to failure.

Figures 6.56, 6.57, & 6.58 show the data plots from the testing.
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Figure 6.56 Compressive Stress Vs. Strain for AWJ (80 Grit) edge trimmed compression

specimen
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Figure 6.57 Magnified view of Compressive Stress Vs. Strain showing matrix cracking in AWJ

(80 Grit) edge trimmed compression specimen
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Figure 6.58 Magnified view of Compressive Stress Vs. Strain showing ply failure due to

buckling in AWJ (80 Grit) edge trimmed compression specimen
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Test Data & Observations from compression strength testing of AWJ (80 Grit) edge trimmed
specimens

The following strength data was recoded from the tensile testing:
Maximum Compressive Stress = 548.06 MPa

Maximum Compressive Load = 31461 N

Strain at Maximum Compressive Stress = 0.010701 mm/mm
Youngs Modulus from Testing = 51.2 GPa

It was observed that matrix cracking started around 0.17% strain. Matrix cracking progresses as
stress increases. First ply failure due to buckling occurred around compressive stress of 520.0
MPa. Frist ply failure was around 0.99% strain. Buckling failure occurred at a strain of 1.07%

Damage observations from compressive strength testing of AWJ (80 Grit) edge trimmed

specimens
Figures 6.59 & 6.60 show the damage recorded in the compressive strength testing of AWJ (80

Grit) edge trimmed specimens

Figure 6.59 Failed specimen in compression testing of AWJ (80 Grit) edge trimmed specimen
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Figure 6.60 Failed specimen in compression testing of AWJ (80 Grit) edge trimmed specimen

From the damage is was observed that failed specimen showed streaks and craters from the AWJ
trimming process. Matrix cracking preceded ply failure and is spread through the thickness of the
laminate. Ply separation is present through the thickness of the laminate. Primary mode of failure

is bucking at a 45 degree angle across the thickness of the laminate.

Compression Testing of CVD endmill Edge Trimmed Specimens
Edge trimmed specimens machined with CVD endmills were tested in compression to failure.
Figures 6.61, 6.62, & 6.63 show the data plots from the testing.
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Compressive Stress Vs. Strain - CVD Endmill Trimmed

Compressive Stress (MPa)

Strain x 10’ (mm/mm)

Figure 6.61 Compressive Stress Vs. Strain for CVD endmill edge trimmed compression

Specimen
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Figure 6.62 Magnified view of Compressive Stress Vs. Strain showing matrix cracking in CVD
endmill edge trimmed compression specimen
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Compressive Stress Vs. Strain - CVD Endmill Trimmed

Buckling Failure

55 (MPa)

mpressive Stre:

Figure 6.63 Magnified view of Compressive Stress Vs. Strain showing ply failure due to

buckling in CVD endmill edge trimmed compression specimen

Test Data & Observations from compression strength testing of CVVD endmill edge trimmed

specimens

The following strength data was recoded from the tensile testing:
Maximum Compressive Stress = 646.4 MPa

Maximum Compressive Load = 37106 N

Strain at Maximum Compressive Stress = 0.01125 mm/mm

Youngs Modulus from Testing = 57.4 GPa

It was observed that matrix cracking started around 0.12% strain. Matrix cracking progresses as
stress increases and is lower in magnitude in comparison to AWJ specimen. First ply failure due
to buckling occurred around compressive stress of 575.0 MPa. Frist ply failure was around

0.99% strain. Buckling failure occurred at a strain of 1.11%
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Damage observations from compressive strength testing of CVD endmill edge trimmed

specimens
Figure 6.64 shows the damage recorded in the compressive strength testing of CVVD endmill edge

trimmed specimens

Buckiing

Figure 6.64 Failed specimen in compression testing of CVD endmill edge trimmed specimen

From the damage is was observed that matrix cracking was lower in magnitude compared to
AW specimen. Matrix cracking preceded ply failure and is spread through the thickness of the
laminate. Ply separation is present through the thickness of the laminate. Primary mode of failure
is bucking at a 45 degree angle across the thickness of the laminate. Delamination is also present

at both the top and bottom surface of the laminate.

Summary of Compressive Strength Testing Results & Surface Integrity Plots

Compressive testing results were summarized and are shown in Table 6.7 along with surface
roughness data, Surface integrity data was calculated and plots created from the surface
roughness data. The plots show that the higher stress concentration factor resulted in larger
reduction in stiffness compared to theoretical modulus (stiffness). Stress concentration factor is a
function of surface finish parameters Ra, Rz, Rt Generally the higher the surface roughness, Ra,
the large reduction in stiffness. The ratio R, / Ryinfluences the reduction in stiffness. The larger

the ration the greater the reduction in stiffness. This is attributed to the larger values of the
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highest peaks and deepest valleys in the surface profiles. This leads to an increase in number of

points of stress risers which lead to stiffness reduction and load carrying capacity.

Specimen Type Average Calculated Max Youngs Matrix First Ply First Ply
Surface Effective Stress Compressive Cracking Failure — Failure —
Finish - - Stress (MPa) Modulus Initiation - Compressive % Strain
R, (um) Concetstin % Strain Stress —
- (um = E,(GPa)
Factor K; * (MPa)
AWIJ (80 Grit) 3.153 19.114 24.19 2.03 548.06 -0.01071 51.2 0.71 520.0 0.99
CVD Endmill 0.738 4.469 5.753 134 646.4 -0.01125 57.4 0.12 575.0 0.99

Table 6.7 Summary of Surface finish and Compressive Strength properties

(E/E,) Vs. Stress Concentration Factor)
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Figure 6.65 Plot of (E/Eo) Vs. Stress Concentration Factor for various edge trimmed specimens

in compression testing
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Figure 6.66 Plot of (E/Eo) Vs. Average Surface Roughness - Ra (um) for various edge trimmed

specimens in compression testing
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(E/E,) Vs. Surface Finish (R,/R,)
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Figure 6.67 Plot of (E/Eo) Vs. Surface Finish (Rz/ Ry) for various edge trimmed specimens in

compression testing

Observations from Damage Progress Plot for Compression Testing

From the damage progress plot vs. applied load it was determined that the AWJ-80 Grit
specimen showed damage starting at lower applied loads and had the largest amount of damage
before failure. The AWJ-80 Grit specimens also is steeper than the CVVD endmill trimmed
specimen. The progress of damage is slower in AWJ specimen as compared to the endmill
specimen as matrix cracking is the dominant mode of damage initially. The transition of damage
from matrix cracking to buckling in AWJ specimen is over a larger spread of applied loads.
Damage tolerance of AWJ specimen is better in comparison to endmill trimmed specimen. For
endmill trimmed specimen damage from matrix cracking is lower and the predominant damage
mode is ply separation and buckling. The damage initiation in endmill trimmed specimen occurs
at higher loads as compared to AWJ specimen. Ply separation and buckling damage progresses
faster and endmill trimmed specimens while having damage initiation at higher loads fail faster
after damage initiates. Damage tolerance for endmill trimmed specimens is lower in comparison

to AWJ trimmed specimens. Figure 6.68 shows the plot of damage progress Vs. applied loads.
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Figure 6.68 Damage Vs. Applied Load for edge trimmed specimens in Tensile Testing

6.4.4.1 Analysis of Compression Testing Results

Fibre pullouts were observed in both AWJ and Endmill trimmed specimens. The fibre pullout
density was higher in endmill trimmed specimens while delaminations were observed at the exit
(bottom edge) of the AWJ trimmed specimens. It was observed that the AWJ specimens failed at
lower loads as compared to the Endmill trimmed specimens. The surface finish profiles for the
endmill trimmed samples were better than the AWJ samples in the longitudinal direction, the
direction of applied loading. In each case the maximum failure load varied within 10% across all
variable test specimens. All the test results showed a drop in the stiffness from the theoretical
apparent stiffness calculations.
Failure in all specimens was buckling across the 45 degree plies (Figure 6.32) before propagation
through the thickness of the laminate and ultimate failure.
The damage mechanism is generally in 3 stages as following:

d) Stage 1 — matrix cracking

e) Stage 2 — Matrix-Fibre debonding
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f) Stage 3 — Fibre Fracture, ply separation and buckling
First ply failure stress is also a function of surface integrity. With the higher surface roughness

value (Ra), the lower the first ply failure stress.

The reduction in stiffness is a function of the surface integrity and the resultant stress

concentration factor from surface integrity

E£= f(Ko) 6.1

0

When the value of the stress concentration factor (K:) is higher, the value of [EEJ is lower
0

When the value of [%) is higher, the value of [Ej is lower

0

For compression loading the maximum stress values are much lower than those in tension. The

values of [EEJ are between 0.65 to 0.75 which are about 25% to 35% lower than those in tension.
0

6.4.5 Open Hole Tension Testing

Both PCD and CVD drilled specimens were tested in open hole tension and the results were tabulated.
The specimens were drilled with 2 different feedrates 305 mm/min and 508 mm/min. Strain gauges were
used to capture the strain under open hole tension loading conditions. All the specimens were taken to
failure during the testing process. The following tables and figures show the data along with the stress-

strain curves and failure for both the PCD and CVD drilled hole specimens

Open Hole Tensile Testing of PCD Drilled Hole at feedrate of 305 mm/min Specimens
PCD drilled holes at feedrate of 305 mm/min specimens were tested in open hole tension to failure.
Figures 6.68, 6.69 & 6.70 show the data plots from the testing.
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Tensile Stress Vs. Strain - PCD Drilled Hole - 305 mm/min
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Figure 6.69 Open Hole Tensile Stress Vs. Strain for PCD Drilled Hole (305 mm/min)
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Figure 6.70 Magnified View of Open Hole Tensile Stress Vs. Strain showing Matrix Cracking in
PCD Dirilled hole specimen (305 mm/min)
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Tensile Stress Vs. Strain - PCD Drilled Hole - 305 mm/min
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Figure 6.71 Magnified view of Open Hole Tensile Stress Vs. Strain showing First Ply Failure
and Damage in PCD Dirilled hole specimen (305 mm/min)

Test Data & Observations from Open Hole Tensile testing of PCD Drilled Hole at feedrate of

305 mm/min specimens

The following strength data was recoded from the open hole tensile testing of PCD Drilled hole
at feedrate of 305 mm/min:

Maximum Open Hole Tensile Stress = 518.38MPa

Maximum Open Hole Tensile Load = 59514 N

Strain at Maximum Open Hole Tensile Stress = 0.007023 mm/mm

Youngs Modulus from Testing = 73.8 GPa

It was observed that matrix cracking started around 0.12% strain. Matrix cracking progressed as
stress increased and first ply failure occurred around tensile stress of 420.0 MPa. First ply failure
occurred around 0.57% strain. It was observed that the subsequent ply failures (delamination)
was smaller before ultimate failure pointing to a smaller damage tolerance. Failure zone initiated

at the 45 degree plies in the hole with ultimate failure occurring across the complete hole.
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Damage observations from open hole tensile testing of PCD Drilled hole at 305 mm/min

specimens
Figures 6.72 through 6.76 show the damage recorded in open hole tensile testing of PCD drilled

hole at feedrate of 305 mm/min specimens.

Figure 6.72 Failed specimen from Open Hole Tensile testing of PCD hole specimen (305

mm/min)

elamination
*Failure
Predominant
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degree plies
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Figure 6.73 SEM of failed specimen from Open Hole Tensile Testing of PCD hole specimen
(305 mm/min)
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Figure 6.74 SEM of failed specimen showing Matrix Cracks from Open Hole Tensile Testing of
PCD hole specimen (305 mm/min)

HV | WD | Mag |Det/S
10 kV/8.5 mm 1000 x SE

Figure 6.75 SEM of failed specimen showing Fibre Fractures from Open Hole Tensile Testing of
PCD hole specimen (305 mm/min)
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Figure 6.76 SEM of failed specimen showing Delamination from Open Hole Tensile Testing of

PCD hole specimen (305 mm/min)

From the damage observations, it was noted that the damage initiation started at the 45 degree
plies in the hole. The damage progressed along the various plies on the hole surface. The
predominant failure was delamination along the 45 degree plies of the hole surface. Matrix
cracks were present along the surface through the thickness of the laminate. Brittle fracture of
fibres was observed in the failed specimens. Final failure of specimen was separation along 45
degrees across the thickness of the laminate. Fibre pullouts contributed to delamination initiation
and progression starting at 45 degrees plies. Matrix cracking preceded delamination and aided in

the final failure of the specimen.

Open Hole Tensile Testing of PCD Drilled Hole at feedrate of 508 mm/min Specimens
PCD drilled holes at feedrate of 508 mm/min specimens were tested in open hole tension to failure.
Figures 6.77, 6.78 & 6.79 show the data plots from the testing.
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Tensile Stress Vs. Strain - PCD Drilled Hole (508 mm/min)
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Figure 6.77 Open Hole Tensile Stress Vs. Strain for PCD Drilled Hole (508 mm/min)
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Figure 6.78 Magnified View of Open Hole Tensile Stress Vs. Strain showing Matrix Cracking in
PCD Drilled hole specimen (508 mm/min)
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Tensile Stress Vs. Strain - PCD Drilled Hole (508 mm/min)
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Figure 6.79 Magnified view of Open Hole Tensile Stress Vs. Strain showing First Ply Failure

and Damage in PCD Dirilled hole specimen (508 mm/min)

Test Data & Observations from Open Hole Tensile testing of PCD Drilled Hole at feedrate of

508 mm/min specimens

The following strength data was recoded from the open hole tensile testing of PCD Drilled hole
at feedrate of 508 mm/min:

Maximum Open Hole Tensile Stress = 444.35 MPa

Maximum Open Hole Tensile Load = 51015 N

Strain at Maximum Open Hole Tensile Stress = 0.006197 mm/mm

Youngs Modulus from Testing = 71.7 GPa

It was observed that matrix cracking started around 0.07% strain. Matrix cracking progressed as
stress increased and first ply failure occurred around tensile stress of 395.0 MPa. First ply failure
occurred around 0.54% strain. It was observed that the subsequent ply failures (delamination)
was smaller before ultimate failure pointing to a smaller damage tolerance. Failure zone initiated

at the 45 degree plies in the hole with ultimate failure occurring across the complete hole. It was
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also observed that delamination progressed faster due to higher density of fibre pullouts

compared to lower drilling feedrate specimens.

Damage observations from open hole tensile testing of PCD Drilled hole at 508 mm/min

specimens
Figures 6.80 through 6.84 show the damage recorded in open hole tensile testing of PCD drilled

hole at feedrate of 508 mm/min specimens.

Figure 6.80 Failed specimen from Open Hole Tensile testing of PCD hole specimen (508

mm/min)

Delamination
™ Failure
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degree plies

Figure 6.81 SEM of failed specimen from Open Hole Tensile Testing of PCD hole specimen
(508 mm/min)
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Figure 6.82 SEM of failed specimen showing Matrix Cracks from Open Hole Tensile Testing of
PCD hole specimen (508 mm/min)

Figure 6.83 SEM of failed specimen showing Fibre Fractures from Open Hole Tensile Testing of

PCD hole specimen (508 mm/min)
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Delamination

along bottom edge = ———

Figure 6.84 SEM of failed specimen showing Delamination from Open Hole Tensile Testing of
PCD hole specimen (508 mm/min)

From the damage observations, it was noted that the damage initiation started at the 45 degree
plies in the hole. The damage progressed along the various plies on the hole surface. The
predominant failure was delamination along the 45 degree plies of the hole surface. Matrix
cracks were present along the surface through the thickness of the laminate. Brittle fracture of
fibres was observed in the failed specimens. Final failure of specimen was separation along 45
degrees across the thickness of the laminate. Fibre pullouts contributed to delamination initiation
and progression starting at 45 degrees plies. Matrix cracking preceded delamination and aided in
the final failure of the specimen. It was observed that the damage tolerance was lower than the

PCD drilled holes at lower feedrates.

Open Hole Tensile Testing of CVD Drilled Hole at feedrate of 305 mm/min Specimens
CVD drilled holes at feedrate of 305 mm/min specimens were tested in open hole tension to failure.
Figures 6.85, 6.86 & 6.87 show the data plots from the testing.
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Tensile Stress Vs, Strain - CVD Drilled Hole (305 mm/min)

529.01
479.01
429.01
379.01
329.01
279.01

229.01

Tensile Stress (MPa)

179.01
129.01
79.01

29.01

Figure 6.85 Open Hole Tensile Stress Vs. Strain for CVD Drilled Hole (305 mm/min)
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Figure 6.86 Magnified View of Open Hole Tensile Stress Vs. Strain showing Matrix Cracking in
CVD Dirilled hole specimen (305 mm/min)



194

510.83

Ultimate Failure
across the hole
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First Ply Failure
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Progressive Damage
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Figure 6.87 Magnified view of Open Hole Tensile Stress Vs. Strain showing First Ply Failure
and Damage in CVD Drilled hole specimen (305 mm/min)

Test Data & Observations from Open Hole Tensile testing of CVD Drilled Hole at feedrate of

305 mm/min specimens

The following strength data was recoded from the open hole tensile testing of CVD Drilled hole
at feedrate of 305 mm/min:

Maximum Open Hole Tensile Stress = 503.36 MPa

Maximum Open Hole Tensile Load = 57789 N

Strain at Maximum Open Hole Tensile Stress = 0.007065 mm/mm

Youngs Modulus from Testing = 71.2 GPa

It was observed that matrix cracking started around 0.05% strain. Matrix cracking progressed as
stress increased and first ply failure occurred around tensile stress of 470.0 MPa. First ply failure
occurred around 0.68% strain. It was observed that the subsequent ply failures (delamination)
was smaller before ultimate failure pointing to a smaller damage tolerance. Failure zone initiated
at the 45 degree plies in the hole with ultimate failure occurring across the complete hole. It was

also observed that delamination progressed faster due to higher density of fibre pullouts
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compared to lower drilling feedrate specimens. Damage tolerance was also lower than PCD
drilled holes.
Damage observations from open hole tensile testing of CVD Drilled hole at 305 mm/min

specimens
Figures 6.88 through 6.92 show the damage recorded in open hole tensile testing of CVD drilled

hole at feedrate of 305 mm/min specimens.

Figure 6.88 Failed specimen from Open Hole Tensile testing of CVD hole specimen (305

mm/min)

Failure
Predominant

along 45
degree plies
- ~ _7'.

Figure 6.89 SEM of failed specimen from Open Hole Tensile Testing of CVD hole specimen
(305 mm/min)
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Figure 6.90 SEM of failed specimen showing Matrix Cracks from Open Hole Tensile Testing of
CVD hole specimen (305 mm/min)

Figure 6.91 SEM of failed specimen showing Fibre Fractures from Open Hole Tensile Testing of

CVD hole specimen (305 mm/min)
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Delamination
along bottom edge

Figure 6.92 SEM of failed specimen showing Delamination from Open Hole Tensile Testing of

CVD hole specimen (305 mm/min)

From the damage observations it was noted that damage initiated at the 45 degree plies in the
hole. Damage progressed along the various plies on the hole surface. Predominant failure was
delamination along the 45 degree plies of the hole surface. Matrix cracks were present along the
hole surface through the thickness of the laminate. Brittle fracture of fibres was observed in the
failed specimens. Final failure of specimen was separation along 45 degrees across the thickness
of the laminate. Fibre pullouts contributed to delamination initiation and progression starting at
45 degree plies. Matrix cracking preceded delamination and aided in final failure. Damage

tolerance was lower as compared to PCD drilled holes.

Open Hole Tensile Testing of CVD Drilled Hole at feedrate of 508 mm/min Specimens
CVD drilled holes at feedrate of 508 mm/min specimens were tested in open hole tension to failure.
Figures 6.93, 6.94 & 6.95 show the data plots from the testing.
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Tensile Stress Vs. Strain - CVD Drilled Hole (508 mm/min)
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Figure 6.93 Open Hole Tensile Stress Vs. Strain for CVD Drilled Hole (508 mm/min)
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Figure 6.94 Magnified View of Open Hole Tensile Stress Vs. Strain showing Matrix Cracking in
CVD Dirilled hole specimen (508 mm/min)
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Ultimate Failure
across the hole

First Ply Failure

Progressive Damage

Figure 6.95 Magnified view of Open Hole Tensile Stress Vs. Strain showing First Ply Failure
and Damage in CVD Drilled hole specimen (508 mm/min)

Test Data & Observations from Open Hole Tensile testing of CVD Drilled Hole at feedrate of

508 mm/min specimens

The following strength data was recoded from the open hole tensile testing of CVD Drilled hole
at feedrate of 508 mm/min:

Maximum Open Hole Tensile Stress = 509.94 MPa

Maximum Open Hole Tensile Load = 58545 N

Strain at Maximum Open Hole Tensile Stress = 0.007267 mm/mm

Youngs Modulus from Testing = 70.2 GPa

It was observed that matrix cracking started around 0.056% strain. Matrix cracking progressed as
stress increased and first ply failure occurred around tensile stress of 445.0 MPa. First ply failure
occurred around 0.63% strain. It was observed that the subsequent ply failures (delamination)
was smaller before ultimate failure pointing to a smaller damage tolerance. Failure zone initiated
at the 45 degree plies in the hole with ultimate failure occurring across the complete hole. It was

also observed that delamination progressed faster due to higher density of fibre pullouts
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compared to lower drilling feedrate specimens. Damage tolerance was also lower than PCD
drilled holes and CVD drilled with lower feedrate.
Damage observations from open hole tensile testing of CVD Drilled hole at 305 mm/min

specimens
Figures 6.96 through 6.100 show the damage recorded in open hole tensile testing of CVD

drilled hole at feedrate of 508 mm/min specimens.

beRress aorass the
gle and Ltaminate

Figure 6.96 Failed specimen from Open Hole Tensile testing of CVD hole specimen (508

mm/min)

Delamination

~ Failure
Predominant
. along 45
degree plies

Figure 6.97 SEM of failed specimen from Open Hole Tensile Testing of CVD hole specimen
(508 mm/min)
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Figure 6.98 SEM of failed specimen showing Matrix Cracks from Open Hole Tensile Testing of
CVD hole specimen (508 mm/min)

Figure 6.99 SEM of failed specimen showing Fibre Fractures from Open Hole Tensile Testing of

CVD hole specimen (508 mm/min)
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Lower Magnitudef
of Delaminatio
along bottom edge

Figure 6.100 SEM of failed specimen showing Delamination from Open Hole Tensile Testing of

CVD hole specimen (508 mm/min)

From the damage observations it was noted that damage initiated at the 45 degree plies in the
hole. Damage progressed along the various plies on the hole surface. Predominant failure was
delamination along the 45 degree plies of the hole surface. Matrix cracks were present along the
hole surface through the thickness of the laminate. Brittle fracture of fibres was observed in the
failed specimens. Final failure of specimen was separation along 45 degrees across the thickness
of the laminate. Fibre pullouts contributed to delamination initiation and progression starting at
45 degree plies. Matrix cracking preceded delamination and aided in final failure. Damage
tolerance was lower as compared to PCD drilled holes. Delamination at bottom edge was lower

in magnitude compared to PCD drilled holes.

Summary of Open Hole Tensile Strength Testing Results. Observations & Conclusions

Open Hole Tensile testing results were summarized and are shown in Table 6.8 along with
surface roughness data. An example calculation of stress concentration factor is shown in Figure
6.103 This calculation using the notch root radius and formula shown in equation 2.4 in chapter 2
of this work. The calculation along with the graphical determination of the notch root radius is

shown in Figure 6.101 and Figure 6.103 along with the surface finish values. The input values of
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the surface finish are shown in Figure 6.101. Figure 6.104 shows the surface profile used for the
graphical determination of the notch root radius.

Specimen Type Average Calculated Max Strain Youngs Matrix First Ply First Ply
Starface Effective Stress Tensile (mm/mm) Cfaclfing Fa.ilure - Failureh-
Finish - Concentration Stress Modulus Initiation — Tensile Stress % Strain
R, (um) (MPa) E,(GPa) % Strain —(MPa)

Factor K,

PCD Drill - F1 0.445 291 6.15 1.75 518.38  0.007023 73.8 0.12 420.0 0.57
PCD Drill - F2 0.342 2.81 5.365 1.92 44435  0.006197 717 0.07 395.0 0.54
CVD Drill - F1 0.965 5.632 11.597 245 503.36  0.007065 71.2 0.05 470.0 0.68
CVD Drill - F2 0.890 5.172 11.38 2.88 509.94  0.007267 70.2 0.056 445.0 0.63

Table 6.8 Summary of Open Hole Tensile Testing Results

e L Hole Surface Finish (L)Surface Finish (L)[Surface Finish (L)
- Ra -R; - R¢
Specimen 2 | PCD Drill - F = 305 mm/min 0.770 3.875 9.51

Figure 6.101 Sample Surface finish data for a PCD drill hole at feedrate of 305 mm/min

specimen for stress concentration factor calculation

Profile [1/2]: R [LC GS: 0.25 mm] . ‘ ‘
10.0f -~ P e S b |
O D S R IR~ A

00 T 5 &
waf I R R e — e |

[0.25 mm/div] 1.25 mm

Figure 6.102 Sample Surface profile data for a PCD drill hole at a feedrate of 305 mm/min for

stress concentration factor calculation
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=

- (R ) R
K. =1+n| ‘1 "‘where

P=5.01pm \ / R.
M n = factor = 2(tension & compression)

p =notch root radius

=

R, = average surface roughness

R = peak to valley height roughness

0 15.6.um R. =10 point roughness

Notch Root Radius — Graphical Calculation for a
PCD Drilled (305 mm/min) Specimen

Figure 6.103 Sample stress concentration factor calculation for a PCD drill hole at a feedrate of

305 mm/min feedrate specimen

Observations from Surface Integrity plots of Open Hole Tensile Testing

Surface integrity data was calculated and plots created from the surface roughness data. The
plots show that the higher stress concentration factor resulted in larger reduction in stiffness
compared to theoretical modulus (stiffness). Stress concentration factor is a function of surface
finish parameters Ra , Rz, Rt Generally the higher the surface roughness, Ra, the large reduction
in stiffness. The ratio R; / Rtinfluences the reduction in stiffness. The larger the ratio the greater
the reduction in stiffness. This is attributed to the larger values of the highest peaks and deepest
valleys in the surface profiles. This leads to an increase in number of points of stress risers which
lead to stiffness reduction and load carrying capacity. Drilling feedrate did not influence the
average surface roughness or other parameters in CVD drilling. In PCD drilling, the change in
feedrates influenced a larger change in surface integrity parameters as well as strength properties.
Figure 6.104, 6.105 & 6.106 show the plots of various surface finish parameters Vs. the ratio of
tested modules to theoretical apparent modulus (E / Eo)
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(E/E,) Vs. Stress Concentration Factor
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Figure 6.104 Plot of (E/Eo) Vs. Stress Concentration Factor for various Open hole Tensile

Testing specimens

(E/E,) Vs. Average Surface Roughness R,
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Figure 6.105 Plot of (E/Eo) Vs. Average Surface Roughness - Ra (um) for various Open Hole

Tensile Testing specimens
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(E/E,) Vs. Surface Finish (R,/R,)
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0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Surface Finish (R,/R,)

Figure 6.106 Plot of (E/Eo) Vs. Surface Finish (R;/ Ry) for various Open Hole Tensile Testing

specimens

Observations from Damage Progress Plot for Open Hole Tensile Testing

Damage progress plot Vs. applied load was generated as shown in Figure 6.107 and it was
observed that the drilled holes had damage start at lower loads for lower feedrate as compared to
the higher feedrate. This was attributed to the longer contact time of the drill in the hole which
contributed to the matrix cracking initiation. Both the PCD specimens had slightly higher
damage as compared to the CVD drilled holes. This was contributed to larger magnitude of
delamination at the bottom surface of the hole. The PCD drill has a 118 degree point angle as
compared to 90 degree point angle of the CVD drill. This contributes to the larger delamination
at the bottom surface of the hole. The progress of damage was similar in all specimens with
matrix cracking being the dominant mode of damage initially. The transition of damage from
matrix cracking to delamination followed a similar pattern for all PCD and CVD drilled hole
specimens. Damage tolerance of CVD specimens is slightly lower in comparison to PCD drilled
specimens. For both PCD and CVD drilled hole specimens, the damage tolerance is lower in
specimens drilled at higher feedrates. All specimens displayed a sudden increase in damage

showing the progression of damage from hole to across the width of the laminate. Ply damage
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across the hole for all specimens displayed a similar path of progression. The reduction in
stiffness for all drilled holes by PCD and CVD was close to each other within 5%
Damage =1 — (E/E,)

—— PCD-F1
] PCD-F2
0.12 - —— CVD-F1
o CVD-F2
0.101
0.08 -
Q
[=2]
& 0.06
1]
a

0.04

0.02 4

0.00 4

2 3 4
Load x 10 (KN)

Figure 6.107 Damage Vs. Applied Load for Open Hole Tensile Testing specimens
6.4.5.1 Analysis of Open Hole Tension Testing Results

As seen from the above results there is a drop in the stiffness from the theoretical apparent stiffness
calculations. This can be attributed to resultant surface integrity from varying drilling operations
conducted. Test specimens drilled with PCD drills displayed better surface finish profile
characteristics.

The reduction in stiffness is a function of the surface integrity and the resultant stress

concentration factor from surface integrity of the drilled hole.

Eiz f(Ky) 6.1

0

When the value of the stress concentration factor (Rt) is higher, the value of [EEJ is lower
0

When the value of [%) is higher, the value of [Ej is lower.

0
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The maximum tensile stress is a function of both the hole concentration factor (K, ) as well as

the surface integrity concentration factor of the hole (Rt)

o = F(K,Ki) 6.2

The maximum tensile stress in open hole tension testing is about 30% to 40% less than
maximum tensile stress in tension testing. The presence of an hole (notch) in the specimen

results in a stress concentration factor with the presence of a notch.

6.4.6 Open Hole Compression Testing

Both PCD and CVD drilled specimens were tested in open hole compression and the results were
tabulated. The specimens were drilled with 2 different feedrates 305 mm/min and 508 mm/min. Strain
gauges were used to capture the strain under open hole tension loading conditions. All the specimens
were taken to failure during the testing process. The following tables and figures show the data along with
the stress-strain curves and failure for both the PCD and CVD drilled hole specimens

Open Hole Compression Testing of PCD Drilled Hole at feedrate of 305 mm/min Specimens

PCD drilled holes at feedrate of 305 mm/min specimens were tested in open hole compression to failure.
Figures 6.108, 6.109 & 6.110 show the data plots from the testing.
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Compressive Stress Vs. Strain - PCD Hole (305 mm/min)
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Figure 6.108 Open Hole Compressive Stress Vs. Strain for PCD Drilled Hole (305 mm/min)

Compressive Stress Vs. Strain - PCD Hole (305 mm/min)
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Figure 6.109 Magnified View of Open Hole Compressive Stress Vs. Strain showing Matrix

Cracking in PCD Drilled hole specimen (305 mm/min)
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Compressive Stress Vs. Strain - PCD Hole (305 mm/min)
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Figure 6.110 Magnified view of Open Hole Compressive Stress Vs. Strain showing First Ply

Failure and Damage in PCD Dirilled hole specimen (305 mm/min)

Test Data & Observations from Open Hole Compression testing of PCD Drilled Hole at feedrate

of 305 mm/min specimens

The following strength data was recoded from the open hole compressive testing of PCD Drilled
hole at feedrate of 305 mm/min:

Maximum Open Hole Compressive Stress = 320.8 MPa
Maximum Open Hole Compressive Load = 53892.9 N

Strain at Maximum Open Hole Tensile Stress = 0.00744 mm/mm
Youngs Modulus from Testing = 45.15 GPa

It was observed that matrix cracking started around 0.035% strain. Matrix cracking progressed as
stress increased and first ply failure occurred around tensile stress of 240.0 MPa. First ply failure
occurred around 0.055% strain. It was observed that failure zone initiated at 45 degree plies in
the hole and ultimately resulted in failure across the complete hole. Final failure was buckling
across the thickness of the laminate.



211

Damage observations from Open Hole Compression testing of PCD Drilled hole at 305 mm/min

specimens

Figures 6.111 through 6.115 show the damage recorded in open hole compressive testing of PCD

drilled hole at feedrate of 305 mm/min specimens.

Failure:Through
Laminate

Figure 6.111 Failed specimen from Open Hole Compression testing of PCD hole specimen (305

mm/min)

:u‘c'kliﬁg at 45 degrees

/16 mm | 36

Figure 6.112 SEM of failed specimen from Open Hole Compression Testing of PCD hole
specimen (305 mm/min)



212

Figure 6.113 SEM of failed specimen showing buckling at 45 degrees from Open Hole

Compression Testing of PCD hole specimen (305 mm/min)

Figure 6.114 SEM of failed specimen showing Ply Failure from Open Hole Compression Testing
of PCD hole specimen (305 mm/min)
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Figure 6.115 SEM of failed specimen showing Ultimate failure from Open Hole Compression

Testing of PCD hole specimen (305 mm/min)

From the damage observations, it was noted that the damage initiation started at the 45 degree plies in the
hole. The damage progressed along the various plies on the hole surface. The predominant failure was
buckling along the 45 degree plies of the hole surface. Matrix cracks were present along the surface
through the thickness of the laminate. Brittle fracture of fibres was observed in the failed specimens. Final
failure of specimen was separation along 45 degrees across the thickness of the laminate. Fibre pullouts
contributed to delamination initiation and progression starting at 45 degrees plies. Matrix cracking
preceded delamination and aided in the final failure of the specimen.

Open Hole Compression Testing of PCD Drilled Hole at feedrate of 508 mm/min Specimens

PCD drilled holes at feedrate of 508 mm/min specimens were tested in open hole compression to failure.
Figures 6.116, 6.117 & 6.118 show the data plots from the testing.
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Figure 6.116 Open Hole Compressive Stress Vs. Strain for PCD Drilled Hole (508 mm/min)
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Figure 6.117 Magnified View of Open Hole Compressive Stress Vs. Strain showing Matrix

Cracking in PCD Drilled hole specimen (508 mm/min)
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Compressive Stress Vs. Strain - PCD Hole (508 mm/min)
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Figure 6.118 Magnified view of Open Hole Compressive Stress Vs. Strain showing First Ply

Failure and Damage in PCD Drilled hole specimen (508 mm/min)

Test Data & Observations from Open Hole Compression testing of PCD Drilled Hole at feedrate

of 508 mm/min specimens

The following strength data was recoded from the open hole compressive testing of PCD Drilled
hole at feedrate of 508 mm/min:

Maximum Open Hole Compressive Stress = 306.6MPa
Maximum Open Hole Compressive Load = 51514.7 N
Strain at Maximum Open Hole Tensile Stress = 0.00688 mm/mm

Youngs Modulus from Testing = 46.09 GPa

It was observed that matrix cracking started around 0.025% strain. Matrix cracking progressed as
stress increased and first ply failure occurred around tensile stress of 230.0 MPa. First ply failure
occurred around 0.051% strain. It was observed that failure zone initiated at 45 degree plies in
the hole and ultimately resulted in failure across the complete hole. Final failure was buckling

across the thickness of the laminate.
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Damage observations from open hole compression testing of PCD Drilled hole at 508 mm/min

specimens

Figures 6.119 through 6.123 show the damage recorded in open hole compressive testing of PCD

drilled hole at feedrate of 508 mm/min specimens.

T

_Laminate
lnwyl"_ S ¢ o

_Failure Through
Laminate

Figure 6.119 Failed specimen from Open Hole Compression testing of PCD hole specimen (508

mm/min)
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Figure 6.120 Failed specimen from Open Hole Compression testing of PCD hole specimen (508

mm/min)

Figure 6.121 SEM of failed specimen showing buckling at 45 degrees from Open Hole
Compression Testing of PCD hole specimen (508 mm/min)
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Figure 6.122 SEM of failed specimen showing Ply Failure from Open Hole Compression Testing
of PCD hole specimen (508 mm/min)

Figure 6.123 SEM of failed specimen showing Ultimate failure from Open Hole Compression
Testing of PCD hole specimen (508 mm/min)
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From the damage observations, it was noted that the damage initiation started at the 45 degree plies in the
hole. The damage progressed along the various plies on the hole surface. The predominant failure was
buckling along the 45-degree plies of the hole surface. Matrix cracks were present along the surface
through the thickness of the laminate. Brittle fracture of fibres was observed in the failed specimens. Final
failure of specimen was separation along 45 degrees across the thickness of the laminate. Fibre pullouts
contributed to delamination initiation and progression starting at 45 degrees plies. Matrix cracking

preceded delamination and aided in the final failure of the specimen.

Open Hole Compression Testing of CVD Drilled Hole at feedrate of 305 mm/min Specimens

CVD drilled holes at feedrate of 305 mm/min specimens were tested in open hole compression to failure.
Figures 6.124, 6.125 , & 6.126 show the data plots from the testing.

Compressive Stress Vs. Strain - CVD Hole (305 mm/min)
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Figure 6.124 Open Hole Compressive Stress Vs. Strain for CVD Drilled Hole (305 mm/min)
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Compressive Stress Vs. Strain - CVD Hole (305 mm/min)
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Figure 6.125 Magnified View of Open Hole Compressive Stress Vs. Strain showing Matrix
Cracking in CVD Drilled hole specimen (305 mm/min)
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Figure 6.126 Magnified view of Open Hole Compressive Stress Vs. Strain showing First Ply
Failure and Damage in CVD Drilled hole specimen (305 mm/min)
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Test Data & Observations from Open Hole Compression testing of CVD Drilled Hole at feedrate

of 305 mm/min specimens

The following strength data was recoded from the open hole compressive testing of CVD Drilled
hole at feedrate of 305 mm/min:

Maximum Open Hole Compressive Stress = 316.0 MPa
Maximum Open Hole Compressive Load = 53103.9 N
Strain at Maximum Open Hole Tensile Stress = 0.00638 mm/mm

Youngs Modulus from Testing = 50.7 GPa

It was observed that matrix cracking started around 0.02% strain. Matrix cracking progressed as
stress increased and first ply failure occurred around tensile stress of 220.0 MPa. First ply failure
occurred around 0.044 % strain. It was observed that failure zone initiated at 45 degree plies in
the hole and ultimately resulted in failure across the complete hole. Final failure was buckling

across the thickness of the laminate.

Damage observations from open hole compressive testing of CVD Drilled hole at 305 mm/min

specimens

Figures 6.127 through 6.131 show the damage recorded in open hole compressive testing of

CVD drilled hole at feedrate of 305 mm/min specimens.



222

_ Failure ‘Through 7 T8

meinate

. Failure ‘Through«
Laminate :

Figure 6.127 Failed specimen from Open Hole Compression testing of CVD hole specimen (305

mm/min)

Figure 6.128 Failed specimen from Open Hole Compression testing of CVD hole specimen (305

mm/min)
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Figure 6.129 SEM of failed specimen showing Ply Failure from Open Hole Compression Testing
of CVD hole specimen (305 mm/min)

Butkling at 45 degrées

- .

Figure 6.130 SEM of failed specimen showing buckling at 45 degrees from Open Hole

Compression Testing of CVD hole specimen (305 mm/min)
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Figure 6.131 SEM of failed specimen showing Ultimate failure from Open Hole Compression
Testing of CVD hole specimen (305 mm/min)

From the damage observations, it was noted that the damage initiation started at the 45 degree plies in the
hole. The damage progressed along the various plies on the hole surface. The predominant failure was
buckling along the 45 degree plies of the hole surface. Matrix cracks were present along the surface
through the thickness of the laminate. Brittle fracture of fibres was observed in the failed specimens. Final
failure of specimen was separation along 45 degress across the thickness of the laminate. Fibre pullouts
contributed to delamination initiation and progression starting at 45 degrees plies. Matrix cracking
preceded delamination and aided in the final failure of the specimen.

Open Hole Compression Testing of CVD Drilled Hole at feedrate of 508 mm/min Specimens

CVD drilled holes at feedrate of 508 mm/min specimens were tested in open hole compression to failure.
Figures 6.132, 6.133 & 6.134 show the data plots from the testing.
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Compressive Stress Vs. Strain - CVD Hole (508 mm/min)
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Figure 6.132 Open Hole Compressive Stress Vs. Strain for CVD Drilled Hole (508 mm/min)
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Figure 6.133 Magnified View of Open Hole Compressive Stress Vs. Strain showing Matrix
Cracking in CVD Drilled hole specimen (508 mm/min)
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Compressive Stress Vs. Strain - CVD Hole (508 mm/min)
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Figure 6.134 Magnified view of Open Hole Compressive Stress Vs. Strain showing First Ply

Failure and Damage in CVD Dirilled hole specimen (508 mm/min)

Test Data & Observations from Open Hole Compression testing of CVD Drilled Hole at feedrate

of 508 mm/min specimens

The following strength data was recoded from the open hole compressive testing of CVVD Drilled
hole at feedrate of 508 mm/min:

Maximum Open Hole Compressive Stress = 298.6 MPa
Maximum Open Hole Compressive Load = 50175.0 N
Strain at Maximum Open Hole Tensile Stress = 0.0061 mm/mm

Youngs Modulus from Testing = 47.9 GPa

It was observed that matrix cracking started around 0.02% strain. Matrix cracking progressed as
stress increased and first ply failure occurred around tensile stress of 215.0 MPa. First ply failure

occurred around 0.044 % strain. It was observed that failure zone initiated at 45 degree plies in
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the hole and ultimately resulted in failure across the complete hole. Final failure was buckling

across the thickness of the laminate.

Damage observations from open hole compressive testing of CVVD Drilled hole at 508 mm/min

specimens

Figures 6.135 through 6.139 show the damage recorded in open hole compressive testing of

CVD drilled hole at feedrate of 508 mm/min specimens.

“Failure Through
Larinate

Failure Through __-—-——-—"* :
Laminate A

Figure 6.135 Failed specimen from Open Hole Compression testing of CVD hole specimen (508

mm/min)
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Figure 6.136 Failed specimen from Open Hole Compression testing of CVD hole specimen (508

mm/min)

il H WD  |Mag | Det|Spot
[WE 10 KV |8.7 mm |36 x | S

Figure 6.137 SEM of failed specimen showing Ply Failure from Open Hole Compression Testing

of CVD hole specimen (508 mm/min)
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Figure 6.138 SEM of failed specimen showing buckling at 45 degrees from Open Hole
Compression Testing of CVD hole specimen (508 mm/min)

Ultimate Failure .. . .
-y s - 4 ’
£S5  Wa e

Figure 6.139 SEM of failed specimen showing Ultimate failure from Open Hole Compression
Testing of CVD hole specimen (508 mm/min)
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From the damage observations, it was noted that the damage initiation started at the 45 degree plies in the
hole. The damage progressed along the various plies on the hole surface. The predominant failure was
buckling along the 45 degree plies of the hole surface. Matrix cracks were present along the surface
through the thickness of the laminate. Brittle fracture of fibres was observed in the failed specimens. Final
failure of specimen was separation along 45 degress across the thickness of the laminate. Fibre pullouts
contributed to delamination initiation and progression starting at 45 degrees plies. Matrix cracking

preceded delamination and aided in the final failure of the specimen.

Summary of Open Hole Compression Strength Testing Results. Observations & Conclusions
Open Hole Compression testing results were summarized and are shown in Table 6.9. The table
data includes surface finish data along with testing results including Youngs Modulus. First ply

failure stress and strain results.

Specimen Type Average Surface Calculated Strain Youngs Matrix First Ply First Ply
Surface Finish — Effective Stress (mm/mm) Cracking Failure - Failure —
Finish - R, (um) Contentiation Modulus Initiation — Comp Stress % Strain
R, (um) Faor R, £, (GPa) % Strain - (MPa)
t
PCD Drill -F1 0.00744 45.15 0.035 240.0 0.055
PCD Drill - F2 0.342 2.81 5.365 1.92 306.6 0.00688 46.09 0.025 230.0 0.051
CVD Drill = F1 0.965 5.632 11.597 2.45 316.0 0.00638 50.7 0.02 220.0 0.044
CVD Drill - F2 0.890 5.172 11.38 2.88 298.6 0.0061 47.9 0.02 215.0 0.044

Table 6.9 Summary of Open Hole Compression testing Results

Observations from Surface Integrity plots of Open Hole Compression Testing

Surface integrity data was calculated and plots created from the surface roughness data. The
plots show that the higher stress concentration factor resulted in larger reduction in stiffness
compared to theoretical modulus (stiffness). Stress concentration factor is a function of surface

finish parameters Ra, Rz, Rt Generally the higher the surface roughness, Ra, the large reduction
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in stiffness. The ratio R; / Rtinfluences the reduction in stiffness. The larger the ratio the greater
the reduction in stiffness. This is attributed to the larger values of the highest peaks and deepest
valleys in the surface profiles. This leads to an increase in number of points of stress risers which
lead to stiffness reduction and load carrying capacity. Drilling feedrate did not influence the
average surface roughness or other parameters in CVD drilling. In PCD drilling, the change in
feedrates influenced a larger change in surface integrity parameters as well as strength properties.
Figure 6.140, 6.141 & 6.142 show the plots of various surface finish parameters Vs. the ratio of

tested modules to theoretical apparent modulus (E / Eo)

(E/EQ) Vs. Stress Concentration Factor)

CVvD-F1 °
0.64
= 0.62 CVvD-F2
E o
~ 0.6
PCD-F2
0.58 o
PCD-F1 —y
0.56

0 0.5 1 1.5 2 2.5 3 3.5

Stress Concentration Factor

Figure 6.140 Plot of (E/Eo) Vs. Stress Concentration Factor for various Open hole Compression

Testing specimens
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(E/E,) Vs. Average Surface Roughness R,
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Figure 6.141 Plot of (E/Eo) Vs. Average Surface Roughness - Ra (um) for various Open Hole

Compression Testing specimens
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(E/E,) Vs. Surface Finish (R,/R,)
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Figure 6.142 Plot of (E/Eo) Vs. Surface Finish (R;/ Ry) for various Open Hole Compression
Testing specimens

Observations from Damage Progress Plot for Open Hole Compression Testing

Damage progress plot Vs. applied load was generated as shown in figure 6.143 and it was
observed that the drilled holes had damage start at lower loads for lower feedrate as compared to
the higher feedrate. This was attributed to the longer contact time of the drill in the hole which
contributed to the matrix cracking initiation. Both the PCD specimens had slightly higher
damage as compared to the CVD drilled holes. This was contributed to larger magnitude of
delamination at the bottom surface of the hole. The PCD drill has a 118 degree point angle as
compared to 90 degree point angle of the CVD drill. This contributes to the larger delamination
at the bottom surface of the hole. The progress of damage was similar in all specimens with
matrix cracking being the dominant mode of damage initially. The transition of damage from
matrix cracking to delamination followed a similar pattern for all PCD and CVD drilled hole
specimens. Damage tolerance of CVD specimens is slightly lower in comparison to PCD drilled
specimens. For both PCD and CVD drilled hole specimens, the damage tolerance is lower in
specimens drilled at higher feedrates. All specimens displayed a sudden increase in damage

showing the progression of damage from hole to across the width of the laminate. Ply damage
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across the hole for all specimens displayed a similar path of progression. The reduction in
stiffness for all drilled holes by PCD and CVD was close to each other within 5%
Damage =1 — (E/E,)

—— PCD - 305 mm/min

PCD - 508 mm/min
—— CVD - 305 mm/min
0.9 ~ CVD - 508 mmimin

0.8 1 ~
0.7 4
0.6

0.5 4

Damage

0.4 4

0.3 1

0.2 1

0.1 1

0.0

0 ! 2 3 4 5 6
Load x 10 (KN)

Figure 6.143 Damage Vs. Applied Load for Open Hole Compression Testing specimens

6.4.6.1 Analysis of Open Hole Compression Testing Results

As seen from the above results there is a drop in the stiffness from the theoretical apparent stiffness
calculations. This can be attributed to resultant surface integrity from varying drilling operations
conducted. Test specimens drilled with PCD drills displayed better surface finish profile
characteristics.

The reduction in stiffness is a function of the surface integrity and the resultant stress
concentration factor from surface integrity of the drilled hole.

EEZ f(Ky) 6.1

0

When the value of the stress concentration factor (Rt) is higher, the value of [EEJ is lower
0

When the value of [%) is higher, the value of [Ej is lower.

0
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The maximum compressive stress is a function of both the hole concentration factor (K, ) as

well as the surface integrity concentration factor of the hole (Rt)

o = F(K,Ki) 6.2

The maximum compressive stress in open hole compression testing is about 30% to 45% less
than maximum compressive stress in compression testing. The presence of a hole (notch) in the

specimen results in a stress concentration factor with the presence of notch.

6.4.7 Bearing Strength Testing

Bearing hole testing was conducted on PCD and CVD drilled hole specimens drilled at feedrates
of 305 mm/min and 508 mm/min. It was found that for PCD drilled hole specimens maximum
load was recorded in specimens drilled at the lower feedrate of 305 mm/min. For CVD hole
specimens, the maximum load was also recorded in specimens drilled at lower feedrate of 305
mm/min.

Figure 6.144 shows the plot of the load Vs. extension for various test specimens in bearing hole
testing. Table 6.10 shows the recorded values for maximum load for different test specimens.

Specimen 1 to 12

25000

Specimen #
20000

15000

Load (N)

10000

VONOUVTAE WN =

T

5000

11
12

Extension (mm)

Figure 6.144 Plot of Load Vs. Extension for Bearing Hole Test Specimens
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Specimen Number Drill Hole Load (N)
Specimen 1 PCD, 508 mm/min 20761.54
Specimen 2 PCD, 508 mm/min 18841.75
Specimen 3 PCD, 508 mm/min 20057.73
Specimen 4 PCD, 305 mm/min 21432.53
Specimen 5 PCD, 305 mm/min 16287.54
Specimen 6 PCD, 305 mm/min 17286.29
Specimen 7 CVD, 305 mm/min 20839.38
Specimen 8 CVD, 305 mm/min 21222.29
Specimen 9 CVD, 305 mm/min 22166.94
Specimen 10 CVD, 508 mm/min 21005.45
Specimen 11 CVD, 508 mm/min 21944.56
Specimen 12 CVD, 508 mm/min 21114.34

Maximum 22166.94
Mean 20246.7
Minimum 16287.54
Standard Deviation 1841.971

Table 6.10 Maximum Load recorded for Bearing Hole test specimens

Damage observations from Bearing hole testing for PCD and CVD drilled hole specimens

Figures 6.145 through 6.148 show the damage recorded in bearing hole testing of PCD drilled

hole at feedrates of 305 mm/min and 508 mm/min specimens.

Figure 6.145 Damage zone of Bearing hole test specimen — PCD drilled hole (305 mm/min)
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Figure 6.146 Damage zone of Bearing hole test specimen — PCD drilled hole (508 mm/min)

Figure 6.147 Damage zone of Bearing hole test specimen — CVD drilled hole (305 mm/min)
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Figure 6.148 Damage zone of Bearing hole test specimen — CVD drilled hole (508 mm/min)

From the damage observed during the testing it was noted that in both PCD & CVD drilled hole
specimens that damage zone is larger in specimens drilled at higher feedrate. In the higher

feedrate specimens the damage zone was deeper in the hole.

6.5 Discussion and Summary

The maximum loads under tension vary based on the processes used for edge trimming as well as
the drilling processes used. Fig 6.150 shows a comparison between maximum tensile loads for
specimens trimmed with AWJ as well PCD and CVD Endmills. As expected between the AWJ
trimmed and the endmill trimmed specimens, the surface integrity variance between the two results
in a difference in the maximum tensile loads. It is noted that the open hole tension specimens failed
at lower tensile loads than the normal tension specimens as expected.

The maximum stress under compression vary based on the processes used for edge trimming as
well as the drilling processes used. Figure 6/149 shows a comparison between maximum
compressive stress for specimens trimmed with AWJ as well CVD Endmills. As expected between

the AWJ trimmed and the endmill trimmed specimens, the surface integrity variance between the
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two results in a difference in the maximum compressive stress. It is noted that the open hole

compression specimens failed at lower stress than the normal compression specimens as expected.

Max Tensile Load (N) Vs. Edge Trim & Hole Drilling

Process Parameters
AW PCD

I b U eh 00 WD G

AWJ CvD Open Open Open Open
Trimmed, Trimmed, Endm Endmill Hole, CVD Hole, CVD Hole, PCD Hole, PCD
80Grt 120Grt Trimmed Trimmed Driled, Driled, Driled, Driled,

305 508 305 508

U0 22U

mm/min mm/min mm/min mm/min

Figure 6.149 Maximum Tensile Load Vs. Edge Trim & Hole Drilling Process Parameters

The maximum stress under compression vary based on the processes used for edge trimming as
well as the drilling processes used. Figure 6.150 shows a comparison between maximum
compressive stress for specimens trimmed with AWJ as well CVD Endmills. As expected between
the AWJ trimmed and the endmill trimmed specimens, the surface integrity variance between the
two results in a difference in the maximum compressive stress. It is noted that the open hole

compression specimens failed at lower stress than the normal compression specimens as expected.
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Max Compressive Stress (MPa) Vs. Edge Trim &
Hole Drilling Process Parameters
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Figure 6.150 Maximum Compressive Stress Vs. Edge Trim & Hole Drilling Process Parameters

The initiation of damage and its progress followed a common path in all types of testing. Initiation
starts as matrix cracking in all specimens with the initiation load being a function of the type of
trimming process used (AWJ Vs. Endmilling and the resultant surface integrity of the trimmed
specimen. The AWJ specimens had a lower load for matrix cracking initiation but displayed slower
progress of damage in comparison to endmilled trimmed specimens. The AWJ specimens also
displayed larger amount of damage at failure loads. The endmilled specimens failed at slightly
higher loads and showed higher amounts of delamination and ply failure at ultimate failure.
Damage tolerance was also lower in the case of endmilled specimens. In all test specimens, matrix
cracking damage initiated at the free edge surfaces. The transition of damage from matrix cracking
to delamination occurred over a larger spread of applied loads in AWJ specimens in tension and
transition from matrix cracking to buckling in compression specimens also occurred over a larger

spread of applied loads in AWJ specimens.

For testing of specimens with open holes the drilled holes had damage start at lower loads for
lower feedrate as compared to the higher feedrate. This was attributed to the longer contact time
of the drill in the hole which contributed to the matrix cracking initiation. The PCD specimens had
slightly higher damage as compared to the CVD drilled holes. This was contributed to larger
magnitude of delamination at the bottom surface of the hole attributed to the drill point. The

progress of damage was similar in all specimens with matrix cracking being the dominant mode
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of damage initially. The transition of damage from matrix cracking to delamination followed a
similar pattern for all PCD and CVD drilled hole specimens. Damage tolerance of CVD specimens
is slightly lower in comparison to PCD drilled specimens. For both PCD and CVD drilled hole
specimens, the damage tolerance is lower in specimens drilled at higher feedrates. All specimens
displayed a sudden increase in damage showing the progression of damage from hole to across the
width of the laminate. Ply damage across the hole for all specimens displayed a similar path of

progression.

In conclusion the data shows a trend in reduction in stiffness and strength due to surface integrity
effects. All specimens with larger amounts of surface damage had lower loads to failure in every
mode of testing. The type of failure resulting in lower loads had been predominantly the occurrence
of delamination and Fibre pullouts in the specimens due to both trimming and drilling processes.
This quantifies to some extent that delamination and fibre pullouts cannot be ignored in their
detrimental effects on the Mechanical properties of CFRP laminates. Which type of damage is
critical depends on the service loading deployed. This study has also validated some of the results
of past researchers that the surface integrity efforts from manufacturing processes do influence the
mechanical properties of the CFRP laminates.

Data from static testing was the foundation of selection of types of edge machining processes and
type of drill as well as drilling processes to be used for Fatigue Cycle Testing in Tension that was
studied and documented in Chapter 7.

Fatigue Cycle Testing Loads/Stress were also derived based on Failure Loads observed during

static properties testing as described in this chapter.
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Chapter 7 - Phase Il — Experimental Testing — Fatigue Cycle Tension -Tension
Testing — 22 Ply Thick Laminate

7.1 Phase Il Test Materials

Test specimens were edge trimmed with endmills and also using AWJ trimming. The surface
roughness of the edges was measured using the MAHR surface profilometer. Similarly, for Open-
Hole Testing holes were drilled using CVD Diamond Coated drills. Surface roughness was also
measured using the profilometer. Scanning Electron Microscopy (SEM) was used to examine the
damage from each process including the surface of the drilled holes. Specimens were then tested
for Tension-Tension Fatigue Cyclic Testing. The failure mode of the test specimens for each case

was examined and recorded.

7.2 Phase Il Research Plan — 22 Ply Thick Laminate

The 22 ply thick balanced symmetric [90/-45/0/-45/90/45/0/-45/0/90/0]s laminate used in the study
had a nominal thickness of 4.52 mm and with an average ply thickness of 190 um. The laminate
had a top layer of woven fabric material [0/90] and a bottom layer of fiberglass skin material with
material specification as defined in the Boeing Material Specification BMS 8-276 [61].. The Ply
table is shown inn Table 7.1 The prepreg tape material used was approximately 305 mm in width
and all layup was done manually as a 1220 x 1220 mm wide sheet. The sheet was cut into smaller
coupons using Abrasive Water Jet (AWJ). The coupons were then machined either using endmill
cutters or AWJ into smaller specimens for fatigue cyclic testing. For open holes testing, holes were
drilled using a CVD Diamond Coated Drill with a diameter of 6.35 mm. Prior to fatigue cycle

testing, surface integrity (roughness and Scanning Electron Microscopy) was documented.
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Material Orientation*

Fiberglass scrim 0/90

BMS 8-276 TY 40 CL 2 Form 1 6K-70-PW 0/90

BMS Spec 8-276 Type Il CL 10 or 11 GR 190 Form 3 90
BMS Spec 8-276 Type Il CL 10 or 11 GR 190 Form 3 45
BMS Spec 8-276 Type Il CL 10 or 11 GR 190 Form 3 0
BMS Spec 8-276 Type Il CL 10 or 11 GR 190 Form 3 -45
BMS Spec 8-276 Type Il CL 10 or 11 GR 190 Form 3 90
BMS Spec 8-276 Type Il CL 10 or 11 GR 190 Form 3 45
BMS Spec 8-276 Type Il CL 10 or 11 GR 190 Form 3 0
BMS Spec 8-276 Type Il CL 10 or 11 GR 190 Form 3 -45
BMS Spec 8-276 Type Il CL 10 or 11 GR 190 Form 3 0
BMS Spec 8-276 Type Il CL 10 or 11 GR 190 Form 3 90
BMS Spec 8-276 Type Il CL 10 or 11 GR 190 Form 3 0
BMS Spec 8-276 Type Il CL 10 or 11 GR 190 Form 3 90
BMS Spec 8-276 Type Il CL 10 or 11 GR 190 Form 3 0
BMS Spec 8-276 Type Il CL 10 or 11 GR 190 Form 3 -45
BMS Spec 8-276 Type Il CL 10 or 11 GR 190 Form 3 0
BMS Spec 8-276 Type Il CL 10 or 11 GR 190 Form 3 45
BMS Spec 8-276 Type Il CL 10 or 11 GR 190 Form 3 90
BMS Spec 8-276 Type Il CL 10 or 11 GR 190 Form 3 -45
BMS Spec 8-276 Type Il CL 10 or 11 GR 190 Form 3 0
BMS Spec 8-276 Type Il CL 10 or 11 GR 190 Form 3 45
BMS Spec 8-276 Type Il CL 10 or 11 GR 190 Form 3 90

BMS 8-276 TY 40 CL 2 Form 1 6K-70-PW 0/90

Table 7.1 Ply Table for 22 Ply Laminate

7.3 Fatigue Cycles Testing Readiness

A total of 48 test specimens were prepared for fatigue cycles testing. ASTM Standard Test
D3479/D3479M — Standard Test Method for Tension-Tension Fatigue of Polymer Matrix

Composite Materials was used as the test method for fatigue testing of the specimens.
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7.3.1 Test Specimens Readiness

The test batches were distributed as 24 test specimens for testing as unnotched specimens and 24
test specimens as notched specimens (open hole).

The test specimen batches were designed to evaluate the effects of surfaced integrity due to
machining on the fatigue cycles and damage evolution during fatigue cycle testing.

Table 7.2 and Table 7.3 summarize the trimming and drilling conditions for the test specimens.

Trimming Speed Feedrate
Operation (RPM) (mm/min)
AWI (80 Grit) = 1444

CVD Endmill 6000 635

Table 7.2 Fatigue Specimens Edge Trimming Conditions

Drilling Speed Feedrate
Operation (RPM) (mm/min)

CVD Drill 6000 508

Table 7.3 Fatigue Specimens Drilling Conditions

Edge trimming was conducted with AWJ using a grit size of 80 for 24 of the 48 test specimens.
The remaining 24 test specimens were edge trimmed using a CVD Diamond Coated Endmill.

For testing of the notched specimens, 12 AWJ Trimmed and 12 CVD Endmill Trimmed specimens
were drilled with a 6.35 mm diameter hole using a CVD Diamond Coated Drill.

The number of samples used to develop the S-N curves was 12 samples for each batch with 3 to 4
specimens tested for each batch at 3 different load levels as shown in Fig 7.1

e High Load/Engineering Stress

e Medium Load/Engineering Stress



e Low Load/Engineering Stress

O OO High Load/Stress

Medium Load/Stress

Low Load/Stress

N

Figure 7.1 —Theoretical S-N Curve for Planned Fatigue Cycle Testing

The test specimens were designated with the following notations, an example shown below:

Specimen Name: Al — H — 1 where the following apply:
Al — notates AWJ trimmed with no hole

A2 — notates AWJ trimmed with hole

B1 - notates CVD Endmill trimmed with no hole

B2 - notates CVD Endmill trimmed with hole

H — notates High Load used for testing

M - notates Medium Load used for testing

L - notates Low Load used for testing

1, 2, 3, 4 — notates the test specimen number

Figure 7.2 shows the theoretical calculations for the modulus values of the laminate.

245
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Apparent Modulus in X direction, E, =78.46 GPa
Apparent Modulus in Y direction, E, =55.97 GPa
Apparent Shear Modulus, G,, =16.56 GPa

Figure 7.2 Theoretical Modulus values for Laminate
7.3.2 Test Equipment

The test equipment used was a Material Test Systems (MTS) Fatigue Testing Machine (shown in

Figure 7.3) with a loading capacity of 88965 Newtons.

Figure 7.3 —-MTS Fatigue Testing Machine
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Figures 7.4 and 7.5 show the Fatigue Test Specimen Loaded in the machine for cycle testing and

the data acquisition hardware and software setup for the testing.

Figure 7.4 — Test Specimen in Fatigue Test Machine

Figure 7.5 — Data Acquisition Set up
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7.3.3 Machined Surfaces — Endmill Trimming vs. AWJ

Surface roughness parameters were recorded for both the endmill trimmed and AWJ trimmed
surface edges. The readings were taken both in the longitudinal and transverse direction. The
surface roughness for the endmill machined surfaces was in general a lower value (Ra) in the
longitudinal direction while the AWJ trimmed edge had a lower (Ra) value in the transverse
direction, as shown in Table 6.2.

Only CVD Diamond Coated Endmills were used for edge trimming for endmill trimming of
fatigue test specimens.

The cutting parameters used are as follows:

Endmill Trimming: Spindle Speed = 6000 RPM, Cutting Speed = 1.9 m/s, Feed Rate = 635
mm/min

AWJ Trimming: Linear Cutting Feed Rate = 1444 mm/min

The surface profile readings in the obtained from the two types of edge trimming operations are
documented in tables 7.4 and 7.5 for longitudinal and transverse direction. SEMs of both AWJ
trimmed and CVD Diamond Coated Endmill trimming are shown in figures 7.6 through 7.11

7.3.4 Drilled Holes — Surface Finish

Since CVD drills were only used to drill holes in notched test specimens with the same drilling
feedrate of 508 mm/min, only one test sample was used to record the surface finish profile. This
was done due to the difficulty in recording surface finish in a non-destructive way. Surface finish
data for the drilled hole is shown in Table 7.6. SEMs of the drilled hole are shown in figures 7.12
through 7.14
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Phase Il - Fatigue Testing Specimens - Data Summary
Surface Finish | Surface Finish | Surface Finish | Surface Finish | Surface Finish
Specimen Name Trim Hole
(L)-Ry (L)-R (L)-R, (L) - Ry (L) -Ryy

Al-H-2 AW]J -80 4.355 23.395 33.5835 -0.01 3.31
Al-H-3 AW]J -80 2.9725 16.2365 21.28 -0.21 3.37
Al-H-4 AWJ -80 2.807 16.164 22,75 -0.46 3.26
Al-M-1 AW]J -80 2.076 11.40635 14.383 -0.16 3.02
Al-M-2 AWJ -80 3.0335 17.00615 22.5 -0.2 3.04
Al-M-3 AW]J -80 3.118 18.838 27.465 -0.49 3.84
Al-L-1 AW]J -80 2.545 16.8135 20.033 -0.17 3.42
Al-1-2 AW]J -80 2.6275 16.946 23.33 -0.13 3.56
Al-1-3 AW]J -80 2.982 16.681 21.1 -0.19 2,73
B1-H-1 CVD Endmill 0.781 5.14815 6.633 -0.12 3.16
B1-H-2 CVD Endmill 0.3545 2.44 3.015 -0.3 3.76
B1-H-3 CVD Endmill 0.516 3.3515 4.8165 -0.59 4.99
B1-M-1 CVD Endmill 0.914 5.6225 6.133 -0.2 2.69
B1-M-2 CVD Endmill 0.986 5.5205 6.983 -0.59 3.03
B1-M-3 CVD Endmill 1.5675 11.059 18.25 0.04 4.35
B1-L-1 CVD Endmill 0.2575 2.138 2.433 0.19 3.37
B1-L-2 CVD Endmill 3.091 17.791 30.65 -0.04 4.86
B1-L-3 CVD Endmill 0.2725 2.2545 2.583 -0.23 3.37
B1-L-4 CVD Endmill 0.45715 2.851 3.2 0.42 2.76
A2-H-3 AWJ -80 CVD Drill 4.3175 21.868 24,983 -0.41 2.52
A2-H-4 AW]J -80 CVD Drill 4.268 19.9485 23.0665 -0.3 2.37
A2-M-1 AW]J -80 CVD Drill 4.149 19.636 29.75 -0.11 3.19
A2-M-2 AW]J -80 CVD Drill 3.032 13.935 17.8 0.2 2.33
A2-M-3 AW]J -80 CVD Drill 2.9555 14.006 19.55 0.15 2.87
A2-M-4 AW]J -80 CVD Drill 2.2945 12.5405 16.15 -0.78 3.66
A2-L-1 AWJ -80 CVD Drill 3.9865 19.38 21.45 -0.04 2.19
A2-1-2 AW]J -80 CVD Drill 2.714 14.9915 18.4165 -0.32 2.77
A2-1-3 AWJ -80 CVD Drill 2.8015 15.025 21.0665 -0.59 3.52
A2-1-4 AW]J -80 CVD Drill 4.7755 25.84 38.18 -0.43 3.23
B2-H-1 CVD Endmill CVD Drill 0.203 1.543 1.7 -0.14 3.1
B2-H-2 CVD Endmill CVD Drill 0.4385 3.0845 5.8665 -0.64 4.433
B2-H-3 CVD Endmill CVD Drill 2.0775 11.086 16.85 -1.25 4.77
B2-H-4 CVD Endmill CVD Drill 0.481 2.952 4.95 0.61 4.78
B2-M-1 CVD Endmill CVD Drill 0.6795 3.9945 4,55 0.3 2.87
B2-M-2 CVD Endmill CVD Drill 0.5355 4.2055 6.1 -0.66 5.29
B2-M-3 CVD Endmill CVD Drill 0.754 7.928 17.6 0.28 3.16
B2-L-1 CVD Endmill CVD Drill 0.563 4.0025 5.633 -0.2 3.58
B2-L-2 CVD Endmill CVD Drill 0.492 3.762 5.85 -0.03 4.39
B2-L-3 CVD Endmill CVD Drill 0.3485 2.508 4.283 -0.43 2.36

Table 7.4 Surface Finish Data of Test Specimens (Longitudinal)
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Phase Il - Fatigue Testing Specimens - Data Summary
. Surface Finish | Surface Finish | Surface Finish | Surface Finish | Surface Finish
Specimen Name Hole
(T)-R, (1)-R (1)-R, (T) - Ry (T)- Ry,

Al-H-2 1.02 6.274 10.365 -0.51 5.35
Al-H-3 1.1905 7.117 12.15 -1.02 6.47
Al-H-4 709 4.062 5.2 -0.23 3.02
Al-M-1 1.214 6.79 10 0.39 3.63
Al-M-2 1.59 8.7105 11.1 -0.21 3.2
Al-M-3 1.2055 6.2635 9.783 0.38 3.72
Al-L-1 0.6 3.969 6.933 -1.4 8
Al-L-2 0.768 4.4935 7.333 -0.58 5.14
Al-L-3 0.7 4.554 7.783 0.19 6.17
B1-H-1 3.542 18.822 30.665 0 4.13
B1-H-2 1.13 5.8625 13.65 -1.45 8.29
B1-H-3 0.6395 3.9085 6.2665 -0.7 3.98
B1-M-1 1.762 10.3545 16.333 0.38 4.49
B1-M-2 0.6855 4.22 8.883 -0.74 4.056
B1-M-3 2.3295 13.069 18.85 0.48 3.67
B1-L-1 0.85 5.2205 12.2165 -0.726 4.216
B1-L-2 2,492 12.0175 20.683 -0.86 5.33
B1-L-3 0.371 2.3715 3.1665 -0.9 4,25
B1-L-4 1.092 6.326 18.683 -0.53 3.72
A2-H-3 CVD Drill 1.074 6.211 7.3665 0.5 3.26
A2-H-4 CVD Drill 1.3465 7.397 14.683 -0.6 6.5
A2-M-1 CVD Drill 0.679 3.788 4,733 0.213 2.79
A2-M-2 CVD Drill 0.8605 5.53 7.833 -0.59 4.5
A2-M-3 CVD Drill 0.9735 6.036 8.15 -0.43 4.16
A2-M-4 CVD Drill 1.288 7.5395 9.9165 0.3 3.5
A2-1-1 CVD Drill 0.7745 4.6925 7.2165 -0.82 5.35
A2-L-2 CVD Drill 0.9445 5.062 8.083 0.53 4.24
A2-1-3 CVD Drill 1.327 7.866 11.8165 -0.87 4.45
A2-L-4 CVD Drill 2.934 13.7685 26.433 -1.15 5.61
B2-H-1 CVD Drill 1.149 6.209 8.75 -0.65 3.59
B2-H-2 CVD Drill 0.611 3.9465 6.6 -0.98 6.51
B2-H-3 CVD Drill 0.717 4.3515 6.15 -1.07 4,95
B2-H-4 CVD Drill 0.531 3.0845 4.85 -0.66 4,17
B2-M-1 CVD Drill 0 0 0 0 0
B2-M-2 CVD Drill 0.5435 3.15 5.03 0.04 3.78
B2-M-3 CVD Drill 0.657 4.1465 6.883 -0.446 2.156
B2-L-1 CVD Drill 0.771 5.9825 10.15 -0.446 3.113
B2-1L-2 CVD Drill 0.5745 3.5195 5.1 -0.44 3.85
B2-L-3 CVD Drill 0.8505 5.58 12.9165 -0.763 4.7

Table 7.5 Surface Finish Data of Test Specimens (Transverse)
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7.3.4 Observations from Surface Finish data and SEMs of Trimmed Edges

The following observations were documented with the analysis of the SEMs of the trimmed
edges of the test specimens.
a) CVD Endmill trimmed specimens showed a higher density of fibre pullouts
b) In both AWJ and CVD endmill trimmed specimens, fibre pullouts were predominant in
the 45 degree plies
c) Delaminations were observed in both trimmed specimens but more in AWJ trimmed
specimens at the exit edge
d) Generally, the surface finish data in the longitudinal direction showed smoother readings
in the CVD Diamond Coated Endmill trimmed specimens
e) Surface finish data in the Transverse direction showed smoother readings in the AWJ

trimmed specimens

7.3.5 Drilled Holes — Surface Finish Data

Table 7.6 shows the surface finish readings documented for a CVD Drill used to drill hole at a

drilling feedrate of 508 mm/min

Phase Il - Fatigue Testing Specimens - Data Summary

Surface Finish - | Surface Finish - | Surface Finish - | Surface Finish - | Surface Finish -
Ra Rz Rt Rsk Rku

CVD Hole 0.638 6.168 8.39 0.11 3.63

Specimen Name

Table 7.6 Surface Finish Data for CVVD Drilled hole

7.3.6 Drilled Holes — SEMs

Figures 7.12 through 7.14 show SEMs of CVD drilled holes
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Figure 7.12 SEM of CVD Drilled Hole
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Figure 7.13 SEM of CVD Drilled Hole
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Figure 7.14 SEM of CVD Drilled Hole

7.3.7 Observations from Surface Finish data and SEMs of CVD Drilled holes

The following observations were documented with the analysis of the SEMs of the CVD drilled
holes in the test specimen
a) Fibre pullouts density was consistent through the complete depth of the hole
b) Overall Fibre pullouts were localized in the 45 degree plies
c) Fibre pullouts are not completely around the circumference in the plies. This is attributed
to simultaneous rotation and feed of the drill which results in a changing contact angle of
the cutting edge with the 45 degree plies

d) Delaminations were noticed but were few in number

7.3.8 Fatigue Test Loads and their derivations

Based on test results from static mechanical testing as documented in chapter 6, fatigue test loads

were derived for unnotched and notched specimen testing as follows:
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Unnotched Testing

a)

b)

High Load Testing - An approximate average of failure loads between various tensile
specimens was established for AWJ Trimmed and CVVD Diamond Coated Endmill
Trimmed specimens was established around 87000 N. A sample was tested at 80000 N
and failed at less than 30,000 cycles for the high load/stress testing specimens. So, the
fatigue test load was lowered to 77844 N (17500 Ibf) for the high load specimens. This
translated to approximately 89% of the average tensile failure loads.

Medium Load Testing — With single sample testing, the medium test load was established
at 73396 N (16500 Ibf). This translated to approximately 81.5% of the average tensile
failure loads.

Low Load Testing — With single sample testing, the low test load was established at
68947 N (15500 Ibf). This translated to approximately 76% of the average tensile failure

loads.

For all of the unnotched specimen testing, the stress ratio for tension-tension testing was 10%

(R=0.1). The test frequency used was 5Hz. Table 7.7 shows the loads and stresses used for

testing of unnotched specimens.

Specimen Name Trim Test Lc;aNc; s Test Load (Min) (N)| Max Stress (Mpa) | Test Frequency
Al-H-2 AWIJ -80 77844 7784 679.1 5 Hz
Al-H-3 AW] -80 77844 7784 679.1 5 Hz
Al-H-4 AWIJ -80 77844 7784 679.1 5 Hz
Al-M-1 AW -80 73396 7339 636.24 5 Hz
Al-M-2 AWIJ -80 73396 7339 636.24 5 Hz
Al-M-3 AWIJ -80 73396 7339 636.24 5 Hz
Al-L-1 AWIJ -80 68947 6894 600.32 5 Hz
Al-L-2 AWIJ -80 68947 6894 600.32 5 Hz
Al-L-3 AWIJ -80 68947 6894 600.32 5 Hz
B1-H-1 CVD Endmill 77844 7784 679.1 5 Hz
B1-H-2 CVD Endmill 77844 7784 679.1 5 Hz
B1-H-3 CVD Endmill 77844 7784 679.1 5 Hz
B1-M-1 CVD Endmill 73396 7339 636.24 5 Hz
B1-M-2 CVD Endmill 73396 7339 636.24 5 Hz
B1-M-3 CVD Endmill 73396 7339 636.24 5 Hz
B1-L-1 CVD Endmill 68947 6894 600.32 5 Hz
B1-L-2 CVD Endmill 68947 6894 600.32 5 Hz
B1-L-3 CVD Endmill 68947 6894 600.32 5 Hz
B1l-L-4 CVD Endmill 68947 6894 600.32 5 Hz

Table 7.7 Test Loads & Stresses for Unnotched Fatigue Testing
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Notched Testing

a)

b)

High Load Testing - An approximate average of failure loads between various open hole
tensile specimens was established for AWJ Trimmed and CVVD Diamond Coated Endmill
Trimmed specimens was established around 58000 N. Two specimens were tested at
lower loads before establishing the fatigue test load at 55603 N (12500 Ibf) for the high
load specimens. This translated to approximately 95% of the average open hole tensile
failure loads.

Medium Load Testing — With single sample testing, the medium test load was established
at 51115 N (11500 Ibf). This translated to approximately 87% of the average open hole
tensile failure loads.

Low Load Testing — With single sample testing, the low test load was established at
46706 N (10500 Ibf). This translated to approximately 76% of the average tensile failure

loads.

For all of the unnotched specimen testing, the stress ratio for tension-tension testing was 10%

(R=0.1). The test frequency used was 7Hz. Table 7.8 shows the loads and stresses used for

testing of unnotched specimens.

Specimen Name Trim Hole Test LCEENC; Ly Test Load (Min) (N)| Max Stress (Mpa) | Test Frequency
A2-H-3 AWIJ -80 CVD Drill 55603 5560 484.2 7 Hz
A2-H-4 AWIJ -80 CVD Drill 55603 5560 484.2 7 Hz
A2-M-1 AW -80 CVD Drill 51155 5115 444.7 7 Hz
A2-M-2 AWIJ -80 CVD Drill 51155 5115 444.7 7 Hz
A2-M-3 AWIJ -80 CVD Drill 51155 5115 444.7 7 Hz
A2-M-4 AWIJ -80 CVD Drill 51155 5115 444.7 7 Hz
A2-L-1 AWIJ -80 CVD Drill 46706 4670 406.65 7 Hz
A2-L-2 AW -80 CVD Drill 46706 4670 406.65 7 Hz
A2-1-3 AW -80 CVD Drill 46706 4670 406.65 7 Hz
A2-L-4 AWIJ -80 CVD Drill 46706 4670 406.65 7 Hz
B2-H-1 CVD Endmill CVD Drill 55603 5560 484,2 7 Hz
B2-H-2 CVD Endmill CVD Drill 55603 5560 484.2 7 Hz
B2-H-3 CVD Endmill CVD Drill 55603 5560 484,2 7 Hz
B2-H-4 CVD Endmill CVD Drill 55603 5560 484.2 7 Hz
B2-M-1 CVD Endmill CVD Drill 51155 5115 444.7 7 Hz
B2-M-2 CVD Endmill CVD Drill 51155 5115 444.7 7 Hz
B2-M-3 CVD Endmill CVD Drill 51155 5115 444.7 7 Hz
B2-L-1 CVD Endmill CVD Drill 46706 4670 406.65 7 Hz
B2-L-2 CVD Endmill CVD Drill 46706 4670 406.65 7 Hz
B2-L-3 CVD Endmill CVD Drill 46706 4670 406.65 7 Hz

Table 7.8 Test Loads & Stresses for Notched Fatigue Testing
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7.3.9 Types of Data Collected

During Fatigue Cycle testing the following data sets were recorded and collected for each test
specimen
1) Number of cycles tested
2) Force (recorded in Ibf and converted to Newtons)
3) Displacement (recorded in inches and converted to mm)
4) Compliance (recorded in mil/kip and converted to mm/N)
5) Baseline Compliance (recorded in mil/kip and converted to mm/N)
6) % Compliance change (recorded in mil/kip and converted to mm/N)
7) Strain gauge 1 (microstrain recorded)
8) Strain gauge 2 (microstrain recorded)
9) Poisson’s ratio
10) Command Frequency
11) Total time in minutes
12) Running time in minutes
Still photos with zoom in features were taken by 2 advanced digital cameras mounted to view the
forward and Aft side of each test specimen. Data collection for all data sets including recording
of damage evolution with cameras was conducted by stopping the testing at regular cycling
intervals. All data collection including photo micrographs were recorded in an automated mode
with data acquisition software programmed to conduct data collection at following intervals:
a) For high loads data was collected at the following intervals
a. 100 cycles
b. 1000 cycles
c. Interval of 1K cycles till 10K cycles
d. After 10K cycles intervals of 5K cycles till failure
b) For medium loads data was collected at the following intervals
a. 100 cycles
b. 1000 cycles
c. Interval of 5K cycles till 10K cycles after which intervals of 10K till 100K cycles
d. After 100K cycles, interval of 25K cycles till failure
c) For low loads data was collected at the following intervals
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a. 100 cycles

b. 1000 cycles

c. Interval of 5K cycles till 10K cycles after which intervals of 10K till 100K cycles
d. After 100K cycles, interval of 25K cycles till failure

7.4 Fatigue Cycles Testing Data Review

Data collected during fatigue cycle testing was reviewed per unnotched and notched test
specimens categorized into high, medium and low load testing conducted. All test specimens
other than those that reached 1,000,010 cycles were tested to failure. Damage initiation and
propagation for each test specimen was documented through phot micrographs as well as change

in compliance of the test specimen.

7.4.1 Unnotched Test Specimens Data Review

All unnotched test specimens were tested at a frequency of 5 Hz.

7.4.1.1 High Load Test Specimen Data Review

For the high load test specimens, specimen # Al-H-1 was used to derive the test load condition.
The following samples were tested for AWJ trimmed specimens.

Al-H-2

Al-H-3

Al-H-4

For CVD Diamond Coated Endmill Trimmed specimens, the following samples were tested.
Bl-H-1

Bl1-H-2

Bl1-H-3

Prior to testing the following surface finish parameters were recorded for each sample in both
longitudinal and transverse directions

Ra, Rz, Rt, Rsk, Rku

Table 7.9 shows the fatigue cycles to failure for each of the high load specimens along with the

load applied and stress as well as % change in compliance.
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Tables 7.4 and 7.5 documented earlier in this chapter show the surface finish data documented in

the longitudinal and transverse direction.

Test Load (Max)

Specimen Name Trim Fatigue Cycles (N) Test Load (Min) (N)[ Max Stress (Mpa) | Test Frequency | Compliance
Al-H-2 AW -80 32369 77844 7784 679.1 5 Hz 12.80%
Al-H-3 AW -80 34635 77844 7784 679.1 5 Hz 9.76%
Al-H-4 AW -80 31995 77844 7784 679.1 5 Hz 25.54%
B1-H-1 CVD Endmill 42045 77844 7784 679.1 5 Hz 28.26%
B1-H-2 CVD Endmill 45555 77844 7784 679.1 5 Hz 17.10%
B1-H-3 CVD Endmill 46800 77844 7784 679.1 5 Hz 13.93%

Table 7.9 Fatigue Cycles/Loads/Stress & % Compliance Change for Unnotched High Loading
Testing

As shown in the above table, the test specimens in both cases for AWJ and CVD Endmill
trimmed that has the lowest % compliance change (magnitude of damage) lasted slightly higher
during fatigue cycle testing at high loads. This was observed in the case of high loads as damage

progressed the effects of cyclic loading with high loads had accelerated ultimate failure.

Damage Propagation in AWJ trimmed specimens- To compare the damage propagation %

compliance change was plotted for each AWJ high load specimen and the percentage damage at
20K cycles was compared. Figures 7.15 through 7.23 show the % compliance change for each
high load AW test specimen along with a photo micrograph depicting the damage at 20K
cycles.

It was observed that the lower progression of % compliance change (damage occurred) resulted
in an increase in fatigue cycles to failure.

In all cases damage started as separation of plies (delamination) as shown in the figures. The
initiation of damage was localized at the 45 degree plies (also the sites of fibre pullouts). Once

damage started progressing, ultimate failure occurred due to the splitting apart of the laminate.
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Figure 7.15 Percent Compliance Change Vs. Fatigue Cycles for Al—H -2
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Figure 7.16 Damage at 20K Cycles, 7.49%, Test Specimen
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Figure 7.18 Percent Compliance Change Vs. Fatigue Cycles for A1 —H -3
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Figure 7.20 Damage (9.76%) & Ultimate Failure at 34365 Cycles A1 -H -3
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Figure 7.21 Percent Compliance Change Vs. Fatigue Cycles for AL-H -4
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Figure 7.22 Damage at 20K Cycles, 5.76%, Test Specimen
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Figure 7.23 Damage (25.54%) & Ultimate Failure at 31995 Cycles A1 -H -4

Damage Propagation in CVD Diamond Coated Endmill trimmed specimens- To compare the

damage propagation % compliance change was plotted for each CVD Diamond Coated Endmill
trimmed high load specimen and the percentage damage at 20K cycles was compared. Figures
7.24 through 7.32 show the % compliance change for each high load CVD Endmill trimmed test
specimen along with a photo micrograph depicting the damage at 20K cycles.

It was observed that the lower progression of % compliance change (damage occurred) resulted
in an increase in fatigue cycles to failure.

In all cases damage started as separation of plies (delamination) as shown in the figures. The
initiation of damage was localized at the 45 degree plies (also the sites of fibre pullouts). Once

damage started progressing, ultimate failure occurred due to the splitting apart of the laminate.
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Figure 7.24 Percent Compliance Change Vs. Fatigue Cycles forB1 - H -1

Initiated and
propagating

Figure 7.25 Damage at 20K Cycles, 4.37%, Test Specimen
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Figure 7.26 Damage (28.26%) & Ultimate Failure at 42045 Cycles
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Figure 7.27 Percent Compliance Change Vs. Fatigue Cycles for B1 —H -2



269

Damage
|| Initiated and
propagating

Plies
Separation,
Ultimate

Failure

Figure 7.29 Damage (17.1%) & Ultimate Failure at 45555 Cycles
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Figure 7.30 Percent Compliance Change Vs. Fatigue Cycles for B1 —H -3

Figure 7.31 Damage at 20K Cycles, 6.65%, Test Specimen
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Figure 7.32 Damage (13.93%) & Ultimate Failure at 46800 Cycles

The CVD Diamond Coated Endmill Trimmed test Specimens generally had higher fatigue cycles
to failure during unnotched high load testing as compared to AWJ trimmed cycles. Damage
propagation in the CVD Endmill trimmed specimens was at a slower rate as compared to AWJ
specimens which was contributed to a better surface finish in comparison to AWJ specimens in
the longitudinal direction, the direction of applied loading.

The CVD Endmill trimmed specimens also displayed a steeper climb of the % Compliance change
after certain percent damage had occurred. This was attributed to a higher density of fibre pullouts
as compared to AWJ specimens. As damage progressed across the various plies, a higher number
of fibre pullouts came into effective damage area thus increasing the rate of damage progress and
causing a steep climb in the % Compliance change curve.

Figures 7.33, 7.34 and 7.35 show the plot of the AWJ and CVD trim compliance curves plotted

to each other and versus each other.
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Figure 7.33 Summary Plot of AWJ High Load Percent Compliance Change Vs. Fatigues Cycles
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Figure 7.34 Summary Plot of CVD End Mill Trimmed High Load Percent Compliance Change
Vs. Fatigues Cycles
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AW Trimmed Specimens- H2. H3. H4 Vs. CVD Diamond Coated Endmill Trimmed Specimens - High Load
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Figure 7.35 Summary Plot of AWJ Vs, CVD End Mill Trimmed High Load Percent Compliance
Change Vs. Fatigues Cycles

Surface Finish Stress Concentration Factor (K, )

Surface finish profiles of all high load test specimens were used to calculate the stress

concentration factor (Kt) using the formula shown in figure 7.36

—’] where

K. =l+1][li” ][R
p )\ R

n = factor =2(tension & compression )
; =notch root radius

R, = average surface roughness

R, = peak to valley height roughness

R_ =10 point roughness

Figure 7.36 Stress Concentration Factor Calculation
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Figures 7.37 through 7.42 Show the stress concentration factor determination graphically for the

radius and using the formula from Figure 7.36
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Figure 7.37 Graphical Determination of radius (p) from surface profile of test specimen, A1-H-2
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Figure 7.38 Graphical Determination of radius (p) from surface profile of test specimen, A1-H-3
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Figure 7.39 Graphical Determination of radius (p) from surface profile of test specimen, A1-H-4
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Bl1-H-1
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Figure 7.40 Graphical Determination of radius (p) from surface profile of test specimen, B1-H-1
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Figure 7.41 Graphical Determination of radius (p) from surface profile of test specimen, B1-H-2
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Figure 7.42 Graphical Determination of radius (p) from surface profile of test specimen, B1-H-3
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Table 7.10 shows the calculated surface integrity stress concentration factors for unnotched high

Specimen Name Surface Integrity
Stress Concentration
Factor

load test specimens.

Al-H-2 2.14
Al-H-3 1.92
Al-H-4 2.22
Bl1-H-1 1.4
Bl1-H-2 1.35
Bl1-H-3 1.33

Table 7.10 Calculated Surface Integrity Stress Concentration Factors for Unnotched High Load
Fatigue Test Specimens

Observation on Surface finish Data Vs. Fatigue Cycles — Surface finish data in the longitudinal

direction was plotted against fatigue cycles and reviewed comparing AWJ trimmed specimens to

CVD Diamond Coated Endmill Trimmed specimens. Figures 7.43 through 7.56 show the

variation of surface finish parameters Vs. fatigue cycles for the different parameters.

AWIJ Trimmed - Unnotched - High Load - (N)
Cycles Vs. R,
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32500 °
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Figure 7.43 Surface Finish - Ra (longitudinal) Vs. Fatigue Cycles — AWJ Trimmed High Load
Test Specimens
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Figure 7.44 Surface Finish — R, (longitudinal) Vs. Fatigue Cycles — AWJ Trimmed High Load

Test Specimens
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Figure 7.45 Surface Finish — R; (longitudinal) Vs. Fatigue Cycles — AWJ Trimmed High Load
Test Specimens
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Figure 7.46 Surface Finish — Rsk (longitudinal) Vs. Fatigue Cycles — AWJ Trimmed High Load
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Figure 7.47 Surface Finish — Ry (longitudinal) Vs. Fatigue Cycles — AWJ Trimmed High Load

Test Specimens
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AWIJ Trimmed - Unnotched - High Load - (N)
Cycles Vs. (R, /R,)
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Figure 7.48 Surface Finish — (R/R;) (Longitudinal) Vs. Fatigue Cycles — AWJ Trimmed High

Load Test Specimens
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Figure 7.49 Surface Integrity Stress Concentration Factor (Longitudinal) Vs. Fatigue Cycles —
AWJ Trimmed High Load Test Specimens
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CVD Endmill Trimmed - Unnotched - High Load -
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Figure 7.50 Surface Finish - Ra (longitudinal) Vs. Fatigue Cycles — CVD Endmill Trimmed High
Load Test Specimens
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Figure 7.51 Surface Finish — R; (longitudinal) Vs. Fatigue Cycles — CVD Endmill Trimmed
High Load Test Specimens
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CVD Endmill Trimmed - Unnotched - High Load -
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Figure 7.52 Surface Finish — R; (longitudinal) Vs. Fatigue Cycles — CVD Endmill Trimmed High

(N) Cycles

Load Test Specimens
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Figure 7.53 Surface Finish — Rsk (longitudinal) Vs. Fatigue Cycles — CVD Endmill Trimmed

High Load Test Specimens
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CVD Endmill Trimmed - Unnotched - High Load -
(N) Cycles Vs. Ry,
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Figure 7.54 Surface Finish — Rky (longitudinal) Vs. Fatigue Cycles — CVD Endmill Trimmed
High Load Test Specimens
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Figure 7.55 Surface Finish — (R#/R;) (Longitudinal) Vs. Fatigue Cycles — CVD Endmill Trimmed
High Load Test Specimens
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CVD Endmill Trimmed - Unnotched High Load -
(N) Cycles Vs. Stress Concentration Factor
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Figure 7.56 Surface Integrity Stress Concentration Factor (Longitudinal) Vs. Fatigue Cycles —
CVD Endmill Trimmed High Load Test Specimens

In general, the better the surface finish in the longitudinal direction, the higher the fatigue cycles
to failure. Also, the lower values of R; (highest amplitude of Peak of profile) and lower value of
Rt (maximum value of total height of profile) result in higher fatigue cycles to failure. This was
observed as a general trend in the data plotted. Even though the surface finish data showed better
values for the AWJ trimmed specimens in the transverse direction, the better surface finish in the
longitudinal direction (direction of applied loading) for CVVD Endmill trimmed specimens resulted

in higher fatigue cycle failure loads for these specimens as compared to AWJ trimmed specimens.

7.4.1.2 Medium Load Test Specimen Data Review

For the medium load test specimens, the following samples were tested for AWJ trimmed

specimens.

Al-M-1
Al-M-2
Al-M-3

For CVD Diamond Coated Endmill Trimmed specimens, the following samples were tested.
Bl-M-1
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Bl1-M-2

Bl1-M-3

Prior to testing the following surface finish parameters were recorded for each sample in both
longitudinal and transverse directions

Ra, Rz, Rt, Rsk, Rwu

Table 7.11 shows the fatigue cycles to failure for each of the medium load specimens along with
the load applied and stress as well as % change in compliance.

Tables 7.4 and 7.5 documented earlier in this chapter show the surface finish data documented in

the longitudinal and transverse direction

Specimen Name Trim Fatigue Cycles Test LCE:IC; ] Test Load (Min) (N)| Max Stress (Mpa) | Test Frequency | Compliance
Al-M-1 AWJ -80 153480 73396 7339 636.24 5Hz 45.34%
Al-M-2 AWJ -80 410001 73396 7339 636.24 5 Hz 27.20%
Al-M-3 AWIJ -80 83375 73396 7339 636.24 5 Hz 30.07%
B1-M-1 CVD Endmill 68450 73396 7339 636.24 5 Hz 18.53%
B1-M-2 CVD Endmill 164698 73396 7339 636.24 5 Hz 32.99%
B1-M-3 CVD Endmill 161693 73396 7339 636.24 5 Hz 22.79%

Table 7.11 Fatigue Cycles/Loads/Stress & % Compliance Change for Unnotched Medium
Loading Testing

As shown in the above table, the test specimens in both cases for AWJ and CVD Endmill
trimmed, the % compliance change (magnitude of damage) while influencing the fatigue cycles
to failure was not the sole variable with the largest impact. As medium loading and the stress
associated was lower, the rate of progression of damage and ultimate failure were different as
compared to high load test specimens.

Damage Propagation in AWJ trimmed specimens- To compare the damage propagation %

compliance change was plotted for each AWJ medium load specimen and the percentage damage
at different cycles was compared. Figures 7.57 through 7.62 show the % compliance change for
test specimen Al — M — 1 for medium load AWJ test specimen along with a photo micrograph
depicting the damage at various cycles to failure.

It was observed that the lower progression of % compliance change (damage occurred) resulted

in an increase in fatigue cycles to failure.
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In all cases damage started as matrix cracking followed by separation of plies (delamination) as
shown in the figures. The initiation of damage was localized at the 45 degree plies (also the sites
of fibre pullouts). Once damage started progressing, ultimate failure occurred due to the splitting

apart of the laminate.

AW]J Trimmed - Unnotched Specimen - A1 - M - 1 - Medium Load

35 ‘

|
——
Zone 3

Fibre Fracture
30 Rapid Delamination
Failure

25

20 Zone 2

Matrix-Fibre Interface
Debonding
Delamination Visible

15 Zone 1 \ < - —P
Matrix Cracking

% Compliance Change

10

First Visible Delamination

0 20000 40000 60000 80000 100000 120000 140000 160000 180000

(N) Cycles

Figure 7.57 Percent Compliance Change Vs. Fatigue Cycles for Al-M -1

Figure 7.57 shows the zone 1 where matrix cracking takes place upto 10% compliance change
around 60,000 cycles. Matrix-Fibre interface debonding occurs with visible delamination and
fibres carry the load individually with reduced load transfer and zone 2 goes up to 12%
compliance change and 110,000 cycles. In zone 3, fibre fracture starts with rapid delamination
and increased % compliance change from 12% to over 30% and from 110,000 cycles to 153,399

cycles with failure.



290

Figure 7.58 through 7.62 show the damage progression from start of cycling to failure for test

specimen Al-M -1

(A1-M-1) at N = 1000 Cycles
Magnified View — Matrix Cracking
No Delamination (A1-M-1) at N = 5000 Cycles

Figure 7.58 Damage Progression in (A1 — M — 1) Test specimen to 5000 Cycles
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(A1-M-1) at N = 20000 Cycles
Magnified View — Matrix Cracking
No Delamination

(A1-M-1) at N = 30000 Cycles (A1-M-1) at N = 40000 Cycles

Figure 7.59 Damage Progression in (A1 — M — 1) Test specimen to 40000 Cycles
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(A1-M-1) at N = 50000 Cycles
Magnified View — Showing
Delamination Started

(A1) anN = 700001CFeles (A1-M-1) at N = 80000 Cycles

Figure 7.60 Damage Progression in (A1 — M — 1) Test specimen to 80000 Cycles
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1) at N = 100000 Cycles

M

(A1-

90000 Cycles

(A1-M-1) at N

= 150000 Cycles

(A1-M-1) at N = 125000 Cycles (A1-M-1) at N

1) Test specimen to 150000 Cycles

Figure 7.61 Damage Progression in (A1 - M
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(A1-M-1) at Failure at 153,399 Cycles

Figure 7.62 Damage Progression in (A1 — M — 1) Test specimen to Failure at 153,399 Cycles

For the remaining (Al - M - 2) & (A1 — M -3) test specimens, the damage progression to failure
are documented in pictures in Appendix C of this work. Figures 7.63 through 7.75 show the %
compliance change versus fatigue cycles along with damage at 50,000 cycles and at failure for
both test specimens.

From figure 7.63 it is observed that in zone 1 there is matrix cracking upto 10% compliance
change and 100,000 cycles. Matrix-Fibre interface debonding occurs and there is visible
delmination in zone 2. Fibres carry the load invidually with reduced load transferand zone 2
extends upto 14% compliance change and 300,000 cycles. In zone 3 fibre fracture starts with
rapid delmination and increased % compliance change from 14% to over 27% and from 310,000

cycles to 410,001 cycles with failure.



AW]J Trimmed - A1 - M -2 - Unotched Specimen - Medium Load
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Figure 7.63 Percent Compliance Change Vs. Fatigue Cycles for (A1 - M - 2)

i
Damage
Initiated and
propagating

—

Figure 7.64 Damage at 50K Cycles, 6.9%, Test Specimen
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Separation,
Ultimate
Failure

Figure 7.65 Damage (27.2%) & Ultimate Failure at 410001 Cycles

From figure 7.66 it is observed that in zone 1 there is matrix cracking upto 9% compliance
change and 40,000 cycles. Matrix-Fibre interface debonding occurs and there is visible
delmination in zone 2. Fibres carry the load invidually with reduced load transferand zone 2
extends upto 12% compliance change and 80,000 cycles. In zone 3 fibre fracture starts with rapid
delmination and increased % compliance change from 12% to over 30% and from 80,000 cycles

to 83,375 cycles with failure.

AW Trimmed - Al - M - 3 - Unnotched Specimen - Medium Load

|||||||

Start of Delamination

(N) Cycles

Figure 7.66 Percent Compliance Change Vs. Fatigue Cycles for (Al — M — 3)
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§ Damage
Initiated and

I propagating

Ultimate {-,1'
Failure

Figure 7.68 Damage (30.07%) & Ultimate Failure at 83375 Cycles
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Damage Propagation in CVD Diamond Coated Endmill trimmed specimens- To compare the

damage propagation % compliance change was plotted for each CVD Diamond Coated Endmill
trimmed medium load specimen and the percentage damage was compared for specimens (B1 —
M-1),(B1-M-2) & (B1- M - 3) at 50K cycles. Figures 7.69 through 7.71 show the %
compliance change for (B1 — M — 1) test specimen along with a photo micrograph depicting the
damage at 50K cycles and at failure.

In all cases damage started as matrix cracking followed by separation of plies (delamination) as
shown in the figures. The initiation of damage was localized at the 45 degree plies (also the sites
of fibre pullouts). Once damage started progressing, ultimate failure occurred due to the splitting

apart of the laminate.

CVD Endmill Trimmed - Unnotched Specimen - B1 -M -1 - Medium Load
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Figure 7.69 Percent Compliance Change Vs. Fatigue Cycles for (B1 — M — 1)
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From figure 7.69 it is oserved that in zone 1 there is matrix cracking upto 2.5% compliance
change and 10,000 cycles. It was also oberved that at the start of the fatigue cyclles testing, the
test specimens had visible delaminations present from the machining processes which
contributed to eraly failure of the specimen in fatigue testing. Matrix-Fibre interface debonding
occurs and there is visible delmination in zone 2. Fibres carry the load invidually with reduced
load transfer and zone 2 extends upto 10% compliance change and 60,000 cycles. In zone 3 fibre
fracture starts with rapid delmination and increased % compliance change from 10% to over 18%

and from 60,000 cycles to 68,450 cycles with failure.

 Damage
| Initiated and
} propagating

Figure 7.70 Damage at 50K Cycles, 9.48%, Test Specimen
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Plies
Separation,
Ultimate
Failure

Separation,
Ultimate
Failure

Figure 7.71 Damage (18.53%) & Ultimate Failure at 68450 Cycles

From figure 7.72 it is observed that in zone 1 there is matrix cracking upto 10% compliance
change and 60,000 cycles. Matrix-Fibre interface debonding occurs and there is visible
delmination in zone 2. Fibres carry the load invidually with reduced load transferand zone 2
extends upto 11% compliance change and 105,000 cycles. In zone 3 fibre fracture starts with
rapid delmination and increased % compliance change from 11% to over 32% and from 105,000
cycles to 164,698 cycles with failure.Figures 7.73 and 7.74 show the progress of damage at 50K

cycles and failure.
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CVD Endmill Trimmed - Unnotched Specimen -B1 - M - 2 - Medium Load
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Figure 7.72 Percent Compliance Change Vs. Fatigue Cycles for B1 — M — 2
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Figure 7.73 Damage at 50K Cycles, 9.09%, Test Specimen
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Plies
Separation,
Ultimate
Failure

Figure 7.74 Damage (32.99%) & Ultimate Failure at 164698 Cycles

From figure 7.75 it is observed that in zone 1 there is matrix cracking upto 10% compliance
change and 60,000 cycles. Matrix-Fibre interface debonding occurs and there is visible
delmination in zone 2. Fibres carry the load invidually with reduced load transferand zone 2
extends upto 11% compliance change and 120,000 cycles. In zone 3 fibre fracture starts with
rapid delmination and increased % compliance change from 11% to over 22% and from 120,000
cycles to 161,693 cycles with failure.Figures 7.76 and 7.77 show the progress of damage at 50K

cycles and failure.

CVD Endmill Trimmed - Unnotched Specimen - B1 - M - 3 - Medium Load
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Figure 7.75 Percent Compliance Change Vs. Fatigue Cycles for (B1 — M — 3)



303

Damage
Initiated and
propagating

Separation,
Ultimate
Failure

Figure 7.77 Damage (22.79%) & Ultimate Failure at 161693 Cycles
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The CVD Diamond Coated Endmill Trimmed test Specimens generally had fatigue cycle failures
that were closer to each other than the AWJ trimmed surface. At medium load conditions, the %
Compliance change curves were similar for both AWJ trimmed and CVD Endmill trimmed
specimens.

Both types of trimmed specimens also displayed a steeper climb of the % Compliance change after

certain percent damage had occurred.

Figures 7.78 through 7.80 show the plots of various AWJ and CVD specimens % compliance

change Vs. Fatigue cycles with respect to each other.

AWIJ Trimmed - Unnotched Specimens - M1. M2, M3 - Medium Load
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Figure 7.78 Summary Plot of AWJ Medium Load Percent Compliance Change Vs. Fatigues
Cycles
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CVD Diamond Endmill Trimmed - Unnotched Specimens - M1, M2,
M3 - Medium Load
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Figure 7.79 Summary Plot of CVD Endmill Trimmed Medium Load Percent Compliance
Change Vs. Fatigues Cycles
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Figure 7.80 Summary Plot of AWJ Trimmed Vs. CVD Endmill Trimmed Specimens Medium

Load Percent Compliance Change Vs. Fatigues Cycles
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Surface Finish Stress Concentration Factor (K, )
Surface finish profiles of all high load test specimens were used to calculate the stress
concentration factor (K, ) using the formula shown in figure 7.36

Figures 7.81 through 7.86 Show the stress concentration factor determination graphically for the

radius and using the formula from Figure 7.36

15

Al-M-1

-10

-15

Surface Profile—-A1-M -1
20

6000

-20

Figure 7.81 Graphical Determination of radius (p) from surface profile of test specimen A1-M-1
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Al-M-2

Surface Profile-A1-M -2
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Figure 7.82 Graphical Determination of radius (p) from surface profile of test specimen A1-M-2
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Figure 7.83 Graphical Determination of radius (p) from surface profile of test specimen A1-M-3
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B1-M-1
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Figure 7.84 Graphical Determination of radius (p) from surface profile of test specimen B1-M 1
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Bl1-M-2
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Figure 7.85 Graphical Determination of radius (p) from surface profile of test specimen B1-M-2
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B1-M-3
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Figure 7.86 Graphical Determination of radius (p) from surface profile of test specimen B1-M- 3
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Table 7.12 shows the calculated surface integrity stress concentration factors for medium load

Specimen Name Surface Integrity
Stress Concentration
Factor

test specimens.

Al-M-1 1.87
Al-M-2 1.64
Al-M-3 2.29
B1-M-1 143
Bl1-M-2 1.31
B1-M-3 1.39

Table 7.12 Calculated Surface Integrity Stress Concentration factors for Medium Load Test

Specimens

Observation on Surface finish Data Vs. Fatigue Cycles — Surface finish data in the longitudinal

direction was plotted against fatigue cycles and reviewed comparing AWJ trimmed specimens to
CVD Diamond Coated Endmill Trimmed specimens. Figures 7.87 through 7.100 show the

variation of surface finish parameters Vs. fatigue cycles for the different parameters.

AWIJ Trimmed - Unnotched - Medium Load
(N) Cycles Vs. R,
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400000 ]
300000

200000

(N) Cycles

100000 s

0
0 0.5 1 1.5 2 2.5 3 3.5

Figure 7.87 Surface Finish - R, (longitudinal) Vs. Fatigue Cycles — AWJ Trimmed Medium
Load Specimens
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AWIJ Trimmed - Unotched - Medium Load
(N) Cycles Vs. R,
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0
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Figure 7.88 Surface Finish — R, (longitudinal) Vs. Fatigue Cycles — AWJ Trimmed Medium

Load Test Specimens
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Figure 7.89 Surface Finish — R; (longitudinal) Vs. Fatigue Cycles — AWJ trimmed Medium Load

Test Specimens
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Figure 7.90 Surface Finish — Rs (longitudinal) Vs. Fatigue Cycles — AWJ Trimmed Medium
Load Test Specimens
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AW] Trimmed - Unnotched - Medium Load
(N) Cycles Vs. R,
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Figure 7.91 Surface Finish — Rk (longitudinal) Vs. Fatigue Cycles — AWJ Trimmed Medium
Load Test Specimens
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Figure 7.92 Surface Finish — (R/R;) (Longitudinal) Vs. Fatigue Cycles — AWJ Trimmed
Medium Load Test Specimens
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(N) Cycles Vs. Stress Concentration Factor
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Figure 7.93 Surface Integrity Stress Concentration Factor (Longitudinal) Vs. Fatigue Cycles —
AWJ Trimmed Medium Load Test Specimens
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CVD Endmill Trimmed - Unnotched -
Medium Load - (N) Cycles Vs. R,
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Figure 7.94 Surface Finish - Ra (longitudinal) Vs. Fatigue Cycles — CVD Endmill Trimmed
Medium Load Specimens
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Figure 7.95 Surface Finish — R, (longitudinal) Vs. Fatigue Cycles — CVD Endmill Trimmed
Medium Load Test Specimens
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Figure 7.96 Surface Finish — R; (longitudinal) Vs. Fatigue Cycles — CVD Endmill trimmed
Medium Load Test Specimens
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CVD Endmill Trimmed - Unnotched -
Medium Load - (N) Cycles Vs. R,
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Figure 7.97 Surface Finish — Rsk (longitudinal) Vs. Fatigue Cycles —CVD Endmill Trimmed

Medium Load Test Specimens
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Figure 7.98 Surface Finish — Rky (longitudinal) Vs. Fatigue Cycles — CVD Endmill Trimmed
Medium Load Test Specimens
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Figure 7.99 Surface Finish — (R/R;) (Longitudinal) Vs. Fatigue Cycles — CVD Endmill Trimmed

Medium Load Test Specimens
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(N) Cycles Vs. Stress Concentration Factor
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Figure 7.100 Surface Integrity Stress Concentration Factor (Longitudinal) Vs. Fatigue Cycles —
CVD Endmill Trimmed Medium Load Test Specimens

It was observed that in both AWJ trimmed and CVVD Endmill trimmed specimens, the surfaces
with negative skew values had higher fatigue cycles to failure. The negative skew meant less
amount of peaks in the profile which translates to lower count of stress risers resulting in higher
fatigue cycles to failure.

For AWJ trimmed specimens the magnitude of differences in surface finish data had a bigger
impact to fatigue cycles count than it did in the case of CVD Endmill trimmed surfaces.

In all cases damage started as matrix cracking followed by separation of plies (delamination) as
shown in the figures. The initiation of damage was localized at the 45 degree plies (also the sites
of fibre pullouts). Once damage started progressing, ultimate failure occurred due to the splitting
apart of the laminate.

The damage progress for all medium load test specimens was documented with photos taken

during fatigue testing and are published in the Appendix C of this work.

7.4.1.3 Low Load Test Specimen Data Review

For the low load test specimens, the following samples were tested for AWJ trimmed specimens.
Al-L-1

Al-L-2

Al-L-3

For CVD Diamond Coated Endmill Trimmed specimens, the following samples were tested.
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Bl-L-1
Bl1-L-2
Bl1-L-3
Bl1-L-4

Prior to testing the following surface finish parameters were recorded for each sample in both
longitudinal and transverse directions

Ra, Rz, Rt, Rs,Rku

Table 7.13 shows the fatigue cycles to failure for each of the low load specimens along with the
load applied and stress as well as % change in compliance.

Tables 7.4 and 7.5 documented earlier in this chapter show the surface finish data documented in

the longitudinal and transverse direction

Specimen Name Trim Fatigue Cycles Ll Lo(aNc; (Max) ITest Load (Min) (N)| Max Stress (Mpa) | Test Frequency | Compliance
Al-L-1 AWI -80 556687 68947 6894 600.32 5 Hz 25.29%
Al-L-2 AW] -80 487732 68947 6894 600.32 5 Hz 26.43%
Al-L-3 AWI -80 722803 68947 6894 600.32 5 Hz 31.49%
B1-L-1 CVD Endmill 296778 68947 6894 600.32 5 Hz 30.46%
B1-L-2 CVD Endmill 76783 68947 6894 600.32 5 Hz 11.64%
B1-L-3 CVD Endmill 562123 68947 6894 600.32 5Hz 31.06%
B1-L-4 CVD Endmill 805926 68947 6894 600.32 5 Hz 30.95%

Table 7.13 Fatigue Cycles/Loads/Stress & % Compliance Change for Unnotched Low Loading
Testing

Damage Propagation in AWJ trimmed specimens- To compare the damage propagation %

compliance change was plotted for each AWJ low load specimen and the percentage damage at
200K cycles was compared. Figures 7.101 through 7.109 show the % compliance change for
each low load AW test specimen along with a photo micrograph depicting the damage at 200K
cycles.

It was observed that the lower progression of % compliance change (damage occurred) resulted
in an increase in fatigue cycles to failure.

In all cases damage started as matrix cracking followed by separation of plies (delamination) as

shown in the figures. The initiation of damage was localized at the 45 degree plies (also the sites
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of fibre pullouts). Once damage started progressing, ultimate failure occurred due to the splitting
apart of the laminate.

The variation of the compliance surves in comparison to high load and medium load specimens
is that the rate of % compliance change in zone 2 of the compliance curves is slower in low load
fatigue cycle testing. This is explained in detailed in the fatigue modeling discussion in Chapter 8
of this research.

Figures 7.101 through 7.109 show the compliance curves as well as the damage progress
documented at 200K cycles and at failure for the unnotched low load test specimens. The
progress of damage is slow in low load testing as shown in the compliance curves.

The pattern of damage progress si similar to other testing s conducted for high and medium
loadings. In stage 1 there is matrix cracking followed by matrix fibre interfacial debonding in
stage 2. In stage 3 there is fibre fracture, delamination and ultimate splitting of plies and failure
of laminate. The low loading conditions resulted in some test specimens achieving over 800K

cycles of fatigue life.

AW] Trimmed - Unnotched Specimen
A1-L-1-LowLoad

35
30
25
20
15
10

% Compliance Change

0 100000 200000 300000 400000 500000 600000
(N) Cycles

Figure 7.101 Percent Compliance Change Vs. Fatigue Cycles for (A1 - L —1)
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Figure 7.103 Damage (25.29%) & Ultimate Failure at 556687 Cycles
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Figure 7.104 Percent Compliance Change Vs. Fatigue Cycles for (A1 - L —2)
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Figure 7.105 Damage at 200K Cycles, 11.49%, Test
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Figure 7.106 Damage (26.43%) & Ultimate Failure at 487732 Cycles
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Figure 7.107 Percent Compliance Change Vs. Fatigue Cycles for (Al — L — 3)
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Figure 7.109 Damage (31.49%) & Ultimate Failure at 722803 Cycles
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Damage Propagation in CVD Diamond Coated Endmill trimmed specimens- To compare the

damage propagation % compliance change was plotted for each CVD Diamond Coated Endmill
trimmed low load specimen and the percentage damage at 200K cycles was compared or 50K
cycles if specimen failed at less than 200K cycles. Figures 7.110 through 7.121 show the %
compliance change for each low load CVD Endmill trimmed test specimen along with a photo
micrograph depicting the damage at 200K or 50Kcycles.

In all cases damage started as matrix cracking followed by separation of plies (delamination) as
shown in the figures. The initiation of damage was localized at the 45 degree plies (also the sites
of fibre pullouts). Once damage started progressing, ultimate failure occurred due to the splitting

apart of the laminate.

CVD Diamond Coated Endmill Trimmed -
Unnotched Specimen - B1 - L -1 - Low Load
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Figure 7.110 Percent Compliance Change Vs. Fatigue Cycles for (B1 — L — 1)
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Figure 7.112 Damage (30.46%) & Ultimate Failure at 296778 Cycles
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Figure 7.113 Percent Compliance Change Vs. Fatigue Cycles for (B1 — L — 2)
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Figure 7.114 Damage at 50K Cycles, 10.68%, Test
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Figure 7.115 Damage (11.64%) & Ultimate Failure at 76783 Cycles
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Figure 7.116 Percent Compliance Change Vs. Fatigue Cycles for (B1 — L — 3)
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Figure 7.117 Damage at 200K Cycles, 11.07%, Test
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Figure 7.118 Damage (31.06%) & Ultimate Failure at 562123 Cycles
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Figure 7.119 Percent Compliance Change Vs. Fatigue Cycles for (B1 — L — 4)

Figure 7.120 Damage at 200K Cycles, 10.99%, Test
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Figure 7.121 Damage (30.95%) & Ultimate Failure at 805926 Cycles

In all cases of AWJ trimmed and CVD Endmill trimmed specimens except one, the fatigue cycles
to failure were higher than 250K cycles for low load testing. For test specimen number B1 — L —
2, the failure cycles were only 76783 cycles. These low fatigue cycles were attributed to the
initiation of delamination at the outer edge plies during the test specimen trimming processes
which ultimately led to rapid progression of damage through the laminate resulting in ultimate
failure at low fatigue cycles count.

Figures 7.122 through 7.124 show the plots of various AWJ and CVD specimens % compliance
change Vs. Fatigue cycles with respect to each other.

AWIJ Trimmed - Unnotched Test Specimens - L1, L2, L3 - Low Load

AWIJ-L1
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Figure 7.122 Summary Plot of AWJ Low Load Percent Compliance Change Vs. Fatigues Cycles
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CVD Endmill Trimmed - Unnotched Test Specimens - L1, L2, L3, L4 -
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Figure 7.123 Summary Plot of CVD Endmill Trimmed Low Load Percent Compliance Change
Vs. Fatigues Cycles
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Figure 7.124 Summary Plot of AWJ Vs. CVD Endmill Trimmed Low Load Percent Compliance
Change Vs. Fatigues Cycles
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Surface Finish Stress Concentration Factor ( Kt)

Surface finish profiles of all high load test specimens were used to calculate the stress

concentration factor (K, ) using the formula shown in figure 7.36

Figures 7.125 through 7.130 Show the stress concentration factor determination graphically for

the radius and using the formula from Figure 7.36
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Figure 7.125 Graphical Determination of radius (p) from surface profile of test specimen Al1-L-1
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Figure 7.126 Graphical Determination of radius (p) from surface profile of specimen A1-L-2
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Figure 7.127 Graphical Determination of radius (p) from surface profile of specimen A1 — L — 3
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Figure 7.128 Graphical Determination of radius (p) from surface profile of specimen B1 — L —1
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Figure 7.129 Graphical Determination of radius (p) from surface profile of specimen Bl — L — 3
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Figure 7.130 Graphical Determination of radius (p) from surface profile of specimen B1 — L — 4
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Table 7.14 shows the calculated values for the surface integrity stress concentration factor

calculated for various low load test specimens.

Specimen Name Surface Integrity
Stress Concentration
Factor

Al-L-1 1.8
Al-L-2 2.2
Al-1-3 1.68
Bl-L-1 1.8
Bl1-L-3 1.36
Bl1-L-4 1.32

Table 7.14 Calculated Surface Integrity Stress Concentration Factor for Low Load Test

Specimens

Observation on Surface finish Data Vs. Fatigue Cycles — Surface finish data in the longitudinal

direction was plotted against fatigue cycles and reviewed comparing AWJ trimmed specimens to
CVD Diamond Coated Endmill Trimmed specimens. Figures 7.131 through 7.144 show the

variation of surface finish parameters Vs. fatigue cycles for the different parameters.
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Figure 7.131 Surface Finish - Ra (longitudinal) Vs. Fatigue Cycles — AWJ Trimmed Low Load
Specimens
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AWIJ Trimmed - Unnotched - Low Load - (N)
Cycles Vs. R,
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Figure 7.132 Surface Finish — R; (longitudinal) Vs. Fatigue Cycles — AWJ Trimmed Low Load

Test Specimens
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Figure 7.133 Surface Finish — R¢ (longitudinal) Vs. Fatigue Cycles — AWJ trimmed Low Load

Test Specimens
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Figure 7.134 Surface Finish — Rsk (longitudinal) Vs. Fatigue Cycles — AWJ Trimmed Low Load

Test Specimens
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AWI Trimmed - Unnotched - Low Load - (N)
Cycles Vs. Ry,
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Figure 7.135 Surface Finish — Ry (longitudinal) Vs. Fatigue Cycles — AWJ Trimmed Low Load
Test Specimens
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Figure 7.136 Surface Finish — (RY/R;) (Longitudinal) Vs. Fatigue Cycles — AWJ Trimmed Low
Load Test Specimens
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Figure 7.137 Surface Integrity Stress Concentration Factor (Longitudinal) Vs. Fatigue Cycles —
AWJ Trimmed Low Load Test Specimens
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CVD Endmill Trimmed - Unnotched - Low Load -
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Figure 7.138 Surface Finish - Ra (longitudinal) Vs. Fatigue Cycles — AWJ Trimmed Low Load

Specimens
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Figure 7.139 Surface Finish — R; (longitudinal) Vs. Fatigue Cycles — CVD Endmill Trimmed
Low Load Test Specimens
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Figure 7.140 Surface Finish — Rt (longitudinal) Vs. Fatigue Cycles — CVD Endmill trimmed Low
Load Test Specimens
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Figure 7.141 Surface Finish — Rsk (longitudinal) Vs. Fatigue Cycles — CVD Endmill Trimmed

Low Load Test Specimens
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Figure 7.142 Surface Finish — Ry (longitudinal) Vs. Fatigue Cycles —CVD Endmill Trimmed

Low Load Test Specimens
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Figure 7.143 Surface Finish — (R/R;) (Longitudinal) Vs. Fatigue Cycles —CVD Endmill

Trimmed Low Load Test Specimens
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CVD Endmill Trimmed - Unnotched Low Load -
(N) Cycles Vs. Stress Concentration Factor

900000
800000 ®
700000

4 600000

S 500000

Y 400000

=

£ 300000 °
200000
100000

0
0 0.5 1 15 2

Stress Concentration Factor

Figure 7.144 Surface Integrity Stress Concentration Factor (Longitudinal) Vs. Fatigue Cycles —
CVD Endmill Trimmed Low Load Test Specimens

It was observed that in both AWJ trimmed and CVVD Endmill trimmed specimens, the surface
finish data when better resulted in high fatigue cycles to failure.

In the case of test specimen B1 — L — 2, the surface finish data indicated a rougher profile in both
longitudinal and transverse direction. It also had damage present after the machining process.
These higher values of data pointed to higher surface peaks and valleys resulting in higher count
of damage initiation sites as well as preexisting damage from trimming operation. The result was
an rapid damage progress at beginning of testing. This ultimately led to failure at low cycles for

this test specimen.

7.4.2 Notched Test Specimens Data Review

All notched test specimens were tested at a frequency of 7 Hz. Notched specimens had a hole in

the centre representing a notch for testing.

7.4.2.1 High Load Test Specimen Data Review

For the high load test specimens, specimens # A2 —H - 1 and A2 — H — 2 were used to derive the
test load condition. The following samples were tested for AWJ trimmed specimens.
A2 -H-3
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A2-H-4

Al-H-4

For CVD Diamond Coated Endmill Trimmed specimens, the following samples were tested.
B2-H-1

B2-H-2

B2-H-3

B2-H- 14

Prior to testing the following surface finish parameters were recorded for each sample in both
longitudinal and transverse directions

Ra, Rz, Rt, Rsk, Rk

Table 7.15 shows the fatigue cycles to failure for each of the high load specimens along with the
load applied and stress as well as % change in compliance.
Tables 7.4 and 7.5 documented earlier in this chapter show the surface finish data documented in

the longitudinal and transverse direction.

Test Load (Max)

Specimen Name Trim Hole Fatigue Cycles (N) ITest Load (Min) (N)] Max Stress (Mpa) | Test Frequency | Compliance
A2-H-3 AWIJ -80 CVD Drill 178298 55603 5560 484.2 7 Hz 36.61%
A2-H-4 AW -80 CVD Drill 153058 55603 5560 484.2 7 Hz 32.59%
B2-H-1 CVD Endmill CVD Drill 162095 55603 5560 484,2 7 Hz 37.52%
B2-H-2 CVD Endmill CVD Drill 123091 55603 5560 484.2 7 Hz 32.23%
B2-H-3 CVD Endmill CVD Drill 92663 55603 5560 484,2 7 Hz 15.71%
B2-H-4 CVD Endmill CVD Drill 111447 55603 5560 484.2 7 Hz 26.24%

Table 7.15 Fatigue Cycles/Loads/Stress & % Compliance Change for Notched High Loading
Testing

Damage Propagation in AWJ trimmed specimens- To compare the damage propagation %

compliance change was plotted for each AWJ high load specimen and the percentage damage at
80K cycles was compared. Figures 7.145 through 7.150 show the % compliance change for each
high load AWJ test specimen along with a photo micrograph depicting the damage at 80K cycles
and at failure.

In all cases damage started matrix cracking followed by matrix fibre interface debonding and
then delamination as shown in the figures. The initiation of damage was localized at the 45

degree plies (also the sites of fibre pullouts). These sites were both at the edges as well as in the
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hole. Once damage started progressing, ultimate failure occurred due to delamination in the

edges and through the hole.
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Figure 7.145 Percent Compliance Change Vs. Fatigue Cycles for A2 —H -3

Figure 7.146 Damage at 80K Cycles, 7.40%, Test Specimen A2
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Figure 7.147 Damage (36.61%) & Ultimate Failure at 178298 Cycles, Test Specimen A2 —H - 3
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Figure 7.148 Percent Compliance Change Vs. Fatigue Cycles for A2 - H -4
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Figure 7.150 Damage (32.59%) & Ultimate Failure at 153058 Cycles, Test Specimen A2 —H - 4
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Damage Propagation in CVD Diamond Coated Endmill trimmed specimens- To compare the

damage propagation % compliance change was plotted for each CVD Diamond Coated Endmill
trimmed high load specimen and the percentage damage at 80K cycles was compared. Figures
7.151 through 7.118 show the % compliance change for each high load CVD endmill trimmed
test specimen along with a photo micrograph depicting the damage at 80K cycles and at failure.
In all cases damage started as matrix cracking followed by matrix fibre interface debonding and
by delamination as shown in the figures. The initiation of damage was localized at the 45 degree
plies (also the sites of fibre pullouts). These sites were both at the edges as well as in the hole.
Once damage started progressing, ultimate failure occurred due to delamination in the edges and
through the hole.
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Figure 7.151 Percent Compliance Change Vs. Fatigue Cycles forB2 - H -1
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Figure 7.152 Damage at 80K Cycles, 7.33%, Test Specimen B2 - H - 1
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Figure 7.153 Damage (37.52%) & Ultimate Failure at 162095 Cycles, Test
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Figure 7.154 Percent Compliance Change Vs. Fatigue Cycles for B2 —H — 2
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Figure 7.156 Damage (32.23%) & Ultimate Failure at 123091 Cycles, Test
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Figure 7.157 Percent Compliance Change Vs. Fatigue Cycles for B2 - H -3
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Figure 7.158 Damage at 80K Cycles, 10.63%, Test Specimen B2
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Figure 7.159 Damage (15.71%) & Ultimate Failure at 92663 Cycles, Test Specimen
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Figure 7.160 Percent Compliance Change Vs. Fatigue Cycles for B2 - H -4
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Figure 7.162 Damage (26.24%) & Ultimate Failure at 111447 Cycles, Test



354

Figures 7.163 through 7.165 show the combined plots of % Compliance change Vs. Cycles for

the AWJ trimmed and CVD endmill trimmed specimens.
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Figure 7.163 Summary Plot of % Compliance Change Vs. (N) Cycles for AWJ Trimmed Test
Specimens — High Load
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Figure 7.164 Summary Plot of % Compliance Change Vs. (N) Cycles for CVD Endmill
Trimmed Test Specimens — High Load
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AWIJ Vs, CVD Endmill Trimmed - Notched Specimen - High Load
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Figure 7.165 Summary of AWJ Vs. CVD Endmill Trimmed Plots of % Compliance Change Vs.
(N) Cycles Test Specimens — High Load

Surface Finish Stress Concentration Factor ( Kt)

Surface finish profiles of all high load test specimens were used to calculate the stress

concentration factor (K, ) using the formula shown in figure 7.36

Figures 7.166 through 7.170 Show the stress concentration factor determination graphically for

the radius and using the formula from Figure 7.36
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Figure 7.166 Graphical Determination of radius (p) from surface profile of specimen A2 — H —3
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Figure 7.167 Graphical Determination of radius (p) from surface profile of specimen A2 —H —4
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Figure 7.168 Graphical Determination of radius (p) from surface profile of specimen B2 — H — 1
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Figure 7.169 Graphical Determination of radius (p) from surface profile of specimen B2 — H — 2
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Figure 7.170 Graphical Determination of radius (p) from surface profile of specimen B2 — H — 3
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Figure 7.171 Graphical Determination of radius (p) from surface profile of specimen B2 —H — 4
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Table 7.16 shows the calculates surface integrity stress concentration factor for Notched

Specimen Name Surface Integrity
Stress Concentration
Factor

specimens high load testing.

A2-H

A2-H

B2-H-
B2-H-

B2-H-

B2-H

-3 1.89
-4 2.1
1 1.2
2 1.56
3 1.74
-4 1.64

Table 7.16 Calculated Surface Integrity Stress Concentration Factor for Notched Specimens —
High Load Testing

Observation on Surface finish Data Vs. Fatigue Cycles — Surface finish data in the longitudinal

direction was plotted against fatigue cycles and reviewed comparing AWJ trimmed specimens to

CVD Diamond Coated Endmill Trimmed specimens. Figures 7.172 through 7.185 show the

variation of surface finish parameters Vs. fatigue cycles for the different parameters.
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Figure 7.172 Surface Finish - Ra (longitudinal) Vs. Fatigue Cycles — AWJ Trimmed — Notched

High Load Specimens
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AWIJ Trimmed - Notched - High Load - (N) Cycles
Vs. R,
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Figure 7.173 Surface Finish — R; (longitudinal) Vs. Fatigue Cycles — AWJ Trimmed - Notched —
High Load Test Specimens
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Figure 7.174 Surface Finish — Rt (longitudinal) Vs. Fatigue Cycles — AWJ trimmed — Notched -
High Load Test Specimens
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Figure 7.175 Surface Finish — Rsk (longitudinal) Vs. Fatigue Cycles — AWJ Trimmed — Notched
High Load Test Specimens
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Figure 7.176 Surface Finish — Rky (longitudinal) Vs. Fatigue Cycles — AWJ Trimmed — Notched

High Load Test Specimens
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Figure 7.177 Surface Finish — (R/R;) (Longitudinal) Vs. Fatigue Cycles — AWJ Trimmed —

Notched High Load Test Specimens
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Figure 7.178 Surface Integrity Stress Concentration Factor (Longitudinal) Vs. Fatigue Cycles —

AWJ Trimmed - Notched High Load Test Specimens
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Figure 7.179 Surface Finis
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Figure 7.181 Surface Finish — R (longitudinal) Vs. Fatigue Cycles — CVD Endmill trimmed —

Notched - High Load Test Specimens
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Figure 7.182 Surface Finish — Rsk (longitudinal) Vs. Fatigue Cycles — CVD Endmill Trimmed —

Notched High Load Test Specimens
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Figure 7.183 Surface Finish — Ry (longitudinal) Vs. Fatigue Cycles — CVD Endmill Trimmed —

Notched High Load Test Specimens
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Figure 7.184 Surface Finish — (R/R;) (Longitudinal) Vs. Fatigue Cycles — CVD Endmill
Trimmed — Notched High Load Test Specimens
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CVD Endmill Trimmed - Notched High Load -
(N) Cycles Vs. Stress Concentration Factor
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Figure 7.185 Surface Integrity Stress Concentration Factor (Longitudinal) Vs. Fatigue Cycles —
CVD Endmill Trimmed - Notched High Load Test Specimens

It was observed that in the case of AWJ trimmed specimens, the better surface finish in the
transverse direction contributed to higher fatigue cycles to failure. In the case of CVD Diamond
Coated Endmill trimmed specimens, the specimens with better surface finish in the longitudinal
direction had higher fatigue cycles to failure. Also observed was that for high loading conditions,
the fatigue cycles generally were higher with improved surface finish data. In the case of
specimen, B2 — H — 3, the rougher surface finish resulted in larger peaks and valleys in terms of
both amplitude and frequency thus providing additional sites for damage initiation and
propagation as evidenced by total delamination at edges and through the hole resulting in

ultimate failure at lower fatigue cycles.

7.4.2.2 Medium Load Test Specimen Data Review

For the medium load test specimens, the following specimens were tested for AWJ trimmed

specimens.
A2-M-1
A2 -M-2
A2-M-3

A2-M- 4
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For CVD Diamond Coated Endmill Trimmed specimens, the following samples were tested.
B2-M-1

B2-M-2

B2-M-3

Prior to testing the following surface finish parameters were recorded for each sample in both
longitudinal and transverse directions

Ra, Rz, Rt, Rs,Rku

Table 7.17 shows the fatigue cycles to failure for each of the medium load specimens along with
the load applied and stress as well as % change in compliance.
Tables 7.4 and 7.5 documented earlier in this chapter show the surface finish data documented in

the longitudinal and transverse direction.

Specimen Name Trim Hole Fatigue Cycles et Lo[aNt.; {Max) Test Load (Min) (N)| Max Stress (Mpa) | Test Frequency | Compliance
A2-M-1 AWIJ -80 CVD Drill 495512 51155 5115 444.7 7 Hz 39.13%
A2-M-2 AWwJ -80 CVD Drill 411828 51155 5115 444.7 7 Hz 32.54%
A2-M-3 AWIJ -80 CVD Drill 370163 51155 5115 444.7 7 Hz 37.75%
A2-M-4 AWIJ -80 CVD Drill 210389 51155 5115 444.7 7 Hz 26.86%
B2-M-1 CVD Endmill CVD Drill 377675 51155 5115 444.7 7 Hz 40.00%
B2-M-2 CVD Endmill CVD Drill 436382 51155 5115 444.7 7 Hz 51.05%
B2-M-3 CVD Endmill CVD Drill 540315 51155 5115 444.7 7 Hz 43.04%

Table 7.17 Fatigue Cycles/Loads/Stress & % Compliance Change for Notched Medium Loading
Testing

Damage Propagation in AWJ trimmed specimens- To compare the damage propagation %

compliance change was plotted for each AWJ medium load specimen and the percentage damage
at 300K cycles or 200K cycles for lower fatigue failures was compared. Figures 7.186 through
7.197 show the % compliance change for each medium load AWJ test specimen along with a
photo micrograph depicting the damage at 300K or 200K cycles.

In all cases damage started as matrix cracking followed by matrix fibre interface debonding and
then delamination as shown in the figures. The initiation of damage was localized at the 45
degree plies (also the sites of fibre pullouts). These sites were both at the edges as well as in the
hole. Once damage started progressing, ultimate failure occurred due to delamination in the

edges and through the hole.
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Figure 7.186 Percent Compliance Change Vs. Fatigue Cycles for A2 - M -1
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Figure 7.187 Damage at 300K Cycles, 14.47%, Test Specimen A2 - M -1
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Figure 7.188 Damage (39.13%) & Ultimate Failure at 495512 Cycles, Test Specimen A2 - M - 1
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Figure 7.189 Percent Compliance Change Vs. Fatigue Cycles for A2 — M — 2
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Figure 7.190 Damage at 300K Cycles, 15.83%, Test Specimen A2 — M - 2

Figure 7.191 Damage (32.54%) & Ultimate Failure at 411828 Cycles, Test Specimen A2 — M - 2
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Figure 7.192 Percent Compliance Change Vs. Fatigue Cycles for A2 - M — 3

Figure 7.193 Damage at 300K Cycles, 16.24%, Test Specimen A2 — M - 3
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Figure 7.194 Damage (37.75%) & Ultimate Failure at 370163 Cycles, Test Specimen A2 — M - 3
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Figure 7.195 Percent Compliance Change Vs. Fatigue Cycles for A2 - M — 4
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Figure 7.197 Damage (26.86%) & Ultimate Failure at 210389 Cycles, Test Specimen A2—M- 4



375

Damage Propagation in CVD Diamond Coated Endmill trimmed specimens- To compare the

damage propagation % compliance change was plotted for each CVD Diamond Coated Endmill
trimmed medium load specimen and the percentage damage at 300K cycles was compared.
Figures 7.198 through 7.206 show the % compliance change for each medium load CVD endmill
trimmed test specimen along with a photo micrograph depicting the damage at 300K cycles.

In all cases damage started as matrix cracking followed by matrix fibre interface debonding and
then delamination as shown in the figures. The initiation of damage was localized at the 45
degree plies (also the sites of fibre pullouts). These sites were both at the edges as well as in the
hole. Once damage started progressing, ultimate failure occurred due to delamination in the

edges and through the hole.

CVD Diamond Coated Endmill - Notched
Specimen - M1 - Medium Load

% Compliance Change
== NN W W
o U1 © Ul © Ul
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U © U

0 50000 100000 150000 200000 250000 300000 350000 400000
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Figure 7.198 Percent Compliance Change Vs. Fatigue Cycles for B2 - M -1
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Figure 7.200 Damage (40.0%) & Ultimate Failure at 377675 Cycles, Test Specimen B2 - M - 1
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Figure 7.201 Percent Compliance Change Vs. Fatigue Cycles for B2 — M — 2

Figure 7.202 Damage at 300K Cycles, 19.71%, Test Specimen B2 — M - 2
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Figure 7.203 Damage (51.05%) & Ultimate Failure at 436382 Cycles, Test Specimen B2 — M - 2
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Figure 7.204 Percent Compliance Change Vs. Fatigue Cycles for B2 — M — 3
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Figure 7.205 Damage at 300K Cycles, 17.07%, Test Specimen B2 - M - 3

Figure 7.206 Damage (43.04%) & Ultimate Failure at 540315 Cycles, Test Specimen B2 — M - 3
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Figure 7.207 through 7.209 show the summary plots of AWJ and CVD Endmill trimmed

specimens of % compliance change Vs. (N) cycles.
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Figure 7.207 Summary Plot of % Compliance Change Vs. (N) Cycles for AWJ Trimmed
Notched Specimens — Medium Load
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Figure 7.208 Summary Plot of % Compliance Change Vs. (N) Cycles for CVD Endmill
Trimmed Notched Specimens — Medium Load
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AW] Vs. CVD Endmill Trimmed - Notched Specimens -
Medium Load
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Figure 7.209 Summary Plot of AWJ Vs. CVD Endmill Trimmed of % Compliance Change Vs.
(N) Cycles — Notched Specimens — Medium Load

Surface Finish Stress Concentration Factor ( Kt)

Surface finish profiles of all high load test specimens were used to calculate the stress

concentration factor (K, ) using the formula shown in figure 7.36

Figures 7.210 through 7.216 Show the stress concentration factor determination graphically for

the radius and using the formula from Figure 7.36



382

A2-M-1

20

15

10

3200 3220 324 3360 3380 3400

-10

-15

-20

Surface Profile-A2-M -1

12000

Figure 7.210 Graphical Determination of radius (p) from surface profile of specimen A2 — M -1
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Figure 7.211 Graphical Determination of radius (p) from surface profile of specimen A2 — M - 2
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Figure 7.212 Graphical Determination of radius (p) from surface profile of specimen A2 — M — 3
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Figure 7.213 Graphical Determination of radius (p) from surface profile of specimen A2 — M — 4
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Figure 7.214 Graphical Determination of radius (p) from surface profile of specimen B2 — M - 1
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Figure 7.215 Graphical Determination of radius (p) from surface profile of specimen B2 — M - 2



388

B2-M-3

15

10

3650 6 g 3720 3730 3740 3750

-10

Surface Profile-B2-M -3

12000

-10

Figure 7.216 Graphical Determination of radius (p) from surface profile of specimen B2 — M - 3
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Table 7.18 shows the calculated surface integrity stress concentration factor for Notched

Specimens in medium load testing.

Specimen Name Surface Integrity
Stress Concentration
Factor

A2-M-1 1.74
A2-M-2 1.81
A2-M-3 1.91
A2-M-4 2.1
B2-M-1 1.77
B2-M-2 1.52
B2-M-3 1.45

Table 7.18 Calculated Surface Integrity Stress Concentration Factor for Notched Specimens —
Medium Load

Observation on Surface finish Data Vs. Fatigue Cycles — Surface finish data in the longitudinal

direction was plotted against fatigue cycles and reviewed comparing AWJ trimmed specimens to
CVD Diamond Coated Endmill Trimmed specimens. Figures 7.217 through 7.230 show the

variation of surface finish parameters Vs. fatigue cycles for the different parameters
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Figure 7.217 Surface Finish - Ra (longitudinal) Vs. Fatigue Cycles — AWJ Trimmed — Notched
Medium Load Specimens
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AWIJ Trimmed - Notched - Medium Load - (N)

Cycles Vs. R,

600000

500000 ®

400000 °
3 °
S,
3 300000
=
= 200000 °

100000

0
0 5 10 15 20 25

Figure 7.218 Surface Finish — R, (longitudinal) Vs. Fatigue Cycles — AWJ Trimmed - Notched —
Medium Load Test Specimens
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Figure 7.219 Surface Finish — Rt (longitudinal) Vs. Fatigue Cycles — AWJ trimmed — Notched -
Medium Load Test Specimens
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Figure 7.220 Surface Finish — Rs (longitudinal) Vs. Fatigue Cycles — AWJ Trimmed — Notched
Medium Load Test Specimens
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AW]J Trimmed - Notched - Medium Load - (N)
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Figure 7.221 Surface Finish — Ry (longitudinal) Vs. Fatigue Cycles — AWJ Trimmed — Notched
Medium Load Test Specimens
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Figure 7.222 Surface Finish — (R/R;) (Longitudinal) Vs. Fatigue Cycles — AWJ Trimmed —
Notched Medium Load Test Specimens
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Figure 7.223 Surface Integrity Stress Concentration Factor (Longitudinal) Vs. Fatigue Cycles —
AWJ Trimmed - Notched Medium Load Test Specimens
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Figure 7.224 Surface Finish - Ra (longitudinal) Vs. Fatigue Cycles — CVD Endmill Trimmed —
Notched Medium Load Specimens
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Figure 7.225 Surface Finish — R; (longitudinal) Vs. Fatigue Cycles —CVD Endmill Trimmed -
Notched — Medium Load Test Specimens
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Figure 7.226 Surface Finish — R (longitudinal) Vs. Fatigue Cycles — CVD Endmill trimmed —
Notched - Medium Load Test Specimens
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Figure 7.227 Surface Finish — Rs (longitudinal) Vs. Fatigue Cycles — CVD Endmill Trimmed —
Notched Medium Load Test Specimens
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Figure 7.228 Surface Finish — Ry (longitudinal) Vs. Fatigue Cycles —CVD Endmill Trimmed —
Notched Medium Load Test Specimens
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Figure 7.229 Surface Finish — (R/R;) (Longitudinal) Vs. Fatigue Cycles — CVD Endmill
Trimmed — Notched Medium Load Test Specimens
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CVD Endmill Trimmed - Notched Medium Load -
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Figure 7.230 Surface Integrity Stress Concentration Factor (Longitudinal) Vs. Fatigue Cycles —
CVD Endmill Trimmed - Notched Medium Load Test Specimens

It was observed that in the case of AWJ trimmed specimens, the better surface finish in the
transverse direction contributed to higher fatigue cycles to failure. Also observed was that for
medium loading conditions, the fatigue cycles generally were higher with improved surface finish
data. The CVD Diamond Coated Endmill Trimmed test Specimens generally had fatigue cycle
failures that were closer to each other than the AWJ trimmed surface. At medium load conditions,
the % Compliance change curves were similar for both AWJ trimmed and CVD Endmill trimmed
specimens.

In the case of AWJ specimens, the higher value of peak to valley numbers resulted in larger
peaks and valleys in terms of both amplitude and frequency thus providing additional sites for
damage initiation and propagation as evidenced by total delamination at edges and through the

hole resulting in ultimate failure at lower fatigue cycles.

7.4.2.3 Low Load Test Specimen Data Review

For the Low Load test specimens, the following specimens were tested for AWJ trimmed

specimens.
A2-L-1
A2-L-2

A2-L-3
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A2-L- 4

For CVD Diamond Coated Endmill Trimmed specimens, the following samples were tested.
B2-L-1

B2-L-2

B2-L-3

Prior to testing the following surface finish parameters were recorded for each sample in both
longitudinal and transverse directions

Ra, Rz, Rt, Rs,Rku

Table 7.19 shows the fatigue cycles to failure for each of the medium load specimens along with
the load applied and stress as well as % change in compliance.
Tables 7.4 and 7.5 documented earlier in this chapter show the surface finish data documented in

the longitudinal and transverse direction.

Specimen Name Trim Hole Fatigue Cycles Test chi:; {L1ax} Test Load (Min) (N)| Max Stress (Mpa) | Test Frequency | Compliance
A2-L-1 AW -80 CVD Drill 546648 46706 4670 406.65 7 Hz 20.94%
A2-L-2 AW]J -80 CVD Drill 1000010 46706 4670 406.65 7 Hz 27.45%
A2-L-3 AWIJ -80 CVD Drill 1000010 46706 4670 406.65 7 Hz 18.84%
A2-L-4 AWI -80 CVD Drill 582553 46706 4670 406.65 7 Hz 52.18%
B2-L-1 CVD Endmill CVD Drill 1000010 46706 4670 406.65 7 Hz 18.92%
B2-L-2 CVD Endmill CVD Drill 1000010 46706 4670 406.65 7 Hz 21.16%
B2-L-3 CVD Endmill CVD Drill 1000010 46706 4670 406.65 7 Hz 21.23%

Table 7.19 Fatigue Cycles/Loads/Stress & % Compliance Change for Notched Low Loading
Testing

Damage Propagation in AWJ trimmed specimens- To compare the damage propagation %

compliance change was plotted for each AWJ low load specimen and the percentage damage at
500K cycles for lower fatigue failures was compared. Figures 7.231 through 7.242 show the %
compliance change for each low load AWJ test specimen along with a photo micrograph
depicting the damage at 500K cycles.

In all cases damage started as matrix cracking followed by matrix fibre interface debonding and
delamination as shown in the figures. The initiation of damage was localized at the 45 degree

plies (also the sites of fibre pullouts). These sites were both at the edges as well as in the hole.
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Once damage started progressing, ultimate failure occurred due to delamination in the edges and
through the hole.

AW] Trimmed - Notched Specimen -

L1 - Low Load
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[=)

(N) Cycles

Figure 7.231 Percent Compliance Change Vs. Fatigue Cycles for A2 - L -1

Edge
Delamination

Figure 7.232 Damage at 500K Cycles, 15.94%, Test Specimen
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Figure 7.233 Damage (20.94%) & Ultimate Failure at 546648 Cycles, Test
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Figure 7.234 Percent Compliance Change Vs. Fatigue Cycles for A2 — L —2
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Figure 7.236 Damage (27.45%) & Ultimate Failure at 1000010 Cycles, Test
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Figure 7.237 Percent Compliance Change Vs. Fatigue Cycles for A2 - L -3
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Figure 7.238 Damage at 500K Cycles, 8.29%, Test Specimen A2 —L - 3
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Figure 7.239 Damage (18.84%) & Ultimate Failure at 1000010 Cycles, Test
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Figure 7.240 Percent Compliance Change Vs. Fatigue Cycles for A2 - L -4
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Figure 7.242 Damage (52.18%) & Ultimate Failure at 582553 Cycles, Test
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Damage Propagation in CVD Diamond Coated Endmill trimmed specimens- To compare the

damage propagation % compliance change was plotted for each CVD Diamond Coated Endmill
trimmed low load specimen and the percentage damage at 500K cycles was compared. Figures
7.243 through 7.251 show the % compliance change for each low load CVD endmill trimmed
test specimen along with a photo micrograph depicting the damage at 500K cycles.

In all cases damage started as matrix cracking followed by matrix fibre interface debonding and
delamination as shown in the figures. The initiation of damage was localized at the 45 degree
plies (also the sites of fibre pullouts). These sites were both at the edges as well as in the hole.
Once damage started progressing, ultimate failure occurred due to delamination in the edges and
through the hole.

CVD Diamond Coated Endmill Trimmed -
Notched Specimen - L1 - Low Load

\*]
[}

=
o

% Compliance Change
o

o

0 200000 400000 600000 800000 1000000 1200000

(N) Cycles

Figure 7.243 Percent Compliance Change Vs. Fatigue Cycles for B2 - L -1
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Figure 7.245 Damage (18.92%) & Ultimate Failure at 1000010 Cycles, Test Specimen B2-L-1
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Figure 7.246 Percent Compliance Change Vs. Fatigue Cycles for B2 — L — 2
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Figure 7.247 Damage at 500K Cycles, 10.29%, Test Specimen B2-L-2
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Figure 7.248 Damage (21.16%) & Ultimate Failure at 1000010 Cycles, Test Specimen B2-L-3
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Figure 7.249 Percent Compliance Change Vs. Fatigue Cycles for B2 — L — 3
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Figure 7.250 Damage at 500K Cycles, 9.27%, Test Specimen B2-L-3

Figure 7.251 Damage (21.23%) & Ultimate Failure at 1000010 Cycles, Test Specimen B2-L-3
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Figures 7.252 through 7.254 show the summary plots for % Compliance change Vs. (N) cycles for
AWJ and CVD Endmill Trimmed specimens in low load testing.

AW] Trimmed - Notched Specimens - L1, L2, L3, L4 -
Low Load
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Figure 7.252 Summary Plot of % Compliance Change Vs. (N) Cycles for AWJ Trimmed

Notched Specimens — Low Load
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Figure 7.253 Summary Plot of % Compliance Change Vs. (N) Cycles for CVD Endmill
Trimmed Notched Specimens — Low Load
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AW]J Vs. CVD Endmill Trimmed - Notched Specimens -
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Figure 7.254 Summary Plot of % Compliance Change Vs. (N) Cycles for AWJ Vs. CVD
Endmill Trimmed Notched Specimens — Low Load

Surface Finish Stress Concentration Factor ( Kt)

Surface finish profiles of all high load test specimens were used to calculate the stress

concentration factor (K, ) using the formula shown in figure 7.36

Figures 7.255 through 7.261 Show the stress concentration factor determination graphically for

the radius and using the formula from Figure 7.36
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Figure 7.255 Graphical Determination of radius (p) from surface profile of specimen A2 — L —1
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Figure 7.256 Graphical Determination of radius (p) from surface profile of specimen A2 — L —2
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Figure 7.257 Graphical Determination of radius (p) from surface profile of specimen A2 — L — 3
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Figure 7.258 Graphical Determination of radius (p) from surface profile of specimen A2 — L — 4
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Figure 7.259 Graphical Determination of radius (p) from surface profile of specimen B2 — L — 1
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Figure 7.260 Graphical Determination of radius (p) from surface profile of specimen B2 — L — 2
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Figure 7.261 Graphical Determination of radius (p) from surface profile of specimen B2 — L — 3



416

Table 7.20 shows the calculated surface integrity stress concentration factor for Notched

Specimen Name Surface Integrity
Stress Concentration
Factor

specimens low load testing.

A2-L-
A2-1L-
A2-L-
A2-1L-

B2-1L-

B2-1L

B2-1L

1
2
3
4

1

-2

-3

2.1
1.88
1.87
2.08
1.53
1.53

1.57

Table 7.20 Calculated Surface Integrity Stress Concentration factor for Notched Specimens —

Low Load Testing

Observation on Surface finish Data Vs. Fatigue Cycles — Surface finish data in the longitudinal

direction was plotted against fatigue cycles and reviewed comparing AWJ trimmed specimens to
CVD Diamond Coated Endmill Trimmed specimens. Figures 7.262 through 7.275 show the

variation of surface finish parameters Vs. fatigue cycles for the different parameters

AW]J Trimmed - Notched - Low Load - (N) Cycles
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Figure 7.262 Surface Finish - Ra (longitudinal) Vs. Fatigue Cycles — AWJ Trimmed — Notched

Low Load Specimens
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Figure 7.263 Surface Finish — R; (longitudinal) Vs. Fatigue Cycles — AWJ Trimmed - Notched —

Low Load Test Specimens
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Figure 7.264 Surface Finish — R (longitudinal) Vs. Fatigue Cycles — AWJ trimmed — Notched —

Low Load Test Specimens
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Figure 7.265 Surface Finish — Rsk (longitudinal) Vs. Fatigue Cycles — AWJ Trimmed — Notched
Low Load Test Specimens
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Figure 7.266 Surface Finish — Rky (longitudinal) Vs. Fatigue Cycles — AWJ Trimmed — Notched

Low Load Test Specimens
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Figure 7.267 Surface Finish — (R/R;) (Longitudinal) Vs. Fatigue Cycles — AWJ Trimmed —

Notched Low Load Test Specimens
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Figure 7.268 Surface Integrity Stress Concentration Factor (Longitudinal) Vs. Fatigue Cycles —

AWJ Trimmed - Notched Low Load Test Specimens
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CVD Endmill Trimmed - Notched - Low Load - (N)
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Figure 7.269 Surface Finish - Ra (longitudinal) Vs. Fatigue Cycles — CVD Endmill Trimmed —

Notched Low Load Specimens
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Figure 7.270 Surface Finish — R; (longitudinal) Vs. Fatigue Cycles — CVD Endmill Trimmed -
Notched — Low Load Test Specimens
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Figure 7.271 Surface Finish — R; (longitudinal) Vs. Fatigue Cycles — CVD Endmill trimmed —

Notched — Low Load Test Specimens
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Figure 7.272 Surface Finish — Rsk (longitudinal) Vs. Fatigue Cycles — CVD Endmill Trimmed —
Notched Low Load Test Specimens
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Figure 7.273 Surface Finish — Ry (longitudinal) Vs. Fatigue Cycles — CVD Endmill Trimmed —
Notched Low Load Test Specimens
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Figure 7.274 Surface Finish — (R/R;) (Longitudinal) Vs. Fatigue Cycles — CVD Endmill

Trimmed — Notched Low Load Test Specimens
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CVD Endmill Trimmed - Notched Low Load -
(N) Cycles Vs. Stress Concentration Factor
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Figure 7.275 Surface Integrity Stress Concentration Factor (Longitudinal) Vs. Fatigue Cycles —
CVD Endmill Trimmed - Notched Low Load Test Specimens

It was observed that in both AWJ trimmed and CVD Endmill trimmed specimens, the surface
finish data when better resulted in high fatigue cycles to failure.

In the case of test specimens A2 — L —1 and A2 — L - 4, the surface finish data indicated a rougher
profile in both longitudinal and transverse direction. These higher values of data pointed to higher
surface peaks and valleys resulting in higher count of damage initiation sites, the result was an
initiation of delamination at lower cycles. This ultimately led to failure at low cycles for these test

specimens.

7.5 Summary

The effects of surface integrity on fatigue performance and damage progression were evaluated
in this chapter based on experimental study conducted on AWJ trimmed and CVD Endmill
trimmed specimens. Both unnotched and notched (with hole in the centre) types of specimens
were tested for evaluation of surface integrity effects on both damage progression and fatigue life
from tension-tension cyclic testing.

Loading conditions for fatigue testing of both unnotched and notched specimens were categorized
as high, medium and low based on percentage values of ultimate loads/stresses obtained during

static testing in chapter 6 for both tension and open hole tension testing.
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From a surface integrity perspective, the AWJ trimmed specimens had surface roughness values
higher in the longitudinal direction in comparison to CVD Endmill trimmed specimens. In the
AWJ trimmed specimens the damage observed after trimming contained streaks and craters along
the direction of the Water jet axis. Matrix cracks were also present along with fibre pullouts albeit
lower in density. Exit delamination was present with low occurrence of entrance delamination.

In case of CVD endmill trimmed specimens, the surface finish obtained was smoother than that
obtained by AWJ trimming. Fibre pullouts were present after trimming and were higher in density
in comparison to AWJ trimming. In both AWJ and CVD endmill trimming the fibre pullouts were
along the 45 degree plies.

Overall the surface integrity variation between AWJ and CVD endmill trimming was in the basic
differences in principles of cutting in the two processes. This resulted in differences in the surface
integrity stress concentration factors calculated for the different test specimens trimmed using the
2 processes. For AWJ trimmed surfaces the surface integrity stress concentration factor varied
between 1.4 and 2.5 while for CVD endmill trimmed specimens, the variation lay between 1.1 to
1.8.

When tested in the fatigue the unnotched specimens displayed the following stages of damage
progression:

Stage 1 — Matrix cracking

Stage 2 — Matrix Fibre interface debonding

Stage 3 — Fibre fracture and delamination

It was observed that the damage mechanism of matrix cracking was present through all 3 stages
with the highest magnitude in stage 1. From the data collected it was clear that the progress in
damage is slower in stage 2 as compared to stage 1 and 3. This was a function of surface integrity
and its stress concentration factor. Overall the CVD endmill trimmed specimens performed slightly
better under most conditions and with consistency due to their better surface integrity and its stress
concentration factor. The location of most damage initiations and progress was along the 45 degree
plies due to higher concentrations of fibre pullouts.

For notched specimens the following stages of damage progression were observed:

Stage 1 — Matrix Cracking

Stage 2 — Matrix Fibre interface debonding, fibre fracture and delamination

Stage 3 — Fibre fracture and delamination
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In the case of notched specimens the progress of damage was at an accelerated rate during all
stages primarily due to the addition of the stress concentration factor due to the presence of a
hole which complements the surface integrity stress concentration factor and causes an
accelerated progression of damage and reduction in fatigue life performance. Since the same
process was used to drill holes in each specimen, the effect of the drilling process was assumed
to be a constant on the specimen performance and only the geometrical presence of the hole was
considered as an influence on damage progress and fatigue life performance.

The progress of damage with the increased number of fatigue cycles was plotted as %
compliance change Vs. (N) cycles and the rate of damage progress documented. This changing
rate of damage progress influences the fatigue performance and ultimate failure and is part of
analytical model discussed in chapter 8 which provides predictive modeling for damage progress
and fatigue life cycles to failure.

As part of the study of damage progress the damage tolerance of both AWJ trimmed and CVD
endmill trimmed specimens was studied and it was found that overall the CVD endmill trimmed
specimens had a slightly lower damage tolerance performance in comparison to AWJ trimmed

specimens.
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Chapter 8 - Phase Il Testing - Damage Progression & Fatigue Life Modeling

8.1 Phase Il Fatigue Cycling

Testing data and its results were analyzed to study the damage progression in both unnotched and
notched test specimens were analyzed and are summarized in this chapter. A damage progression
model based on previously proposed models by other researchers is developed taking into account
the surface integrity along with the varying applied stress conditions. A fatigue life predictive
model is also proposed based on the damage progress model developed in this study. Both models

were then validated to the test data obtained as part of this research work.

8.2 Phase Il Fatigue Testing — Applied Stress Vs. (N) Cycles Data Plots

Fatigue testing was conducted and data plot for applied stress Vs. (N) cycles for all AWJ Trimmed
and CVD Endmill Trimmed test specimens. Data plots were generated for both unnotched testing

and notched testing specimens and are shown in figures 8.1 through 8.4

AW] Trimmed - Unnotched Specimens - Stress
Vs. Log (N) cycles
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Figure 8.1 AWJ Trimmed — Unnotched Test Specimens — Stress Vs. Log (N) cycles
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CVD Endmill Trimmed - Unnotched Specimens -
Stress Vs. Log (N) Cycles
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Figure 8.2 CVD Endmill Trimmed — Unnotched Test Specimens — Stress Vs. Log (N) cycles
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Figure 8.3 AWJ Trimmed — Notched Test Specimens — Stress Vs. Log (N) cycles
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CVD Endmill Trimmed - Notched Specimens -
Stress Vs. Log (N) Cycles
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Figure 8.4 CVD Endmill Trimmed — Notched Test Specimens — Stress Vs. Log (N) cycles

8.3 Phase Il Fatigue Testing —Damage Progression

Damage progression in unnotched and notched specimens was studied by analyzing the %

compliance change versus (N) cycles data and plots.

8.3.1 Damage Progression in Unnotched Specimens Testing

Figure 8.5 shows a plot of damage progression Vs. (N) Cycles for an AWJ unnotched under
medium loading.
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AWJ Trimmed - Unnotched Specimen - A1 - M - 1 - Medium Load
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Figure 8.5 Progress of Damage in an AWJ Unnotched Test Specimen

As observed in figure 8.5 the progress of damage in unnotched test specimens is characterized
into 3 zones of damage.

Zone 1 —in this zone there is initiation of matrix cracking which starts affecting the residual
strength and fatigue life.

Zone 2 — in this zone there is matrix-fibre interface debonding with some delamination and a
further reduction in stiffness of the laminate

Zone 3 — in this zone there is fibre fracture along with delamination leading eventually to
ultimate failure.

The progress of damage from initiation to propagation and to ultimate failure is dependent on
many factors. These factors include applied stress, surface integrity amongst other variables.

In zone 1, matrix cracking initiates with applied tensile loading which varies per the ratio of R =
0.1 between maximum applied stress to minimum applied stress. The variation in surface integrity

between AWJ trimmed and CVD Endmill trimmed specimens is represented by the surface

integrity stress concentration factor (K, ). For AWJ trimmed specimens the surface finish profile

is rougher than CVD Endmill trimmed specimens. The presence of streaks and craters along the
direction of water jet which is perpendicular to the load application during testing provides uneven
stress distribution area s on the surface which are opportunities of sites for matrix crack initiation.
For CVD Endmill trimmed specimens, the higher fibre pullout density areas provide initiation sites

for matrix cracking and delamination. As matrix cracking increases, the crack formulation areas
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are present both in the inter and intra ply sections of the laminate. Matrix cracks are present through
the thickness of the laminate and are independent of the orientation of the fibres.

As matrix cracking density increases with the number of testing cycles and damage increases,
there is debonding initiated in the fibre matrix interface. Fibre matrix interface debonding is the
dominant damage mode in zone 2 and is influenced by the effective shear modulus (Gyy). For
most test specimens, zone 2 is predominant and extends over a larger number of test cycles. The
increase in damage occurs at a slower rate in zone 2. As the fibres debond from the matrix, the
effective load carrying distribution changes with the individual fibres carrying the load with
reduced load transfer. Delamination is initiated first mostly in the 45 degree plies and starts
propagating through the laminate.

In zone 3, the damage proceeds with brittle fibre fracture occurring primarily in the 0 and 90
degree plies. As the fibres carry the load individually they fracture and the plies start to
delaminate. The delamination results in plies coming apart leading to eventual failure of the
laminate. In CVD specimens, zone 3 is generally of a shorter occurrence suggesting that damage
tolerance is lower in CVD Endmill specimens. This attributed to the higher fibre pullout density
present in these specimens due to the endmilling process.

Overall the progress of damage follows a similar path of matrix cracking to fibre matrix interface
debonding and then fibre fracture along with delamination and ply separation leading to failure
of laminate. This progress is similar for both AWJ and CVD Endmill trimmed specimens but the
magnitude varies between the 2 due to a variation between the resultant surface integrity between
the 2 different trimming processes.

Overall the CVD Endmill trimmed specimens performed slightly better than the AWJ trimmed
specimens in most cases. This was attributed to a better surface integrity resulting in lower
surface integrity stress concentration factor in the CVD endmill trimmed specimens.

The following sections discuss the damage progression over the cycles of testing. The data
plotted is % change in compliance over the cycles of testing.

Compliance - Baseline Compliance
Baseline Compliance

% Change in Compliance = }x 100 8.1

Where
Compliance = Compliance recoded at n cycles

Baseline Compliance = Compliance recorded at the application of minimum tensile stress



The % change in Compliance is effectively the damage incurred and both terms are used

interchangeably going forward.

8.3.2 Damage Progression Model in Unnotched Specimens Testing
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As observed from the testing and data collected the progress of damage is a function of many

variables as shown below.

Damage = f [R,k,Rt,n]

Where

Q

R = Zmin = ratio of maximum stress to minimum stress

O-app - - - -
k =—" = ratio of applied stress to ultimate tensile stress

K = surface integrity stress concentration factor

N = number of applied fatigue cycles

8.2

Using the above relationship and a damage curve (Figure 8.6) for one of the test specimens along

with the analysis of the damage curve and equation 8.1 a model was developed for the damage

progression in an unnotched test specimen for both AWJ and CVD Endmilled trimmed

specimens.

Table 8.1 lists the values of the various factors determined from test conditions and surface

integrity of unnotched test specimens.
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Type Of Specimen K,
Loading Number

High 2.14

High Al-H-3 0.1 0.89 1.92

High Al-H-4 0.1 0.89 2.22

High Bl-H-1 0.1 0.89 1.4

High Bl-H-2 0.1 0.89 1.35

High Bl1-H-3 0.1 0.89 1.33

Medium Al-M-1 0.1 0.815 1.87
Medium Al-M-2 0.1 0.815 1.64
Medium Al-M-3 0.1 0.815 2.29
Medium Bl1-M-1 0.1 0.815 1.43
Medium Bl1-M-2 0.1 0.815 131
Medium B1-M-3 0.1 0.815 1.39

Low Al-L-1 0.1 0.76 1.8

Low Al-L-2 0.1 0.76 2.2

Low Al-L-3 0.1 0.76 1.68

Low Bl1-L-1 0.1 0.76 1.8

Low Bl1-L-3 0.1 0.76 1.36

Low Bl1-L-4 0.1 0.76 1.32

Table 8.1 Unnotched Test Specimens, Test Variables
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Figure 8.6 Damage curve for AWJ Unnotched High Load Test Specimen
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Figure 8.7 Damage Zones for AWJ Unnotched High Load Test Specimen

For the Unnotched High Load specimens, the following observations were made:
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a) Zone 1 damage proceeds up to 2 — 3% damage and to less than 15000 cycles

b) Zone 2 damage proceeds at almost a 45 degree line with a fast rising slope and go up to
10% and about 25000 cycles.

c) Zone 3 damage occurs over a short region and there is not much increase in cycles as

well as magnitude of damage

CVD Diamond Coated Endmill Trimmed -
Unnotched Specimen - H1 - High Load
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Figure 8.8 Damage Progression for a CVD Endmill Trimmed — High Load Specimen

For medium load test specimens, the following observations were made from the experimental
testing.
a) Zone 1 damage proceeds up to 10% damage and to less than 60000 cycles
b) Zone 2 damage proceeds linearly with a slow rising slope and go up to 15% and above
and about 140000 cycles.
c) Zone 3 damage occurs over a short region and there is not much increase in cycles as
well as magnitude of damage
Figure 8.9 shows the damage progression and damage zones for an AWJ trimmed medium load

specimen



433

AWI Trimmed - Unnotched Specimen - M1 - Medium Load

(N) Cycles

Figure 8.9 Damage zones for AWJ Trimmed Medium Load Specimen

For Low load test specimens, the following observations were made from the experimental
testing.
a) Zone 1 damage proceeds up to 10% damage and to less than 100000 cycles
b) Zone 2 damage proceeds linearly with a slow rising slope and go up to 15% and about
500000 cycles.
c) Zone 3 damage occurs over a short region and there is not much increase in cycles as

well as magnitude of damage

Figure 8.10 shows the damage progression and damage zones for an AWJ trimmed low load

specimen
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Figure 8.10 Damage zones for AWJ Trimmed Low Load Specimen

For deriving a general model for damage progress in unnotched test specimens the various
curves were analyzed and a general 4™ degree polynomial model was derived which is shown in

equation 8.3

8.4 Analytical Model for Damage Progression in Unnotched Fatigue Testing Specimens

Depending on the type of loading the damage vs. fatigue cycles curves change with the high
loading curves being a lower degree polynomial to medium and low loading curves with higher
degrees with higher degree polynomials with the degree of polynomials being as follows:

High load curves have a polynomial with degree of 2

Medium load curves have a polynomial with degree of 4

Low load curves have a polynomial with degree of 4

8.4.1 Unnotched High Loading Damage Vs. Fatigue Curves from Testing Vs. Analytical
Modeling Curves
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For high loading conditions, the analytical model curves are defined by equation 8.3

Damage = a(n)* + £(n) 8.3
Where

a ={(k)(R)}*(10)"®
B={K}10)*

8.4.1.1 Unnotched AWJ Trimmed Specimens — Empirical Curves Vs. Analytical Modeled
Curves for High Loading

Figure 8.11 shows the Damage Vs. Fatigue Cycles Curve from Testing Vs. Analytical Modeled

Curve for Test specimen AL—H -2

Unnotched AWI Trimmed Specimen (High Load)-A1-H-2-
Damage Vs. Fatigue Cycles Curve and Analytical Model Curve

Fatigue Testing Curve

Analytical Modeling Curve

Damage

0 5000 10000 15000 20000 25000 30000 35000

(N) Cycles

Figure 8.11 Damage Vs. Fatigue Cycles — (Test Specimen — Al — H — 2) Testing Vs. Analytical
Modeling

Figure 8.12 shows the Damage Vs. Fatigue Cycles Curve from Testing Vs. Analytical Modeled
Curve for Test specimen AL—H -3
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Unnotched AWJ Trimmed Specimen (High Load) - Al - H - 3 - Damage Vs.
Fatigue Cycles Curve and Analytical Model Curve
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Figure 8.12 Damage Vs. Fatigue Cycles — (Test Specimen — Al — H — 3) Testing Vs. Analytical
Modeling

Figure 8.13 shows the Damage Vs. Fatigue Cycles Curve from Testing Vs. Analytical Modeled
Curve for Test specimen ALl—H -4

Unnotched AWIJ Trimmed Specimen (High Load) -A1-H -4 -
Damage Vs, Fatigue Cycles Curve and Analytical Model Curve
30

Fatigue Testing Curve
25

Analytical Modeling Curve
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15
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0 5000 10000 15000 20000 25000 30000 35000
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Figure 8.13 Damage Vs. Fatigue Cycles — (Test Specimen — A1 — H — 4) Testing Vs. Analytical
Modeling
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8.4.1.2 Unnotched CVD Endmill Trimmed Specimens — Empirical Curves Vs. Analytical
Modeled Curves for High Loading

Figure 8.14 shows the Damage Vs. Fatigue Cycles Curve from Testing Vs. Analytical Modeled

Curve for Test specimen B1 —H -1

Unnotched CVD Endmill Trimmed Specimen (High Load) -
B1- H-1-Damage Vs. Fatigue Cycles Curve and
Analytical Model Curve

Fatigue Testing Curve

Analytical Modeling Curve

Q 5000 10000 15000 20000 25000 30000 35000 40000 45000

(N) Cycles

Figure 8.14 Damage Vs. Fatigue Cycles — (Test Specimen — B1 — H — 1) Testing Vs. Analytical
Modeling

Figure 8.15 shows the Damage Vs. Fatigue Cycles Curve from Testing Vs. Analytical Modeled

Curve for Test specimen B1 —H - 2

Unnotched CVD Endmill Trimmed Specimen (High
Load) - B1 - H - 2 - Damage Vs. Fatigue Cycles Curve
and Analytical Model Curve

16 —————— Fatigue Testing Curve

Analytical Modeling Curve

Damage

0 10000 20000 30000 40000 50000
(N) Cycles

Figure 8.15 Damage Vs. Fatigue Cycles — (Test Specimen — B1 — H — 2) Testing Vs. Analytical
Modeling
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Figure 8.16 shows the Damage Vs. Fatigue Cycles Curve from Testing Vs. Analytical Modeled

Curve for Test specimen B1 —H - 3

Unnotched CVD Endmill Trimmed Specimen (High Load) - B1
-H - 3 - Damage Vs. Fatigue Cycles Curve and Analytical
Model Curve

18
1 | ——————— Fatigue Testing Curve

14
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Figure 8.16 Damage Vs. Fatigue Cycles — (Test Specimen — B1 — H — 3) Testing Vs. Analytical
Modeling

8.4.2 Unnotched Medium Loading Damage Vs. Fatigue Curves from Testing Vs. Analytical
Modeling Curves

For medium loading conditions, the damage vs. fatigue curves are defined by equation 8.4.
Damage = aN* + SN° —=SN? + AN 8.4
Where

o ={(2)(k)(R)}(10) ™
B =(2{K}10)™*
o= (3.5){Kt}(10)’10
A={K}(10)"
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8.4.2.1 Unnotched AWJ Trimmed Specimens — Empirical Curves Vs. Analytical Modeled
Curves for Medium Loading

Figure 8.17 shows the Damage Vs. Fatigue Cycles Curve from Testing Vs. Analytical Modeled
Curve for Test specimen A1l—-M -1
Unnotched AWJ Trimmed Specimen (Medium Load) -

Al-M -1 -Damage Vs. Fatigue Cycles Curve and
Analytical Model Curve

30 Fatigue Testing Curve

25
@ 20 Analytical Modeling Curve
oo
@
g 15
@
Qo 10

5 /

0
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Figure 8.17 Damage Vs. Fatigue Cycles — (Test Specimen — A1 — M — 1) Testing Vs. Analytical
Modeling

Figure 8.18 shows the Damage Vs. Fatigue Cycles Curve from Testing Vs. Analytical Modeled
Curve for Test specimen AL —M - 2

Unnotched AW) Trimmed Specimen (Medium Load) - Al -
M - 2 - Damage Vs. Fatigue Cycles Curve and Analytical
Model Curve

Fatigue Testing Curve

Analytical Modeling Curve

Damage
s

0 50000 100000 150000 200000 250000 300000 350000 400000 450000
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Figure 8.18 Damage Vs. Fatigue Cycles — (Test Specimen — A1 — M — 2) Testing Vs. Analytical
Modeling
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Figure 8.19 shows the Damage Vs. Fatigue Cycles Curve from Testing Vs. Analytical Modeled
Curve for Test specimen AL - M - 3

Unnotched AW) Trimmed Specimen (Medium Load) - A1- M -
3 - Damage Vs. Fatigue Cycles Curve and Analytical Model
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Figure 8.19 Damage Vs. Fatigue Cycles — (Test Specimen — A1 — M — 3) Testing Vs. Analytical
Modeling

8.4.2.2 Unnotched CVD Endmill Trimmed Specimens — Empirical Curves Vs. Analytical
Modeled Curves for Medium Loading

Figure 8.20 shows the Damage Vs. Fatigue Cycles Curve from Testing Vs. Analytical Modeled
Curve for Test specimen B1 - M -1

Unnotched CVD Endmill Trimmed Specimen (Medium Load) -B1-M-1 -
Damage Vs, Fatigue Cycles Curve and Analytical Model Curve

Fatigue Testing Curve

Analytical Modeling Curve
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Figure 8.20 Damage Vs. Fatigue Cycles — (Test Specimen — B1 — M — 1) Testing Vs. Analytical
Modeling
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Figure 8.21 shows the Damage Vs. Fatigue Cycles Curve from Testing Vs. Analytical Modeled

Curve for Test specimen B1 — M — 2

Unnotched CVD Endmill Trimmed Specimen (Medium Load) -B1-M -2 -
Damage Vs. Fatigue Cycles Curve and Analytical Model Curve
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Analytical leling Curve
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Figure 8.21 Damage Vs. Fatigue Cycles — (Test Specimen — B1 — M — 2) Testing Vs. Analytical
Modeling

Figure 8.22 shows the Damage Vs. Fatigue Cycles Curve from Testing Vs. Analytical Modeled
Curve for Test specimen B1 — M —3

Unnotched CVD Endmill Trimmed Specimen (Medium Load)-B1-M -3
- Damage Vs. Fatigue Cycles Curve and Analytical Model Curve
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Analytical Modeling Curve
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Figure 8.22 Damage Vs. Fatigue Cycles — (Test Specimen — B1 — M — 3) Testing Vs. Analytical
Modeling



442

8.4.3 Unnotched Low Loading Damage Vs. Fatigue Curves from Testing Vs. Analytical
Modeling Curves

For medium loading conditions, the damage vs. fatigue curves are defined by equation 8.5.
Damage = aN* + SN° —~SN? + AN 8.5
Where

o ={(7)(k)(R)}(10)™
B = (KKK 3}10)™

o= (4.5){Kt}(10)’10

A ={K}R+1.0)(10)"

8.4.3.1 Unnotched AWJ Trimmed Specimens — Empirical Curves Vs. Analytical Modeled
Curves for Low Loading

Figure 8.23 shows the Damage Vs. Fatigue Cycles Curve from Testing Vs. Analytical Modeled

Curve for Test specimen A1l - L -1

Unnotched AWJ Trimmed Specimen (Low Load) - Al - L - 1 - Damage Vs. Fatigue
Cycles Curve and Analytical Model Curve

Fatigue Testing Curve

Analytical Modeling Curve
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Figure 8.23 Damage Vs. Fatigue Cycles — (Test Specimen — Al — L—1) Testing Vs. Analytical
Modeling
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Figure 8.24 shows the Damage Vs. Fatigue Cycles Curve from Testing Vs. Analytical Modeled

Curve for Test specimen AL —-L -2

Unnotched AW) Trimmed Specimen (Low Load) - Al - L - 2 - Damage Vs. Fatigue Cycles
Curve and Analytical Model Curve
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Analytical Modeling Curve
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Figure 8.24 Damage Vs. Fatigue Cycles — (Test Specimen — Al — L— 2) Testing Vs. Analytical
Modeling

Figure 8.25 shows the Damage Vs. Fatigue Cycles Curve from Testing Vs. Analytical Modeled

Curve for Test specimen AL - L -3

Unnotched AWI Trimmed Specimen (Low Load) - Al -L - 3 - Damage Vs.
Fatigue Cycles Curve and Analytical Model Curve

—— Fatigue Testing Curve

Analytical Modeling Curve
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Figure 8.25 Damage Vs. Fatigue Cycles — (Test Specimen — Al — L— 3) Testing Vs. Analytical
Modeling
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8.4.3.2 Unnotched CVD Endmill Trimmed Specimens — Empirical Curves Vs. Analytical
Modeled Curves for Low Loading

Figure 8.26 shows the Damage Vs. Fatigue Cycles Curve from Testing Vs. Analytical Modeled
Curve for Test specimen B1 - L -1

Unnotched CVD Endmill Trimmed Specimen (Low Load) - B1-L-1-
Damage Vs. Fatigue Cycles Curve and Analytical Model Curve

Fatigue Testing Curve

Analytical Modeling Curve
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Figure 8.26 Damage Vs. Fatigue Cycles — (Test Specimen — B1 — L— 1) Testing Vs. Analytical
Modeling

Figure 8.27 shows the Damage Vs. Fatigue Cycles Curve from Testing Vs. Analytical Modeled

Curve for Test specimen B1 — L — 3

Unnotched CVD Endmill Trimmed Specimen (Low Load) - B1- L - 3 - Damage
Vs, Fatigue Cycles Curve and Analytical Model Curve
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Figure 8.27 Damage Vs. Fatigue Cycles — (Test Specimen — B1 — L— 3) Testing Vs. Analytical
Modeling
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Figure 8.28 shows the Damage Vs. Fatigue Cycles Curve from Testing Vs. Analytical Modeled

Curve for Test specimen B1 - L — 4

Unnotched CVD Endmill Trimmed Specimen (Low Load) -B1-L-4 -
Damage Vs. Fatigue Cycles Curve and Analytical Model Curve

Fatigue Testing Curve
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Figure 8.28 Damage Vs. Fatigue Cycles — (Test Specimen — Al — L—4) Testing Vs. Analytical
Modeling

8.5 Analytical Model for Damage Progression in Notched Fatigue Testing Specimens

Depending on the type of loading the damage vs. fatigue cycles curves change with the high
loading curves being a lower degree polynomial to medium and low loading curves with higher
degrees with higher degree polynomials with the degree of polynomials being as follows:

High load curves have a polynomial with degree of 2

Medium load curves have a polynomial with degree of 3

Low load curves have a polynomial with degree of 4

The notch is represented by a hole drilled in the centre of the test specimen. The notch sensitivity
factor is denoted by K, and is assumed to have a value of 3.0 for all test conditions. The diameter

of the hole is same for all test conditions and is 6.35 mm.

Table 8.2 lists the values of the various factors determined from test conditions and surface

integrity of notched test specimens.
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Specimen
Number
High A2-H-3 0.1 0.95 1.89 3.0
High A2-H-4 0.1 0.95 21 3.0
High B2-H-1 0.1 0.95 1.2 3.0
High B2-H-2 0.1 0.95 1.56 3.0
High B2-H-3 0.1 0.95 1.74 3.0
High B2-H-4 0.1 0.95 1.64 3.0
Medium A2-M-1 0.1 0.87 1.74 3.0
Medium A2-M-2 0.1 0.87 1.81 3.0
Medium A2-M-3 0.1 0.87 1.91 3.0
Medium A2 -M-4 0.1 0.87 2.1 3.0
Medium B2-M-1 0.1 0.87 1.77 3.0
Medium B2-M-2 0.1 0.87 1.52 3.0
Medium B2-M-3 0.1 0.87 1.45 3.0
Low A2-L1-1 0.1 0.76 21 3.0
Low A2-L-2 0.1 0.76 1.88 3.0
Low A2-L1-3 0.1 0.76 1.87 3.0
Low A2-L-4 0.1 0.76 2.08 3.0
Low B2-L-1 0.1 0.76 1.53 3.0
Low B2-L-2 0.1 0.76 1.53 3.0
Low B2-1L-3 0.1 0.76 1.57 3.0

Table 8.2 Notched Test Specimens, Test Variables
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8.5.1 Notched High Loading Damage Vs. Fatigue Curves from Testing Vs. Analytical
Modeling Curves

For high loading conditions, the damage vs. fatigue curves are defined by equation 8.6.

Damage = aN’ + BN +C 8.6

Where
o {(K{(R)}(lo)_m

B=1{(45)(K:)}@0)°

o (K)°
10

8.5.1.1 Notched AWJ Trimmed Specimens — Empirical Curves Vs. Analytical Modeled
Curves for High Loading

Figure 8.29 shows the Damage Vs. Fatigue Cycles Curve from Testing Vs. Analytical Modeled

Curve for Test specimen A2 —H -3

Notched AWI Trimmed Specimen (High Load) - A2 - H - 3 - Damage
Vs. Fatigue Cycles Curve and Analytical Model Curve
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25
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Figure 8.29 Damage Vs. Fatigue Cycles — (Test Specimen — A2 — H — 3) Testing Vs. Analytical
Modeling

Figure 8.30 shows the Damage Vs. Fatigue Cycles Curve from Testing Vs. Analytical Modeled
Curve for Test specimen A2 —H -4

Notched AWIJ Trimmed Specimen (High Load) - A2 - H - 4 - Damage
Vs, Fatigue Cycles Curve and Analytical Model Curve
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Analytical Modeling Curve
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Figure 8.30 Damage Vs. Fatigue Cycles — (Test Specimen — A2 — H — 4) Testing Vs. Analytical
Modeling

8.5.1.2 Notched CVD Endmill Trimmed Specimens — Empirical Curves Vs. Analytical
Modeled Curves for High Loading

Figure 8.31 shows the Damage Vs. Fatigue Cycles Curve from Testing Vs. Analytical Modeled

Curve for Test specimen B2 - H -1
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Notched CVD Endmill Trimmed Specimen (High Load)-B2-H-1-
Damage Vs. Fatigue Cycles Curve and Analytical Model Curve
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Figure 8.31 Damage Vs. Fatigue Cycles — (Test Specimen — B2 — H — 1) Testing Vs. Analytical
Modeling

Figure 8.32 shows the Damage Vs. Fatigue Cycles Curve from Testing Vs. Analytical Modeled

Curve for Test specimen B2 —H -2

Notched CVD Endmill Trimmed Specimen (High Load) - B2 - H - 2 - Damage
Vs. Fatigue Cycles Curve and Analytical Model Curve
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Figure 8.32 Damage Vs. Fatigue Cycles — (Test Specimen — B2 — H — 2) Testing Vs. Analytical
Modeling

Figure 8.33 shows the Damage Vs. Fatigue Cycles Curve from Testing Vs. Analytical Modeled

Curve for Test specimen B2 —-H -3
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Notched CVD Endmill Trimmed Specimen (High Load) -B2-H -3
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Figure 8.33 Damage Vs. Fatigue Cycles — (Test Specimen — B2 — H — 3) Testing Vs. Analytical
Modeling

Figure 8.34 shows the Damage Vs. Fatigue Cycles Curve from Testing Vs. Analytical Modeled

Curve for Test specimen B2 - H -4

Notched CVD Endmill Trimmed Specimen (High Load)-B2-H-4 -
Damage Vs. Fatigue Cycles Curve and Analytical Model Curve
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Figure 8.34 Damage Vs. Fatigue Cycles — (Test Specimen — B2 — H — 4) Testing Vs. Analytical
Modeling



451

8.5.2 Notched Medium Loading Damage Vs. Fatigue Curves from Testing Vs. Analytical
Modeling Curves

For medium loading conditions, the damage vs. fatigue curves are defined by equation 8.7

Damage = aN® - SN? + 6N 8.7

Where
e {(K»(R)}(lo)ls

k
B={6)(Kn)f@oy™

_ 1K) g9y
5_{ , }(10)

8.5.2.1 Notched AWJ Trimmed Specimens — Empirical Curves Vs. Analytical Modeled
Curves for Medium Loading

Figure 8.35 shows the Damage Vs. Fatigue Cycles Curve from Testing Vs. Analytical Modeled
Curve for Test specimen A2 - M -1

Notched AW] Trimmed Specimen (Medium Load) - A2 - M - 1 - Damage
Vs. Fatigue Cycles Curve and Analytical Model Curve
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Figure 8.35 Damage Vs. Fatigue Cycles — (Test Specimen — A2 — M — 1) Testing Vs. Analytical
Modeling
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Figure 8.36 shows the Damage Vs. Fatigue Cycles Curve from Testing Vs. Analytical Modeled
Curve for Test specimen A2 - M — 2

Notched AWJ Trimmed Specimen (Medium Load) - A2-M-2 -
Damage Vs. Fatigue Cycles Curve and Analytical Model Curve
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Figure 8.36 Damage Vs. Fatigue Cycles — (Test Specimen — A2 — M — 2) Testing Vs. Analytical
Modeling

Figure 8.37 shows the Damage Vs. Fatigue Cycles Curve from Testing Vs. Analytical Modeled
Curve for Test specimen A2 —M —3

Notched AWI Trimmed Specimen (Medium Load) - A2-M-3 -
Damage Vs, Fatigue Cycles Curve and Analytical Model Curve
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Figure 8.37 Damage Vs. Fatigue Cycles — (Test Specimen — A2 — M — 3) Testing Vs. Analytical
Modeling
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Figure 8.38 shows the Damage Vs. Fatigue Cycles Curve from Testing Vs. Analytical Modeled
Curve for Test specimen A2 - M — 4

Notched AWJ Trimmed Specimen (Medium Load) -A2-M -4 -
Damage Vs. Fatigue Cycles Curve and Analytical Model Curve

Fatigue Testing Curve

Analytical Modeling Curve
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Figure 8.38 Damage Vs. Fatigue Cycles — (Test Specimen — A2 — M — 4) Testing Vs. Analytical
Modeling

8.5.2.2 Notched CVD Endmill Trimmed Specimens — Empirical Curves Vs. Analytical
Modeled Curves for Medium Loading

Figure 8.39 shows the Damage Vs. Fatigue Cycles Curve from Testing Vs. Analytical Modeled
Curve for Test specimen B2 - M -1
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Notched CVD Endmill Trimmed Specimen (Medium Load) - B2-M -1 -
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Figure 8.39 Damage Vs. Fatigue Cycles — (Test Specimen — B2 — M — 1) Testing Vs. Analytical
Modeling

Figure 8.40 shows the Damage Vs. Fatigue Cycles Curve from Testing Vs. Analytical Modeled
Curve for Test specimen B2 - M — 2

Notched CVD Endmill Trimmed Specimen (Medium Load)-B2-M-2 -
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Figure 8.40 Damage Vs. Fatigue Cycles — (Test Specimen — B2 — M — 2) Testing Vs. Analytical
Modeling

Figure 8.41 shows the Damage Vs. Fatigue Cycles Curve from Testing Vs. Analytical Modeled
Curve for Test specimen B2 - M — 3
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Notched CVD Endmill Trimmed Specimen (Medium Load) - B2 -
M - 3 - Damage Vs. Fatigue Cycles Curve and Analytical Model
Curve
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Figure 8.41 Damage Vs. Fatigue Cycles — (Test Specimen — B2 — M — 3) Testing Vs. Analytical
Modeling

8.5.3 Notched Low Loading Damage Vs. Fatigue Curves from Testing Vs. Analytical
Modeling Curves

For Low loading conditions, the damage vs. fatigue curves are defined by equation 8.8.
Damage = aN* - BN +SN? + AN 8.8
Where

= {(K)R)(K)} (10
= {(K)(k)} a0 ™)
={@5) (KK} o™
LK)k
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8.5.3.1 Notched AWJ Trimmed Specimens — Empirical Curves Vs. Analytical Modeled
Curves for Low Loading

Figure 8.42 shows the Damage Vs. Fatigue Cycles Curve from Testing Vs. Analytical Modeled
Curve for Test specimen A2 —-L-1

Notched AWIJ Trimmed Specimen (Low Load) - A2 - L- 1 - Damage Vs.
Fatigue Cycles Curve and Analytical Model Curve
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Figure 8.42 Damage Vs. Fatigue Cycles — (Test Specimen — A2 — L — 1) Testing Vs. Analytical
Modeling

Figure 8.43 shows the Damage Vs. Fatigue Cycles Curve from Testing Vs. Analytical Modeled
Curve for Test specimen A2 — L -2

Notched AWJ Trimmed Specimen (Low Load) - A2 - L- 2 - Damage Vs. Fatigue
Cycles Curve and Analytical Model Curve
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Figure 8.43 Damage Vs. Fatigue Cycles — (Test Specimen — A2 — L — 2) Testing Vs. Analytical
Modeling
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Figure 8.44 shows the Damage Vs. Fatigue Cycles Curve from Testing Vs. Analytical Modeled
Curve for Test specimen A2 - L -3

Notched AWI Trimmed Specimen (Low Load) - A2 - L- 3 - Damage
Vs. Fatigue Cycles Curve and Analytical Model Curve
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Figure 8.44 Damage Vs. Fatigue Cycles — (Test Specimen — A2 — L — 3) Testing Vs. Analytical
Modeling

Figure 8.45 shows the Damage Vs. Fatigue Cycles Curve from Testing Vs. Analytical Modeled
Curve for Test specimen A2 - L -4

Notched AWJ Trimmed Specimen (Low Load) - A2 - L- 4 - Damage
Vs. Fatigue Cycles Curve and Analytical Model Curve
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Figure 8.45 Damage Vs. Fatigue Cycles — (Test Specimen — A2 — L — 4) Testing Vs. Analytical
Modeling
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8.5.3.2 Notched CVD Endmill Trimmed Specimens — Empirical Curves Vs. Analytical
Modeled Curves for Low Loading

Figure 8.46 shows the Damage Vs. Fatigue Cycles Curve from Testing Vs. Analytical Modeled
Curve for Test specimen B2 - L -1
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Figure 8.46 Damage Vs. Fatigue Cycles — (Test Specimen — B2 — L — 1) Testing Vs. Analytical
Modeling

Figure 8.47 shows the Damage Vs. Fatigue Cycles Curve from Testing Vs. Analytical Modeled

Curve for Test specimen B2 — L — 2

Notched CVD Endmill Trimmed Specimen (Low Load) -B2 - L- 2 -
Damage Vs. Fatigue Cycles Curve and Analytical Model Curve
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Figure 8.47 Damage Vs. Fatigue Cycles — (Test Specimen — B2 — L — 2) Testing Vs. Analytical
Modeling
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Figure 8.48 shows the Damage Vs. Fatigue Cycles Curve from Testing Vs. Analytical Modeled

Curve for Test specimen B2 — L — 3

Notched CVD Endmill Trimmed Specimen (Low Load) - B2 - L-3 -
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Figure 8.48 Damage Vs. Fatigue Cycles — (Test Specimen — B2 — L — 3) Testing Vs. Analytical
Modeling

8.6 Discussion and Summary

As discussed previously in the chapter, the progress of damage from initiation to propagation and
to ultimate failure is dependent on many factors. These factors include applied stress, surface
integrity amongst other variables.

Damage includes matrix cracking, fibre matrix debonding, fibre pullouts, delamination and
eventually complete failure and collapse of the laminate. Matrix cracking initiates with applied
tensile loading which varies per the ratio of R = 0.1 between maximum applied stress to
minimum applied stress. This is further amplified in notched specimens due to the notch
sensitivity factor (K:). The variation in surface integrity between AWJ trimmed and CVD

Endmill trimmed specimens is represented by the surface integrity stress concentration factor
(IZI) is a contributing factor in the fibre related damage along with delaminations and the
collapse of the laminate.

The following factors contribute to the damage initiation and propagation under fatigue loading

conditions.
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Damage is represented as a function of the following specimen conditions and is shown in

equation 8.9 and 8.10 for unnotched and notched specimens.

Damage = f [R,k,Rl,n] 8.9
Damage = f[R,k,Rt,Kt,n] 8.10
Where

R = Zmin. = ratio of maximum stress to minimum stress

O-app - - - -
k =—" = ratio of applied stress to ultimate tensile stress

K = surface integrity stress concentration factor
Kt = notch sensitivity factor

N = number of applied fatigue cycles

Models for High Loading Conditions

The analytical models for high loading conditions are generally represented by a 2" degree
polynomial with the coefficients being function of the factors listed above. The primary

: o . . .
coefficients are a function of R = Zmin , k=—"" K, while the secondary coefficients and
O,

min O-u

constant are a function of Kand K;.

The models in both cases of unnotched and notched specimens predict the damage closer to the
damage data collected during empirical testing. The damage curves are aligned closely during
the initial loading conditions but closer to failure they deviate with the analytical model
predicting lower damage closer to failure. This implies that the propagation of damage at higher

loads cannot be predicted well closer to failure of the laminate. This is usually not a concern as
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service conditions with higher loadings are generally not utilized in most industries especially in

the aerospace industry.

Models for Medium Loading Conditions

The analytical models for medium loading conditions are generally represented by a 3" or 4%

degree polynomial with the coefficients being function of the factors listed in equations 8.9 and

O-app

8.10. The primary coefficients are a function of R = ik =
O

, Kt while the secondary

min u

coefficients and constant are a function of Kand K;.

The models in both cases of unnotched and notched specimens predict the damage closer to the
damage data collected during empirical testing. The damage curves are aligned not very well
closely during the initial loading conditions and they deviate with the analytical model predicting
higher damage through the complete cycling process. While the models do predict higher
damage at equivalent cycles, it can result in a very conservative design resulting in lower than
expected economic performance. The models do predict failure closer to that observed during the

empirical testing.

Models for Low Loading Conditions

The analytical models for low loading conditions are generally represented by a 4™ degree

polynomial with the coefficients being function of the factors listed in equations 8.9 and 8.10.

o o .
min kK =—* K, while the secondary
o o,

min

The primary coefficients are a function of R =

coefficients and constant are a function of, k, Ktand K;.

The models in both cases of unnotched and notched specimens predict the damage slightly lower
to the damage data collected during empirical testing. The damage curves are aligned not very
well closely during the initial loading conditions and they deviate with the analytical model
predicting lower damage through the complete cycling process. While the models do predict
lower damage at equivalent cycles, it can result in an aggressive design resulting in early

failures. For this reason, a factor of safety should be used coupled to the analytical model.
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Alternate Modeling Approach

An alternative approach to modeling the progression of damage versus the fatigue cycles is to
normalize the data at least on one of the axes. This helps bring the curves of varying loading
conditions closer together with similar profiles and hence the modeling becomes stable and
coincidental. Figures 8.49 through 8.52 show the plots of the data for the normalized values.
Damage is plotted on the vertical axis defined as percentage change in compliance and the

logarithmic values of cycles is plotted on the horizontal axis.
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Figure 8.49 Unnotched AWJ Trimmed Specimens, Damage Vs. Log (N) Cycles
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Figure 8.50 Unnotched CVD Endmill Trimmed Specimens, Damage Vs. Log (N) Cycles
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Figure 8.52 Notched CVD Endmill Trimmed Specimens, Damage Vs. Log (N) Cycles



466

Chapter 9 Conclusions and Recommendations

9.1 Conclusions

As part of this study literature review was made with intent to have a methodological approach to
understand and explain the published research that have related surface integrity to changes in
mechanical strength properties and fatigue strength. An initial study of differences in surface
integrity due to machining processes with cutters and AWJ was presented along with resultant
surface integrity studies due to drilling. Subsequently the limited body of research previously

conducted in linkage of surface integrity effects to static and fatigue properties was reviewed.

While past work has focused on studying defects and damage in test coupons there has been a
shortage of research and publications in the area of relating surface integrity of post-cure processes
to strength properties and behaviour under service life conditions. Real life manufacturing
processes primarily in the aerospace operations utilize edge trimming and drilling processes
extensively in the final component size and shape and assembly. Fibre pullouts and delaminations
are the two type of defects during these manufacturing processes whose occurrence increases the
cost and schedule of usage of composite laminates while affecting the overall quality and business
plan of any manufacturing operations. Fibre pullouts eventually result in delaminations and
delaminations once initiated will eventually grow under fatigue loadings. Fibre pullouts can be
large in size as much 1 ply (200 pum) in width and % ply in depth (100 um). As part of this study

the following questions were addressed.

a) What is the magnitude of the effects of machined and drilled surface integrity on
stiffness/strength properties? This was answered by conducting tests on 2 different
thicknesses of test laminates with a 10 ply laminate and a 22 ply thick laminate.

b) How do these initial defects from machining and drilling processes behave under
service life conditions especially in terms of damage growth and propagation? This was
addressed by testing the 2 types of laminates under static loadings and then the 22 ply
thick laminates were tested under fatigue loadings. During the fatigue cycle testing,
damage growth was recorded at a defined number of cycles period along with
photography usage at each stoppage during fatigue cycling.
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c) Does the damage growth and propagation change the failure loadings and fatigue life
limits? These were validated during fatigue cycling testing with records of damage
growth and its influence on failure loadings and fatigue life limits.

d) Can a reduced stiffness and a progressive damage model be created that uses initial
defects as a starting point of failure and can then predict the damage growth and
correlate it to residual strength properties and fatigue life? Various progressive damage
models were developed for the 3 different types of loadings including low, medium
and high loadings.

In first phase, al0 ply thick laminate was used as a screening test to understand the processes,

resultant surface integrity and static mechanical testing to document the static properties.

The results from the mechanical testing of the 10 ply thick laminate provided the following

1)

2)

3)

4)

observations:

Overall the maximum loads for a given test or loads at failure generally were slightly
lower for specimens with a rougher surface finish.

The maximum stress at failure was also lower for specimens with a rougher surface
finish.

For the open holes specimens both maximum load at failure and maximum stress at
failure were lower as compared to specimens with no holes. This is attributed to the stress
concentration factor due to the presence of notch (hole).

The test specimens displayed higher strength properties in Tension in all cases as the

fibres that carry the load are stronger in tension versus compression.

5) For the tension properties, the effect of surface integrity did result in slight reduction in

stiffness from the theoretical calculated stiffness.

6) Both the AWJ trimming and Endmill Trimming processes resulted in tension strength

close to each other even though the surface roughness values were different between the
2 processes. This effectively pointed to the surface integrity factor has having a dominant

effect versus surface roughness.

The damage progress mechanism constituted initial brittle nature in terms of matrix cracking.

Once matrix cracking progresses, it starts with the debonding of the matrix-fibre interface. This
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mechanism is first inter-ply due to the shear modulus effect and soon it progress to intra-ply with
initiation of delamination and first ply failure. As the fibres debond from the matrix, load transfer
reduces with individual fibres carrying the load. This eventually results in fibre fracture with ply

separation and eventual failure.

The initial screening testing of all the 10 ply thick specimens led to some observations on the
effects of surface integrity on the strength of CFRP laminates. Initial screening data showed a trend
in reduction in stiffness and strength due to surface integrity effects. The screening testing pointed
in the direction of the magnitude of the correlation between surface integrity and stiffness/strength
of the laminates.

The maximum loads under tension vary based on the processes used for edge trimming as well as
the drilling processes used. As expected between the AWJ trimmed and the endmill trimmed
specimens, the surface integrity variance between the two results in a difference in the maximum
tensile loads. It is noted that the open hole tension specimens failed at lower tensile loads than the
normal tension specimens as expected. This is contributed to the notch sensitivity factor.

The maximum stress under compression vary based on the processes used for edge trimming as
well as the drilling processes used. As expected between the AWJ trimmed and the endmill
trimmed specimens, the surface integrity variance between the two results in a difference in the
maximum compressive stress. It is noted that the open hole compression specimens failed at lower
stress than the normal compression specimens as expected also due to the notch sensitivity factor.
The maximum stress under compression vary based on the processes used for edge trimming as
well as the drilling processes used.

The initiation of damage and its progress followed a common path in all types of testing. Initiation
starts as matrix cracking in all specimens with the initiation load being an action of the type of
trimming process used (AWJ Vs. Endmilling and the resultant surface integrity of the trimmed
specimen. The AWJ specimens had a lower load for matrix cracking initiation but displayed slower
progress of damage in comparison to endmilled trimmed specimens. The AWJ specimens also
displayed larger amount of damage at failure loads. The endmilled specimens failed at slightly
higher loads and showed higher amounts of delamination and ply failure at ultimate failure.
Damage tolerance was also lower in the case of endmilled specimens. In all test specimens, matrix
cracking damage initiated at the free edge surfaces. The transition of damage from matrix cracking

to delamination occurred over a larger spread of applied loads in AWJ specimens in tension and
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transition from matrix cracking to buckling in compression specimens also occurred over a larger
spread of applied loads in AWJ specimens.

For testing of specimens with open holes the drilled holes had damage start at lower loads for
lower feedrate as compared to the higher feedrate. This was attributed to the longer contact time
of the drill in the hole which contributed to the matrix cracking initiation. The PCD specimens had
slightly higher damage as compared to the CVD drilled holes. This was contributed to larger
magnitude of delamination at the bottom surface of the hole attributed to the drill point. The
progress of damage was similar in all specimens with matrix cracking being the dominant mode
of damage initially. The transition of damage from matrix cracking to delamination followed a
similar pattern for all PCD and CVD drilled hole specimens. Damage tolerance of CVD specimens
is slightly lower in comparison to PCD drilled specimens. For both PCD and CVD drilled hole
specimens, the damage tolerance is lower in specimens drilled at higher feedrates. All specimens
displayed a sudden increase in damage showing the progression of damage from hole to across the
width of the laminate. Ply damage across the hole for all specimens displayed a similar path of

progression.

The effects of surface integrity on fatigue performance and damage progression were evaluated
based on experimental study conducted on AWJ trimmed and CVD Endmill trimmed specimens.
Both unnotched and notched (with hole in the centre) types of specimens were tested for
evaluation of surface integrity effects on both damage progression and fatigue life from tension-
tension cyclic testing.

Loading conditions for fatigue testing of both unnotched and notched specimens were categorized
as high, medium and low based on percentage values of ultimate loads/stresses obtained during
previous static testing for both tension and open hole tension testing.

From a surface integrity perspective, the AWJ trimmed specimens had surface roughness values
higher in the longitudinal direction in comparison to CVD Endmill trimmed specimens. In the
AW trimmed specimens the damage observed after trimming contained streaks and craters along
the direction of the Water jet axis. Matrix cracks were also present along with fibre pullouts albeit
lower in density. Exit delamination was present with low occurrence of entrance delamination.

In case of CVD endmill trimmed specimens, the surface finish obtained was smoother than that

obtained by AWJ trimming. Fibre pullouts were present after trimming and were higher in density
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in comparison to AWJ trimming. In both AWJ and CVD endmill trimming the fibre pullouts were
along the 45 degree plies.

Overall the surface integrity variation between AWJ and CVD endmill trimming was in the basic
differences in principles of cutting in the two processes. This resulted in differences in the surface
integrity stress concentration factors calculated for the different test specimens trimmed using the
2 processes. For AWJ trimmed surfaces the surface integrity stress concentration factor varied
between 1.4 and 2.5 while for CVD endmill trimmed specimens, the variation lay between 1.1 to
1.8.

When tested in the fatigue the unnotched specimens displayed the following stages of damage
progression:

Stage 1 — Matrix cracking

Stage 2 — Matrix Fibre interface debonding

Stage 3 — Fibre fracture and delamination

It was observed that the damage mechanism of matrix cracking was present through all 3 stages
with the highest magnitude in stage 1. From the data collected it was clear that the progress in
damage is slower in stage 2 as compared to stage 1 and 3. This was a function of surface integrity
and its stress concentration factor. Overall the CVD endmill trimmed specimens performed slightly
better under most conditions and with consistency due to their better surface integrity and its stress
concentration factor. The location of most damage initiations and progress was along the 45 degree
plies due to higher concentrations of fibre pullouts.

For notched specimens the following stages of damage progression were observed:

Stage 1 — Matrix Cracking

Stage 2 — Matrix Fibre interface debonding, fibre fracture and delamination

Stage 3 — Fibre fracture and delamination

In the case of notched specimens, the progress of damage was at an accelerated rate during all
stages primarily due to the addition of the stress concentration factor due to the presence of a
hole which complements the surface integrity stress concentration factor and causes an
accelerated progression of damage and reduction in fatigue life performance. Since the same
process was used to drill holes in each specimen, the effect of the drilling process was assumed
to be a constant on the specimen performance and only the geometrical presence of the hole was

considered as an influence on damage progress and fatigue life performance.
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The progress of damage with the increased number of fatigue cycles was plotted as %
compliance change Vs. (N) cycles and the rate of damage progress documented. This changing
rate of damage progress influences the fatigue performance and ultimate failure and is part of
analytical models derived in this study which provide predictive modeling for damage progress
and fatigue life cycles to failure.

As part of the study of damage progress the damage tolerance of both AWJ trimmed and CVD
endmill trimmed specimens was studied and it was found that overall the CVD endmill trimmed
specimens had a slightly lower damage tolerance performance in comparison to AWJ trimmed
specimens.

The progress of damage from initiation to propagation and to ultimate failure is dependent on
many factors. These factors include applied stress, surface integrity amongst other variables.
Damage includes matrix cracking, fibre matrix debonding, fibre pullouts, delamination and
eventually complete failure and collapse of the laminate. Matrix cracking initiates with applied
tensile loading which varies per the ratio of R = 0.1 between maximum applied stress to
minimum applied stress. This is further amplified in notched specimens due to the notch
sensitivity factor (K:). The variation in surface integrity between AWJ trimmed and CVD

Endmill trimmed specimens is represented by the surface integrity stress concentration factor

(Kt) is a contributing factor in the fibre related damage along with delaminations and the

collapse of the laminate.

The following factors contribute to the damage initiation and propagation under fatigue loading
conditions.

Damage is represented as a function of the following specimen conditions and is shown in
equation 9.1and 9.2 for unnotched and notched specimens.

Damage = f [R,k,Rt,n] 9.1
Damage = f I:R,k,Rt, Kt,n] 9.2
Where

R =Zmin = ratio of maximum stress to minimum stress

O,

min
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O-app - - - -
k =—2 = ratio of applied stress to ultimate tensile stress
O,

K = surface integrity stress concentration factor

Kt = notch sensitivity factor

N = number of applied fatigue cycles

The models in both cases of unnotched and notched specimens under high loading predicted the
damage closer to the damage data collected during empirical testing. The damage curves were
aligned closely during the initial loading conditions but closer to failure they deviated with the

analytical model predicting lower damage closer to failure.

The models in both cases of unnotched and notched specimens under medium loading predicted
the damage closer to the damage data collected during empirical testing. The damage curves
were aligned not very well closely during the initial loading conditions and they deviated with
the analytical model predicting higher damage through the complete cycling process.

conservative design resulting in

The models in both cases of unnotched and notched specimens under low loading predicted the
damage slightly lower to the damage data collected during empirical testing. The damage curves
were aligned not very well closely during the initial loading conditions and they deviated with
the analytical model predicting lower damage through the complete cycling process.

The major conclusions of this research point in the direction of surface integrity contributing to
lowering of both the static properties as well as the fatigue strength. The progress of damage is
accelerated due to the variance in surface integrity based on different processes used for
trimming and drilling operations. While the stress concentration factor in notched specimens
influences the static strength properties, in fatigue testing its effects are more concentrated in the

damage initiations and progress through the surface of the hole across the thickness of the
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laminate. For unnotched and notched specimens, the fatigue strength is influenced by surface

integrity concentration factor K.

9.2 Future Research Recommendations

Future researchers should focus their research on laminates belonging into the categories of
laminates with number of plies greater than 24 and less than 75. Static properties to be tested
should also include bolted specimens. New types of laminates of the 3-D printed type should also
be included in future studies. The surface integrity factors that influence the static properties
should be documented and their effects on static properties be studied for thicker laminates along
with 3-D printed laminates.

For fatigue studies the damage prediction models need to be further refined so as to accurately
predict damage tolerance and failure strengths while integrating the effects of surface integrity
on the fatigue specimens.

It is also recommended that analytical models be created for the prediction of surface integrity
for various machining operations for a variety of laminates. These models then should be used to
predict both static properties as well as fatigue properties, damage initiation, progression and
eventual failure.

Based on these models, a complete analytical approach to deigning the laminates can be
developed which predicts theoretical strengths to post cure surface integrity effects, static

properties along with fatigue strength of a manufactured laminate in theory.
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Appendix A

Al.1 Surface Profiles of Static Tension Testing Specimens

Meas. Instrum.: Mahr Data Acquisition Board Ra Rz Rt Fp
Drive Unit: GD 25 i L Qi L
Pick-up: MW -250 [8.0 %] 1: 3.728 24414 2744 10.42

2 3737 24514 2782 10.46
Lt 5.60 mm [N=5] b 3732 24 464 2763 10.44
La- 2.5um 2 0.007 0.071 0.27 0.03
WB: +250 pm Max: 3737 24.514 27.82 10,46
Wi 0.50 mmis Min: 3728 24 414 2744 10.42
Points: 22400 [2] R 0.010 0.100 0.38 0.04

Profile [1/2]: R [LC GS 0.8 mm]

50.0f-----mmmm - - T e e i T -
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0.0 {perton el .h. i
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[0.8 mmidiv] 4.0 mm

Figure Al. 1 Surface Profile (longitudinal) of Tension Test Specimen # 1 — AWJ (80 Grit)
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Meas. Instrum_. Mahr Data Acquisition Board Ra Rz Rt Rp
Drive Unit: GD 25 i Jm i um
Fick-up: MEW-2350 [8.0 %] 1: 1.339 T.566 12.52 2.98
s 1.359 7.628 12.68 3.00
Lt 1.75 mm [N=5] xb: 1.3459 T.597 12.60 289
L =" 25 pum 5 0.015 0.044 0.11 0.01
WVB: +250 pm Max: 1.359 7628 12.68 3.00
Wit 0.10 mmis Min: 1.339 T.566 12.52 2.98
Points: 7000 [2] R 0.021 0.082 0.16 0.02
Profile [1/2): R [LC GS 0.25 mm] . . . .
200p-—--=—-—-——-—-- b - A Ao Lo !
) | iy ammmmmmm oo Amm-momomoooo- H
D'U 1 1 1
1 1 1
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20.0f------- = mr o m oo S eReEEEEEEEE qmmmm oo gommmmmmmomoooo
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1.25 mm

Figure Al. 2 Surface Profile (transverse) of Tension Test Specimen # 2 — AWJ (80 Grit)
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Meas. Instrum.: Mahr Data Acquisition Board Ra Rz Rt Rp
Drive Unit: GD 25 MM Mm Hm MM
Pick-up: MFW-250 [8.0 %] 1: 1.408 7.922 11.75 3.64
2: 1.403 7.895 11.73 3.63

Lt: 1.75 mm [N=5] Xb: 1.405 7.909 11.74 3.64
Ls: 2.5um S: 0.004 0.019 0.01 0.01
VB: +250 um Max: 1.408 7.922 11.75 3.64
Vit 0.10 mm/s Min: 1.403 7.895 11.73 3.63
Points: 7000 [2] R: 0.005 0.027 0.02 0.02
Profile [1/2]: R [LC GS: 0.25 mm] ‘ ‘ ‘ ‘
200~ P B IR IERREREEEEEE |
bl oo o oo oo g
00 Ay i el VAT e |
k -------------- e e o T i
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Figure Al. 3 Surface Profile (transverse) of Tension Test Specimen # 3 — AWJ (80 Grit)
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Meas. Instrum.:  Mahr Data Acquisition Board Ra Rz Rt Rp
Drive Unit: GD 25 pMm MM Mm pMm
Pick-up: MFW-250 [8.0 %] 1. 4613 25315 31.70 11.44

2: 4.611 25.201 31.14 11.27
Lt: 5.60 mm [N=5] Xb: 4612 25.258 3142 11.35
Ls: 2.5um S: 0.001 0.081 0.40 0.12
VB: +250 ym Max: 4613 25315 31.70 11.44
Vit 0.50 mm/s Min: 4.611 25.201 31.14 11.27
Points: 22400 [2] R: 0.002 0.114 0.56 0.17

Profile [1/2]: R [LC GS: 0.8 mm]

500~ S R R f s b |
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Figure Al. 4 Surface Profile (longitudinal) of Tension Test Specimen # 4 — AWJ (80 Grit)
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Meas. Instrum.. Mahr Data Acquisition Board Ra Rz Rt Rp
Drive Unit: GD 25 Hm Mm Mm pMm
Pick-up: MFW-250 [8.0 %] 1. 1.145 5.487 7.95 2.58
2: 1.143 5.553 8.02 2.55
Lt: 1.75 mm [N=5] Xb: 1.144 5.520 7.99 2.57
Ls: 2.5um S: 0.002 0.047 0.04 0.02
VB: +250 pym Max: 1.145 5.553 8.02 2.58
Vit: 0.10 mm/s Min: 1.143 5.487 7.95 2.55
Points: 7000 [2] R: 0.002 0.067 0.06 0.03
Profile [1/2]: R [LC GS: 0.25 mm] ‘ ‘ ‘ ‘
10.0F - R RERRREEEEEREE R IRRRREEEEEEEEE |
] TR oo e v —
R A LA IS A S WA
00 e e o o i
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Profile [2/2]: R [LC GS: 0.25 mm]
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Figure Al. 5 Surface Profile (transverse) of Tension Test Specimen # 4 — AWJ (80 Grit)



Meas. Instrum.: Mahr Data Acquisition Board Ra Rz Rt Rp
Drive Unit: GD 25 Hm pm pm Hm
Pick-up: MFW-250 [8.0 %] 1 3.260 17.069 24.04 8.67
2: 3.262  17.051 2412 8.69

Lt: 5.60 mm [N=5] 3 3.263 17.065 2415 8.71
Ls: 2.5um Xb: 3.262  17.062 2410 8.69
VB: #250 um S: 0.001 0.010 0.06 0.02
Vit 0.50 mm/s Max: 3.263  17.069 2415 8.71
Points: 33600 [3] Min: 3.260 17.051 24.04 8.67
R: 0.002 0.018 0.11 0.04

Profile [1/3]: R [LC GS: 0.8 mm] . . . .
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Figure Al. 6 Surface Profile (longitudinal) of Tension Test Specimen # 5 — AWJ (80 Grit)
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Meas. Instrum.. Mahr Data Acquisition Board Ra Rz Rt Rp
Drive Unit: GD 25 MM MM MM Hm
Pick-up: MFW-250 [8.0 %] 1: 2.003 11.507 21.77 429
2: 1.406 8.657 19.43 2.95
Lt: 1.75 mm [N=5] Xb: 1.704 10.082 20.60 3.62
Ls: 2.5um S: 0.422 2.015 1.66 0.95
VB: +250 um Max: 2.003 11.507 21.77 4.29
Vit 0.10 mm/s Min: 1.406 8.657 19.43 295
Points: 7000 [2] R: 0.597 2.850 2.34 1.34
Profile [1/2]: R [LC GS: 0.25 mm] . ‘ .
200+----------oo-- mommmm oo R Ao bommooooooooo- |
e e o T J
00 Vo VO ! | !
-ZOJ ~~~~~~~~~~~~~~ e e o T a
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Profile [2/2]: R [LC GS: 0.25 mm]
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Figure Al. 7 Surface Profile (transverse) of Tension Test Specimen # 5 — AWJ (80 Grit)
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Meas. Instrum.:

Mahr Data Acquisition Board

Drive Unit: GD 25

Pick-up: MFW-250 [8.0 %]
Lt: 5.60 mm [N=5]
Ls: 2.5 um

VB: +250 pm

Vi 0.50 mm/s
Points: 22400 [2]

Xb:

Max:
Min:

Ra

Mm
2.908
2.922
2.915
0.010
2.922
2.908
0.014

Rz

Mm
20.564
20.257
20.411
0.217
20.564
20.257
0.307

Rt

pm
24.00
24.00
24.00
0.00
24.00
24.00
0.00

Rp

um
8.81
8.40
8.60
0.29
8.81
8.40
0.41

[0.8 mm/div]

Figure Al. 8 Surface Profile (longitudinal) of Tension Test Specimen # 1 — AWJ (120 Grit)
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Meas. Instrum.. Mahr Data Acquisition Board Ra Rz Rt Rp
Drive Unit: GD 25 MM Hm Hm Mm
Pick-up: MFW-250 [8.0 %] 1: 1.382 9.345 14.14 5.07

2: 1.349 8.199 12.43 4.06
Lt: 1.75 mm [N=5] Xb: 1.365 8.772 13.28 457
Ls: 2.5um S: 0.023 0.811 1.21 0.71
VB: +250 um Max: 1.382 9.345 14.14 5.07
Vit 0.10 mm/s Min: 1.349 8.199 12.43 4.06
Points: 7000 [2] R: 0.033 1.147 1.71 1.01

K o R S T |
L S S S OV N S i
OO \ ; y A A A~ VN S_—" f\/ﬁ/ / \ = ey |
-20.# ~~~~~~~~~~~~~~ e e o T i
[0.25 mm/div] 1.25 mm
Profile [2/2]: R[LC GS: 0.25 mm]
200} - RREEEEEEEEEEE R T P |
| o A TS S i
Iy \ W 7 v Py " [\ o |
o T A ) SO A T T :
200l e i fomenan e e 3
[0.25 mm/div] 1.25 mm

Figure Al. 9 Surface Profile (transverse) of Tension Test Specimen # 1 — AWJ (120 Grit)
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Meas. Instrum.: Mahr Data Acquisition Board Ra Rz Rt Rp
Drive Unit: GD 25 MM Hm Mm Mm
Pick-up: MFW-250 [8.0 %)] 1: 3.553 19.299 2442 8.61
2: 3.562 19.300 24.63 8.66

Lt: 5.60 mm [N=5] Xb: 3.557 19.299 24.52 8.63
Ls: 2.5um S: 0.006 0.001 0.14 0.03
VB: +250 pm Max: 3.562 19.300 2463 8.66
Vit 0.50 mm/s Min: 3.553 19.299 2442 8.61
Points: 22400 [2] R: 0.008 0.001 0.20 0.05
Profile [1/2]: R [LC GS: 0.8 mm] ‘ ‘ . ‘

20-0F ffffffffffffff e e S oo :
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Figure Al. 10 Surface Profile (longitudinal) of Tension Test Specimen # 2 — AWJ (120 Grit)
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Meas. Instrum.: Mahr Data Acquisition Board Ra Rz Rt Rp
Drive Unit: GD 25 Mm Mm Mm Mm
Pick-up: MFW-250 [8.0 %] 1. 1.401 7.847 11.29 3.23

2 1.370 7.891 11.24 3.11
Lt: 1.75 mm [N=5] Xb: 1.386 7.869 11.27 3.17
Ls: 2.5um S: 0.022 0.032 0.03 0.09
VB: +250 pm Max: 1.401 7.891 11.29 3.23
Vit 0.10 mm/s Min: 1.370 7.847 11.24 3.11
Points: 7000 [2] R: 0.031 0.045 0.04 0.13
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Figure Al. 11 Surface Profile (transverse) of Tension Test Specimen # 2 — AWJ (120 Grit)



491

Meas. Instrum.:

Mahr Data Acquisition Board

Drive Unit: GD 25

Pick-up: MFW-250 [8.0 %]
Lt: 5.60 mm [N=3]
Ls: 25 um

VB: +250 ym

Vit 0.50 mm/s
Points: 22400 [2]

Ra

Mm

1: 3.467

2: 3.483
Xb: 3.475
S: 0.011
Max: 3.483
Min: 3.467
R: 0.016

Rz

pm
21.416
21.435
21.426
0.013
21.435
21.416
0.018

Rt

pm
31.31
31.27
31.29
0.03
31.31
31.27
0.04

Rp

pm
9.39
9.33
9.36
0.04
9.39
9.33
0.06

Profile [1/2): R [LC GS: 0.8 mm]

[0.80 mm/div]

Profile [2/2]: R [LC GS: 0.8 mm]

500~ e B R R |
S SN S I e |
0.0 Rea - fof“mw S PV at™ PN Y-V SNV . , s PR |

: Y A VR R B W ™
-so.i ~~~~~~~~~~~~~~ e e o o |
[0.8 mm/div] 4.0 mm

Figure Al. 12 Surface Profile (longitudinal) of Tension Test Specimen # 3 — AWJ (120 Grit)
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Meas. Instrum.. Mahr Data Acquisition Board Ra Rz Rt Rp
Drive Unit: GD 25 Hm Mm Mm Hm
Pick-up: MFW-250 [8.0 %] 1 1.485 8.884 14.20 4.40
2: 1.495 8.688 14.18 4.35

Lt: 1.75 mm [N=5] Xb: 1.490 8.786 14.19 4.38
Ls: 2.5um S: 0.007 0.139 0.01 0.04
VB: +250 ym Max: 1.495 8.884 14.20 440
Vit: 0.10 mm/s Min: 1.485 8.688 14.18 435
Points: 7000 [2] R: 0.010 0.196 0.01 0.05
Profile [1/2]: R [LC GS: 0.25 mm] ‘ . ‘ ‘

200 - T e TR IRRREEEEEEEEEE, |
] e e e fr 3
0.0 == o A e /ih\mwn\,\ A i v g
k ~~~~~~~~~~~~~~ e o b o |
[0.25 mm/div] 1.25mm
Profile [2/2]: R [LC GS: 0.25 mm] ‘ . ‘ ‘
20.0(----------o--- R e Ao b |
[ - oo oo fo oo 3
e e e AR A e ﬁ
-ZOJ ~~~~~~~~~~~~~~ oo S o oo i
[0.25 mm/div] 1.25mm

Figure Al. 13 Surface Profile (transverse) of Tension Test Specimen # 3 — AWJ (120 Grit)
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Meas. Instrum.: Mahr Data Acquisition Board Ra Rz Rt Rp
Drive Unit: GD 25 Mm Hm Mm Mm
Pick-up: MFW-250 [8.0 %] 1: 3.736  21.719 27.27 9.63
2: 3.747  21.701 27.27 9.71

Lt: 5.60 mm [N=5] Xb: 3.742 21.710 27.27 9.67
Ls: 2.5um S: 0.008 0.012 0.01 0.05
VB: +250 pm Max: 3.747  21.719 27.27 9.71
Vit 0.50 mm/s Min: 3.736  21.701 27.27 9.63
Points: 22400 [2] R: 0.011 0.018 0.01 0.08
Profile [1/2]: R [LC GS: 0.8 mm] ‘ . ‘ ‘
80.0F-----mmoes e oo Ao fommmmmoooooes |
[Um]F----==mmmm - R R IR I 1
0.0 WM P\ WL«AW P Vh\ﬂl{wmwwmmw £ A a2y JN Jaia® N o |

| | | v | v |

-50.0 -~~~ R - e  ERREEEEEEE
[0.80 mm/div] 4.00 mm
Profile [2/2]: R [LC GS: 0.8 mm] ‘ ‘
50.0------mmmmeo e S oo Ao bommmmooooes |
[Um]F-------------- EaaEEEEEEEEE = Amm Tommm oo l
0.0 WM NPENPES /\\\f/l,w/‘\w Ve P, vﬁ\yﬁl{f\mwwmmw £ A y J"M e LN i )

| | | v | o~ |

| [ | I |

500F-------------- S RSREEEEEEEE B nREEEE R nREEEEE R
[0.8 mm/div] 4.0 mm

Figure Al. 14 Surface Profile (longitudinal) of Tension Test Specimen # 4 — AWJ (120 Grit)
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Meas. Instrum.: Mahr Data Acquisition Board Ra Rz Rt Rp
Drive Unit: GD 25 Hm Hm Mm Mm
Pick-up: MFW-250 [8.0 %] 1: 1.377 7.692 10.38 3.26
2: 1.376 7.672 10.41 3.24

Lt: 1.75 mm [N=5] Xb: 1.376 7.682 10.40 3.25
Ls: 2.5um S: 0.000 0.014 0.02 0.01
VB: +250 um Max: 1.377 7.692 10.41 3.26
Vit 0.10 mm/s Min: 1.376 7.672 10.38 3.24
Points: 7000 [2] R: 0.000 0.020 0.03 0.02
Profile [1/2]: R [LC GS: 0.25 mm] ‘ ‘ ‘
200F----mmmmmoo- Fmemmm e RERREEEEEE IR IR |
UMl - e mm s Tmmm s I i 1
0.0 X - \’ "V'\ /T/W\A “‘rx L /;{/\\\ J wx/”/J\W\
-zo_i ~~~~~~~~~~~~~~ e e o T i
[0.25 mm/div] 1.25 mm
Profile [2/2]: R [LC GS: 0.25 mm] ‘ ‘ ‘ ‘
200 R R SR T |
[um] - R oo fmmmm o oo 3
0.0 P AR : = i T
-20.0f-------------- R B S nRCEEE e EEREEEEEEE R EEERCCEEEEE |
[0.25 mm/div] 1.25 mm

Figure Al. 15 Surface Profile (transverse) of Tension Test Specimen # 4 — AWJ (120 Grit)
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Meas. Instrum.: Mahr Data Acquisition Board Lt: 5.60 mm [N=5]
Drive Unit: GD 25 Ls: 2.5 pum
Pick-up: MFW-250 [9.0 %] VB: 250 um
Vit: 0.50 mm/s
Points: 22400 [2]

P S P s P :
[UM]F - e ey
0.0 A S il \ N [N M e e T ; !

U e o LA R / T 7~y A=
2001w e R o e e
[0.80 mm/div] 4.00 mm

Profile [2/2]: R [LC GS: 0.8 mm]

R T e oo oo |
(i | LSS L.
0.0 A ~ 9 VN Y Yo NP S N = WS Val e Lp — —
20.0F-------------- R R s R REEEEEEEEE oo i
[0.8 mm/div] 4.0 mm

Ra Rg Rz Rmax Rt Rp Rv R Sm RS R Sk RKu .|

pm pHm pm pm pm pm pm pm pm

1. 1215 1606 8.728 1041 11.33 5.57 3.16 193.26 110.80 0.64 422 |

2: 1162 1505 7372 1024 1024 4.32 3.05 186.08 100.71 0.44 372 |
Xb: 1189 1556 8050 10.32 10.79 4.94 3.11 18967 105.75 0.54 397
S: 0.038 0.071 0.959 0.12 0.77 0.88 0.08 5.08 713 0.14 0.35
Max: 1215 1.606 8728 1041 11.33 5.57 3.16 193.26 110.80 0.64 4.22
Min: 1162 1505 7372 1024 1024 4.32 3.05 186.08 100.71 0.44 372
R:  0.053 0.101 1.356 0.17 1.09 1.25 0.1 718 10.09 0.20 0.49

Figure Al. 16 Surface Profile (longitudinal) of CVD Endmill Trimmed Tension Test Specimen #
2



Meas. Instrum.: Mahr Data Acquisition Board Lt: 1.75 mm [N=5]
Drive Unit: GD 25 Ls: 25um
Pick-up: MFW-250 [9.0 %] VB: +250 ym
Vi 0.10 mm/s
Points: 7000 [2]
Profile [1/2]: R [LC GS: 0.25 mm] . .
200p----mmmmmmm e 1Tt FTTTTTTT T 1T i |
[ ) s e i l-/-m,- ------------ i
- ; | | , ~ 0\ S
0.0 [ At - < e
e Lol ;____‘ﬂ.l_/_f\_/'_ _______ !
200f oo R e e R !
[0.25 mm/div] 1.25 mm
Profile [2/2]: R [LC GS: 0.25 mm]
200 oo s SERRRREEREEEEEE L S i
M- R e e e T T fmmmemm oo i
N = NN
M R . el !
200}--carmacee b o o T e
[0.25 mm/div] 1.25 mm
Ra Rq Rz Rmax Rt Rp Rv R Sm RS R Sk R Ku ..
pgm um um pm um pm pm pm pm .
1: 2380 3623 11.254 2389 23389 4.70 6.55 15214 9583 -0.85 574 ..
2: 2144 3186 10.705 2056 20.56 4.1 6.59 11250 8432 -1.08 555 ..
Xb: 2262 3405 10979 2222 2222 4.41 6.57 13232 9007 -0.96 5.64
S: 0167 0309 0.388 2.35 2.35 0.42 0.03 28.03 8.14 0.16 0.13
Max: 2.380 3623 11.254 2389 23.89 4.70 6.59 15214 9583 -0.85 5.74
Min:  2.144 3186 10.705 20.56 20.56 4.1 6.55 11250 8432 -1.08 5.55
R: 0236 0438 0548 3.33 3.33 0.59 0.04 3964 1151 0.23 0.19
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Figure Al. 17 Surface Profile (transverse) of CVD Endmill Trimmed Tension Test Specimen # 2
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Meas. Instrum.: Mahr Data Acquisition Board Lt: 5.60 mm [N=5]
Drive Unit: GD 25 Ls: 2.5um
Pick-up: MFW-250 [9.0 %] VB: 1250 um
Vit: 0.50 mm/s
Points: 33600 [3]

10.0

[um]
0.0

-10.0

[0.80 mm/div] 4.00 mm

Profile [2/3]: R [LC GS: 0.8 mm]

2000 oo oo . oo |
Ml e
Waira PR NTETAN I 1 | asnlirn, il /‘f A 1 e o Ifﬁ Pt g e m‘ f J
0.0 e WY | ", | W A/ ) S |
20.0f--------mm--- R RREEEEEE b R SSREEEEEEE T TR
[0.8 mm/div] 4.0mm
Profile [3/3]: R[LC GS: 0.8 mm]
10.07 - R IR REREEEEEEEE IR |
m]| T
0.0 i . m A Mh] ot W’-/\ﬁ ) \‘Ml\lmmqh ho Tl ML\NM‘M o \/_,1
R S T I s R
A0.0F--------=m---- T S RREEEEEEREEE s oo
[0.8 mm/div] 4.0mm

Figure Al. 18 Surface Profile (longitudinal) of CVD Endmill Trimmed Tension Test Specimen #
3
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Meas. Instrum.: Mahr Data Acquisition Board Lt: 0.56 mm [N=5]
Drive Unit: GD 25 Ls: 2.5 um
Pick-up: MFW-250 [9.0 %] VB: 250 ym
Vit 0.10 mm/s
Points 2240 [2]
Profile [1/2]: R [LC GS: 0.08 mm]
200 I e R P ?
[Um] |- = m oo oo Rt B R
0.0 ! . P : ‘ : .
’ e | | AT T N I
ol _______ N 1 o ______1
20 o e o e |
[0.08 mm/div] 0.40 mm
Profile [2/2]: R [LC GS: 0.08 mm]
20.0[ - LR T R e 1
S A s N = B
i : N o |
20 o e b e |
[0.08 mm/div] 0.40 mm
Ra Rqg Rz Rmax Rt Rp Rv R Sm RS RSk RKuRMr..RMr...
Mm Mm Hm Mm Mm Mm Hm Hm Hm % % ..
1. 1.755 2542 8.885 18.91 1891 413 475 5029 4161 -065 652 850 13.25..
2: 1699 2485 8.775 18.96 1896 398 4.80 3844 4033 -0.54 651 7.75 10.75.
Xb: 1.727 2514 8830 1893 1893 405 478 4437 4097 -060 652 813 12.00
S: 0.040 0.041 0.078 0.03 0.03 011 003 837 09 0.08 000 053 177
Max: 1.755 2542 8885 1896 1896 413 480 5029 4161 -054 652 850 13.25
Min: 1.699 2485 8.775 1891 1891 3.98 475 3844 4033 -065 651 7.75 10.75
R: 0.056 0058 0110 005 005 016 005 1184 128 011 000 075 250

Figure Al. 19 Surface Profile (transverse) of CVD Endmill Trimmed Tension Test Specimen # 3
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Meas. Instrum.: Mahr Data Acquisition Board Lt 5.60 mm [N=5]
Drive Unit: GD 25 Ls: 2.5um
Pick-up: MFW-250 [9.0 %] VB: +250 pm
Vit: 0.50 mm/s
Points: 22400 [2]

20.0
[pm]

-20.0

[0.80 mm/div] 4.00 mm

Profile [2/2]: R [LC GS: 0.8 mm]

[0.8 mm/div] 4.0 mm
Ra Rq Rz Rmax Rt Rp Rv R Sm RS R Sk RKu .|
pm pm MM pm pm pm pm pm pm

1. 1641 1992 9375 1034 10.62 4.83 454 195.03 3041 -0.06 232 |

2: 1631 1990 9263 1045 10.89 4.95 432 156.43 29.70 0.01 235 |
Xb: 1636 1991 9319 1040 10.75 4.89 443 17573 3005 -0.02 234
S:  0.007 0.001 0.079 0.08 0.19 0.08 016 27.29 0.50 0.05 0.03
Max: 1.641 1992 9375 1045 10.89 4.95 454 195.03 3041 0.01 235
Min: 1631 1990 9263 1034 10.62 4.83 432 15643 2970 -0.06 2.32
R: 0.010 0.001 0.112 0.11 0.26 0.12 023 38.59 0.70 0.07 0.04

Figure Al. 20 Surface Profile (longitudinal) of CVD Endmill Trimmed Tension Test Specimen #
4
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Meas. Instrum.:  Mahr Data Acquisition Board Lt: 1.75 mm [N=§]
Drive Unit: GD 25 Ls: 2.5 um
Pick-up: MFW-250[9.0 %] VB: +250 ym
Vit 0.10 mm/s
Points: 7000 [2]

R ot feearoemeneaees o e :
e S S R
0.07 — | 1 n -
00.0f---=----------  EEEEEEEEEEE et oo R EEERECEEEEE i
[0.25 mm/div] 1.25 mm
Profile [2/2]: R [LC GS: 0.25 mm]
500~ SR e e P t
i R
0.0 I ‘ o — =
A N A
500F-------------- A b Fooeeee b :
[0.25 mm/div] 1.25 mm
Ra Rq Rz Rmax Rt Rp Rv R Sm RS R Sk R Ku ...
pm Km pum pm pm pm pm pum pm

1. 2289 5816 17.734 6536 65.36 6.32 1141 12494 -—- 408 2590 .|

2: 2292 5887 13761 4478 4478 3.70 10.06 11455 25298 -461 2500 ..
Xb: 2290 5852 15748 55.07 55.07 501 10.73 119.75 25298 434 2545
S: 0002 0051 2809 1456 1456 1.85 0.96 7.35 0.00 0.37 0.64
Max: 2292 5887 17.734 6536 65.36 6.32 1141 12494 25298 -4.08 25.90
Min: 2289 5816 13.761 4478 4478 3.70 10.06 11455 25298 -461 25.00
R: 0.003 0.072 3972 2059 20.59 2.62 135 10.39 0.00 0.53 0.91

Figure Al. 21 Surface Profile (transverse) of CVD Endmill Trimmed Tension Test Specimen # 4



Meas. Instrum.: Mahr Data Acquisition Board Ra Rz Rt Rp
Drive Unit: GD 25 pm Mm Mm HMm
Pick-up: MFW-250 [8.2 %] 1: 0.556 4.438 5.52 1.80

2: 0.606 4.829 9.83 2.31
Lt: 5.60 mm [N=5] 3: 0.830 4.900 6.35 2.53
Ls: 2.5um Xb: 0.664 4722 7.23 2.21
VB: +250 um S: 0.146 0.249 2.29 0.38
Vit 0.50 mm/s Max: 0.830 4.900 9.83 2.53
Points 33600 [3] Min: 0.556 4438 5.52 1.80

R: 0.274 0.462 4.31 0.73

Profile [1/3): R [LC GS: 0.8 mm]

10.0f - o R e e |
um]F----------—-—-—-- L R it R it e |
ADO - R mommm oo R S ERREEEEEE |
[0.80 mm/div] 4.00 mm
Profile [2/3]: R [LC GS: 0.8 mm]
100 Tt T T [ |
] - SR T Y B
0.0 pirbeuranprt b S LY T W\.ﬂw‘w’w' e Pt e wm“.,J‘A..MW e o MN»«‘\WH‘\WU‘”\ ‘vaul WN\UM MJ 1
fffffffffffffff e e
100 — S  — e 1
[0.8 mm/div] 4.0 mm
Profile [3/3]: R [LC GS: 0.8 mm]
10.0

[um]
0.0

-10.0

[0.8 mm/div] 4.0 mm

1
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Figure Al. 22 Surface Profile (longitudinal) of PCD Endmill Trimmed Tension Test Specimen #



Meas. Instrum.: Mahr Data Acquisition Board Ra Rz Rt Rp
Drive Unit: GD 25 um Mm pMm pm
Pick-up: MFW-250 [8.2 %] 1 1.761 10.175 13.99 4.38
2: 1.240 6.649 8.49 3.31

Lt: 1.75 mm [N=5] 3: 1.910 13.115 23.37 7.85
Ls: 2.5pum Xb: 1.637 9.980 15.28 5.18
VB: +250 pm S: 0.352 3.237 7.52 2.37
Vit 0.10 mm/s Max: 1.910 13.115 23.37 7.85
Points: 10500 [3] Min: 1.240 6.649 8.49 3.31
R: 0.671 6.466 14.88 4.54

Profile [1/3]: R [LC GS: 0.25 mm] ‘ ‘ .

20.0f - S e RREEEEEREEE TRRREREEREEREE :
e N I o P i
5 \ A w ‘ W .

OOH : 7 7 7 |
77777777777777 e e |
20.0f----------=--- R R R ERREEEEEEEE S RREEEEEEEEE
[0.25 mm/div] 1.25 mm

Profile [2/3]: R [LC GS: 0.25 mm]

[0.25 mm/div]

[0.25 mm/div] 1.25 mm
Profile [3/3]: R [LC GS: 0.25 mm] ‘ .
200 ----------o-- S s R T !
| | | | |
tmle=—"3, | ; | N A |
0.0 — : - : ‘ o

I I g I

Figure Al. 23 Surface Profile (transverse) of
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PCD Endmill Trimmed Tension Test Specimen # 1



Meas. Instrum.: Mahr Data Acquisition Board Ra Rz Rt Rp
Drive Unit; GD 25 Hm Hm Mm Hm
Pick-up: MFW-250 [8.2 %] 1 0.787 5.677 7.62 248
2 0.593 4120 5.09 215

Lt: 5,60 mm [N=5] 3: 1.099 7.098 9.22 3.01
Ls: 2.5um Xb: 0.826 5.632 7.31 2.55
VB: +250 um S: 0.255 1.490 2.08 0.44
Vi 0.50 mm/s Max: 1.099 7.098 9.22 3.01
Points: 33600 [3] Min: 0.593 4120 5.09 2.15
R: 0.506 2.978 4.13 0.87

Profile [1/3]: R [LC GS: 0.8 mm]
10.0f---mmmmmme - oo Ammmemm Amommmm e R i
[um]f-------------- R T SRR EEEE PR o e et |
0.0 et - :

-100f-------------- !
[0.80 mm/div] 4.00 mm
Profile [2/3]: R [LC GS: 0.8 mm]

10.0f ----mmmmmooe i A e fmoosemssoooce |
Mm]F----=---—---- oo R i e T 1
| | | |

(o0 S VS VT, S , o : ‘

00 - e e o et 1
[0.8 mm/div] 4.0 mm

10.0

0.0

-10.0

[um]

Profile [3/3]: R [LC GS: 0.8 mm]

[0.8 mm/div] 4.0 mm

2
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Figure Al. 24 Surface Profile (longitudinal) of PCD Endmill Trimmed Tension Test Specimen #



Meas. Instrum.: Mahr Data Acquisition Board Ra Rz Rt Rp
Drive Unit; GD 25 Hm Hm Hm Hm
Pick-up: MFW-250 [8.2 %] 1 1.551 8.184 12.34 3.33
2: 1.655 10.314 12.82 4.66

Lt: 1.75 mm [N=5] 3 1.402 7.513 11.05 3.24
Ls: 2.5um Xb: 1.536 8.670 12.07 3.74
VB: +250 um S 0.127 1.463 0.91 0.79
Vit 0.10 mm/s Max: 1.655 10.314 12.82 4.66
Points: 10500 [3] Min: 1.402 7.513 11.05 3.24
R: 0.253 2.801 1.77 1.41

Profile [1/3]: R [LC GS: 0.25 mm] . . ‘ .

200 - b A Ao bosoomeee s :
[HM]f-- - R A e Tommmmmm oo i
0.0 B T BRT=CAN !
200F----=----m---- e T EEEEE Ao R anREEEEEEEE i
[0.25 mm/div] 1.25mm
Profile [2/3]: R [LC GS: 0.25 mm] . . ‘ .

200f oo oo A s b :
. SRR P o P i
0.0 : VAR e A
YTl __________.

20} oo e — L —— boeaeeanee e i
[0.25 mm/div] 1.25 mm
Profile [3/3]: R [LC GS: 0.25 mm] . . ‘ .

20.0f - P A RRREEEEREEE P :
[um]f-------------- R it Amm e e LR i
0.0 : . s R
_______________ e s S

I | 1 T I

70 1) S b A A . |
[0.25 mm/div] 1.25 mm

Figure Al. 25 Surface Profile (transverse) of

504

PCD Endmill Trimmed Tension Test Specimen # 2



Meas. Instrum.: Mahr Data Acquisition Board Ra Rz Rt Rp
Drive Unit: GD 25 Hm Hm pm Hm
Pick-up: MFW-250 [8.2 %] 1: 0.473 3.907 5.51 1.82

2: 0.523 4.219 6.50 216
Lt: 5.60 mm [N=5] 3 0.504 4.105 498 1.96
Ls: 2.5um Xb: 0.500 4.077 5.66 1.98
VB: +250 pm S: 0.025 0.158 0.77 0.17
Vit 0.50 mm/s Max: 0.523 4.219 6.50 2.16
Points: 33600 [3] Min: 0473 3.907 498 1.82

R: 0.050 0.312 1.52 0.34

100} ------=-mmm---

i X I

Mm]F---==- - e Ao e
| |

0.0 e , : ‘

400F - e e Rt  EnEEEEEEE b w

Profile [1/3]: R [LC GS: 0.8 mm]

R P
1
1
1
|
1
1
1
1
|
1
1
1
1
|

[0.80 mmy/div] 4.00 mm

Profile [2/3]: R [LC GS: 0.8 mm]
L0 (] R b
)

[0.8 mm/div] 4.0 mm

Profile [3/3]: R [LC GS: 0.8 mm]

____________________________ L e e

[0.8 mm/div] 4.0 mm

3
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Figure Al. 26 Surface Profile (longitudinal) of PCD Endmill Trimmed Tension Test Specimen #
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Meas. Instrum.: Mahr Data Acquisition Board Ra Rz Rt Rp
Drive Unit; GD 25 Hm Mm Hm pm
Pick-up: MFW-250 [8.2 %] 1 1.536 10.037 15.62 4.39
2: 1.425 8.280 14.94 3.38
Lt: 1.75 mm [N=5] 3: 1.997 9.831 13.59 3.94
Ls: 2.5um Xb: 1.653 9.383 14.72 3.90
VB: +250 pm S: 0.303 0.961 1.03 0.51
Vit 0.10 mm/s Max: 1.997 10.037 15.62 4.39
Points: 10500 [3] Min: 1.425 8.280 13.59 3.38
R: 0.572 1.757 2.03 1.01
Profile [1/3]: R [LC GS: 0.25 mm] . ‘ ‘ ‘
20.0F - AR e G e |
il T o oo oo |
AN VA AT =
200 oo R b e 1
[0.25 mm/div] 1.25 mm
Profile [2/3]: R [LC GS: 0.25 mm]
200 - AR AEEREEEEEEEEES IRRRREEEE IRRREEEEEEEEEES |
o oo S S R |
0.0 ’\r \ KA NM\M WY v I
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-20.0F-------------- TR e  EanREEEEEE R EnSREEEEEE
[0.25 mm/div] 1.25 mm
Profile [3/3]: R [LC GS: 0.25 mm]
200 oo P s e oo |
i P e oo oo |
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[0.25 mm/div] 1.25 mm

Figure Al. 27 Surface Profile (transverse) of PCD Endmill Trimmed Tension Test Specimen # 3



Meas. Instrum.:

Mahr Data Acquisition Board

Drive Unit: GD 25

Pick-up: MFW-250 [8.2 %]
Lt: 5.60 mm [N=5]
Ls: 25um

VB: 250 um

Vit 0.50 mm/s
Points: 33600 [3]

Ra Rz

pm pm
0.497 4277
0.499 4187
0.576 3.961
0.524 4141
0.045 0.163
0.576 4277
0.497 3.961
0.079 0.316

Rt
pum
8.25
5.09
4.93
6.09
1.87
8.25
4.93
3.32

Rp

1.90
1.55
1.85
1.77
0.19
1.90
1.55
0.35

L e oo oo oo |
e R o o |
. e f | I I i
I el L (U !
| | | | |
-100F-------------- bommmooooooos bbb Hai Haiii !
.80 mm/div, .00 mm

[0.80 mm/div] 4.00

Profile [2/3]: R [LC GS: 0.8 mm]

100 --mmmmmmmm oo ey d=-mmemomoomees dsmmmoooooe et |
WM]F--===-mm - e Ao T R 1
| | | | |
0.0 ety by el . 7 ‘
A00F e o Ao b |
[0.8 mm/div] 4.0 mm

[0.8 mm/div]

Profile [3/3]: R [LC GS: 0.8 mm]
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Figure Al. 28 Surface Profile (longitudinal) of PCD Endmill Trimmed Tension Test Specimen #

4



Meas. Instrum.: Mahr Data Acquisition Board Ra Rz Rt Rp
Drive Unit: GD 25 Hm pm pum Um
Pick-up: MFW-250 [8.2 %] 1 1.608 8.866 12.38 3.68
2: 1.795 9.648 20.31 3.99
Lt: 1.75 mm [N=5] 3 1.486 7.092 9.82 3.32
Ls: 2.5um Xb: 1.630 8.536 14.17 3.66
VB: +250 pm S 0.156 1.309 547 0.34
Vit 0.10 mm/s Max: 1.795 9.648 20.31 3.99
Points: 10500 [3] Min: 1.486 7.092 9.82 3.32
R: 0.309 2.555 10.50 0.68

Profile [1/3]: R [LC GS: 0.25 mm]
200--mmmmo oo oo Armmrmm dmommm e fmmmmmne oo |
[Wm]F-------------- e R i e Tommmmmm o i
0.0 /‘11" 7 : A g = e n‘\""\v -
SO R S S S
025 mm/div] ' ' | 126 mm

Profile [2/3]: R [LC GS: 0.25 mm]
200f---moomomeoe omomeeonn e Areomm oo R Rt |
[m]F-------=------ e R i Ao e e e i
0.0 ‘\‘\,J ’“"\/ : /J:\ﬂ iy \_Tw,_, Vil ‘|
R oo T :
200f---------m---- R oo Ao S ReEEEEEEEEE i
[0.25 mm/div] 1.25 mm

100k -
[ === oo mmo e
0.0 N
A40.0F -
[0.25 mmydiv]
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Figure Al. 29 Surface Profile (transverse) of PCD Endmill Trimmed Tension Test Specimen # 4



Meas. Instrum.:  Mahr Data Acquisition Board Ra Rz Rt Rp
Drive Unit: GD 25 Hm Mm Hm Hm
Pick-up: MFW-250 [8.2 %] 1 1.180 7.253 9.08 3.62
2: 0.835 4.657 6.28 240
Lt: 5.60 mm [N=5] 3 1.013 6.311 8.52 2.79
Ls: 2.5um Xb: 1.009 6.073 7.96 2.94
VB: +250 um S 0.173 1.314 1.48 0.62
Vit 0.50 mm/s Max: 1.180 7.253 9.08 3.62
Points: 33600 [3] Min: 0.835 4.657 6.28 2.40
R 0.345 2.596 2.80 1.22

Profile [1/3]: R [LC GS: 0.8 mm]
100F-------------- R ERRRREEEEEEEEEE Ao R ERRREEEEEEEED !
11| P . e o e Fopmmmm :
[”0 D] l\.." fmcplt : - A r‘ W_ﬂ ™ L. f\Lt\,. Y waMq ;.‘M .M)JLU‘L J’""\"M JI
WS T U I A N A = R T !
w0l I I B— I— I |
[0.80 mm/div] 4.00 mm

Profile [2/3]: R [LC GS: 0.8 mm]

10.0

[Hm]
0.0 i

-10.0

10.0
(Hm]

[0.8 mm/div]

40.0F---=-=mmmm - R -

— 1 ]
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Figure Al. 30 Surface Profile (longitudinal) of PCD Endmill Trimmed Compression Test
Specimen # 1



Meas. Instrum.. Mahr Data Acquisition Board Ra Rz Rt Rp
Drive Unit: GD 25 Hm Hm Hm Mm
Pick-up: MFW-250 [8.2 %] 1: 0.945 5.294 7.50 2.62

2: 1.449 6.850 10.46 3.26
Lt: 1.75 mm [N=5] 3: 0.983 6.284 777 3.10
Ls: 2.5 um Xb: 1.126 6.143 8.58 3.00
VB: +250 pm S: 0.281 0.787 1.64 0.33
Vit: 0.10 mm/s Max: 1.449 6.850 10.46 3.26
Points 10500 [3] Min: 0.945 5.294 7.50 2.62

R: 0.504 1.555 2.96 0.64

Profile [1/3]: R [LC GS: 0.25 mm]

10.0f-—----—---—--- EERREREEEEEEEES - e

e T S e
A il o, n |

0.0p \J 7 :\;’ o ““u"" “‘ uj’/‘ : Y - : V

777777777777777 e
0.0 -------mmmo- S RESEEEEEEE B nEEEEEE RREEEEE

[0.25 mm/div]

Profile [2/3]: R[LC GS: 025 mm] . |
200F - STttt Tt VT [ |
)| e T T I |
0.0 Y e Ao :
D00k - (I . e O |

[0.25 mm/div] 1.25 mm

10.0

[um]
0.0

-10.0

Profile [3/3]: R [LC GS: 0.25 mm]

[0.25 mm/div]

Figure

Al. 31 Surface Profile (transverse) of PCD Endmill Trimmed Compression Test
Specimen # 1
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Meas. Instrum.. Mahr Data Acquisition Board

Drive Unit: GD 25

Pick-up: MFW-250 [8.2 %] 1
2

Lt: 5.60 mm [N=5] 3

Ls: 2.5um Xb:

VB: +250 pym S:

vt 0.50 mm/s Max:

Paints: 33600 [3] MIQ:

Ra

pm
1.326
0.899
0.761
0.995
0.295
1.326
0.761
0.566

Rz

pm
8.057
7.822
4.487
6.789
1.997
8.057
4.487
3.570

Rt Rp
pm um
14.89 3.93
11.17 2.67
5.55 2.29
10.54 2.96
4.71 0.86
14.89 3.93
5.55 2.29
9.35 1.64

Profile [1/3]: R [LC GS: 0.8 mm]

20,0} --n-emeeeno- e nemneennees dreamnen e eemmnen e e a
) o Ao fromm e fommmme oo |
0.0 [retatorts - ;

200F----=----m---- e oo Ao R aSnEEEEEEEE i
[0.80 mm/div] 4.00 mm
Profile [2/3]: R [LC GS: 0.8 mm] . . ‘ .

200 - IRRRREEEEEEEE FARRREEEEEEEEE TR IR :
fumap = o L L L |
00 A A s ’ .

200 - oo oo oo foroeemeeeeaes i
[0.8 mm/div] 4.0 mm
Profile [3/3]: R [LC GS: 0.8 mm] . . ‘ .

100~ P T E T !

[um]f-------------- R e A it T i
0.0 : . ‘

| | | | |

_______________ O

-100F-------------- Fommooooooooo- ittt ittt ettt !
[0.8 mm/div] 4.0 mm
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Figure Al. 32 Surface Profile (longitudinal) of PCD Endmill Trimmed Compression Test

Specimen # 2



Meas. Instrum.: Mahr Data Acquisition Board Ra Rz Rt Rp
Drive Unit: GD 25 Hm pm pum um
Pick-up: MFW-250 [8.2 %] 1. 1.636 8.556 10.34 3.23
2: 1.424 7.691 10.27 3.63

Lt: 1.75 mm [N=5] 3: 1.541 7.657 10.41 3.51
Ls: 2.5um Xb: 1.534 7.968 10.34 3.46
VB: +250 pm S: 0.106 0.510 0.07 0.20
Vit 0.10 mm/s Max: 1.636 8.556 10.41 3.63
Points: 10500 [3] Min: 1.424 7.657 10.27 3.23
R: 0212 0.899 0.14 0.40

Profile [1/3]: R [LC GS: 0.25 mm] . . ‘ .
20.0p--------moooo- oo Ao Ao b :
[um]p-------------- R et R s R i EE Tommmmmm oo i

- | L eV R WV |
20 R i b O —— i
[0.25 mm/div] 1.25 mm
Profile [2/3]: R [LC GS: 0.25 mm] . . ‘ .

200 -----oomoo oo R g e o :
L T o L o |
0.0 v T i o o v o
20 e e o  pv i
[0.25 mm/div] 1.25 mm
Profile [3/3]: R [LC GS: 0.25 mm] . . .
20.0F-------mmooees S FARRREEEEEEEEE e IR :
[um]F-------------—- e e A o e i
0.0 = Eesds : i :
_______________ e ) S
200 s o s o e
[0.25 mm/div] 1.25 mm

Figure Al. 33 Surface Profile (transverse) of PCD Endmill Trimmed Compression Test

Specimen # 2
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Meas. Instrum.: Mahr Data Acquisition Board Ra Rz Rt Rp
Drive Unit: GD 25 pHm pm pm um
Pick-up: MFW-250 [8.2 %] 1: 0.970 5.500 6.51 2.88

2: 1.437 10.761 15.75 3.48
Lt: 5.60 mm [N=5] 3 1.039 7413 10.00 2.95
Ls: 25um Xb: 1.149 7.892 10.75 3.10
VB: +250 um S 0.252 2.663 467 0.33
Vi 0.50 mm/s Max: 1.437 10.761 15.75 3.48
Points: 33600 [3] Min: 0.970 5.500 6.51 2.88

R: 0.467 5.261 9.24 0.60

10.0
[Hm]

-

0.0 y - ,

i R eEEE TR oo boommmoooo i

[0.80 mm/div] 4.00 mm

Profile [2/3]: R [LC GS: 0.8 mm] . ‘ . .

200 - RRRREEEEEEE FARRREEEEEEEEE TR IR :

[um] - oo s Ao P |
OU A o P

I I T T

| I | I
——————————————— e e B B i e i |

| I | I

-20.0 !
[0.8 mm/div] 4.0 mm
Profile [3/3]: R [LC GS: 0.8 mm] ‘ .

20.0[--------mmoe- S A TRREEEEEREE TR :

[ e Ammmmmm e R Tommmmmeemee- i

0.0 porsy T I i | I
---------------
200f - T LT s Rt S aGSEEEEE RS
[0.8 mm/div] 4.0 mm

Specimen # 3
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Figure Al. 34 Surface Profile (longitudinal) of PCD Endmill Trimmed Compression Test



Meas. Instrum.: Mahr Data Acquisition Board Ra Rz Rt Rp
Drive Unit: GD 25 pHm pUm pm Hm
Pick-up: MFW-250 [8.2 %] 1 1.009 5.956 9.20 279
2 1.647 8.344 12.77 415

Lt: 1.75 mm [N=5] 3: 1.453 7.640 15.47 4.15
Ls: 2.5um Xb: 1.370 7.313 12.48 3.70
VB: +250 pm S: 0.327 1.227 3.15 0.78
Vit 0.10 mm/s Max: 1.647 8.344 15.47 415
Points: 10500 [3] Min: 1.009 5.956 9.20 279
R: 0.638 2.389 6.28 1.36

Profile [1/3]: R [LC GS: 0.25 mm] . . . ‘
10.0F-------------- b Ao Ao bommmo oo |
MM]p---=---=-----= e R R R |
0.0 A \ L YR W SNy, ,“\ je e oy .

. Vel | uln-'L/ '“-'”\"v‘ El : ™A/ I‘\,\J"J‘w L‘Ih,ul‘d [ : :
A00F e e e b |
[0.25 mm/div] 1.25 mm
Profile [2/3]: R [LC GS: 0.25 mm] . . . ‘

200 -------mmooe- R A e o |
o P S [ R |
0.0 e : ¥ A e vy
200f-----=--mmm-m- R REEEEEEER Ao e EEE RS |
[0.25 mm/div] 1.25 mm
Profile [3/3]: R [LC GS: 0.25 mm] . . . ‘
20.0F-------mmoee- S Amemoemeooes A TRRRREEREE |
[um]F------------—- Fommmm e R it i |
0.0 /L‘/'\/"u "'/“’1‘ W - X —e )
________ N T T T T T T
200F---=--mmmm - Rt EEt EEROCEEEEEEEREE R S ERGSETEEEEEE |
[0.25 mm/div] 1.25 mm

Figure Al. 35 Surface Profile (transverse) of PCD Endmill Trimmed Compression Test

Specimen # 3
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Meas. Instrum.: Mahr Data Acquisition Board Ra Rz Rt Rp
Drive Unit: GD 25 Hm Em pm pm
Pick-up: MFW-250 [8.2 %] 1: 0.785 5.230 6.33 292
2: 0.806 6.106 9.22 2.86
Lt: 5.60 mm [N=5] 3: 0.821 6.463 9.07 2.54
Ls: 2.5um Xb: 0.804 5.933 8.21 277
VB: +250 pm S: 0.018 0.635 1.63 0.20
Vit 0.50 mm/s Max: 0.821 6.463 9.22 292
Points: 33600 [3] Min: 0.785 5.230 6.33 2.54
R: 0.036 1.234 2,90 0.38

Profile [1/3]: R [LC GS: 0.8 mm] . ‘ .
10.0F - P A e b !
] oo e doe o G :
0.0 ‘ , ! ;

-10.0

[0.80 mm/div] 4.00 mm

10.0

(Hm]
0.0

-10.0

Profile [2/3]: R [LC GS: 0.8 mm]

10.0

[Hm]
0.0

-10.0

AAAAIAA
I
I
1
I
I
I
I
1
I
l
I
I
I
_do_L
|
I
I
I
I
l
I
1
I
I
l
I
I
i I
e O VO
4 1
1
I
I
l
I
I
I
1
I
I
I
I
1
-3 ----r
l
I
I
I
I
l
I
I
I
I
l
I
I
l

[0.8 mm/div] 4.0 mm

Specimen # 4
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Figure Al. 36 Surface Profile (longitudinal) of PCD Endmill Trimmed Compression Test



516

Meas. Instrum.:  Mahr Data Acquisition Board Ra Rz Rt Rp
Drive Unit: GD 25 Hm Hm pm Hm
Pick-up: MFW-250 [8.2 %] 1 1.040 6.790 11.33 294
2 1.381 7.626 11.93 3.59
Lt: 1.75 mm [N=5] 3: 1.540 8.241 11.18 2.89
Ls: 25 pum Xb: 1.320 7.552 11.48 3.14
VB: +250 um S: 0.255 0.729 0.40 0.39
Vi 0.10 mm/s Max: 1.540 8.241 11.93 3.59
Points: 10500 [3] Min: 1.040 6.790 11.18 2.89
R: 0.500 1.452 0.75 0.70
Profile [1/3]: R [LC GS: 0.25 mm] ‘ ‘ . ‘
200F - b G e oo |
(] - o TR LIRS foo 3
0.0} P e W N . N S o
' ! VT v |
20,0~
[0.25 mm/div] | | ' 1.25 mm
Profile [2/3]: R [LC GS: 0.25 mm]
200f---mmmmmmme - Fommmmmmoeo- Hoomssmeseeeoes FR fmoosemssoooce |
UM]F---==--m - - P Ao e T 1
| | | | |
0.0} ' o : - . -
200F - e oo EnEEEEEEE o |
[0.25 mm/div] 1.25 mm
Profile [3/3]: R [LC GS: 0.25 mm] ‘ ‘
200 -------ommee- RRRREERREE ERRERREE R R foommmeeees |
[ Fommmm e qmmmmmm s R Tommmmmemo-e- ]
0.0 A7 AR & SRV A
777777777777777
200f--------=----- oo e R Rt E RRREEEEEEE |
[0.25 mm/div] 1.25 mm

Figure Al. 37 Surface Profile (transverse) of PCD Endmill Trimmed Compression Test
Specimen # 4
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Meas. Instrum.: Mahr Data Acquisition Board Lt 1.75 mm [N=5]
Drive Unit: GD 25 Ls: 2.5 um
Pick-up: MFW-250 [9.0 %)] VB: +250 pm
Vit: 0.10 mm/s
Points: 7000 [2]
Profile [1/2]: R [LC GS: 0.25 mm]
200~ TR P R T :
S R S
0.0 | I\J\/_\V : Vi | I
-zo_i ~~~~~~~~~~~~~~ e S oo e |
[0.256 mm/div] 1.25 mm
Profile [2/2]: R [LC GS: 0.25 mm]
200~ 2 e R e !
| e EoCEEEREEREE Femmmee S R
‘ ‘ NN ! 1 |
0.0 ] A/\\/\\\VNJ/JV‘/ Vi ! !
-20.0(-------------- S RREEEEEEE S RREEEEEEE R ESREEEEEEE oo
[0.25 mm/div] 1.25 mm

Ra Rq Rz Rmax Rt Rp Rv R Sm RS RSk RKuRMr..RMr...

Hm gm pm gm gm gm gm gm pm % % ..

1. 0.837 1.337 4.867 11.05 11.05 256 231 9895 47.06 -0.24 6.81 1591 59.34 .

2: 0939 1513 5363 1296 1296 269 267 99.18 57.20 -045 7.05 1344 34.78 .
Xb: 0888 1425 5115 12.01 1201 263 249 99.07 5213 -0.35 6.93 1467 47.06
S: 0072 0124 0350 135 135 009 026 016 717 015 017 175 17.37
Max: 0.939 1513 5363 1296 1296 269 267 9918 5720 -024 7.05 1591 59.34
Min: 0.837 1.337 4867 11.05 1105 256 231 9895 47.06 -0.45 6.81 13.44 34.78
R: 0.101 0.176 0495 192 192 013 036 023 1014 021 025 247 2456

Figure Al. 38 Surface Profile of CVD Drilled Hole, Feedrate 305 mm/min, Open Hole Tension
Test Specimen # 1
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Meas. Instrum.. Mahr Data Acquisition Board Lt: 5.60 mm [N=5]
Drive Unit: GD 25 Ls: 2.5 um
Pick-up: MFW-250 [9.0 %] VB: +250 um
Vit 0.50 mm/s
Points: 22400 [2]

[0.80 mm/div] 4.00 mm

Profile [2/2]: R [LC GS: 0.8 mm]

[0.8 mm/div] 4.0 mm

Ra Rqg Rz Rmax Rt Rp Rv R Sm RS RSk RKuRMr..RMr...

Hm gm um Hm gm um Hm gm um % % ..

1. 0500 0641 3768 429 464 192 184 5063 2360 017 325 38.95 9242 .

2: 0525 0672 3944 440 477 201 194 4817 2346 018 3.21 37.93 90.31 .
Xb: 0513 0657 3856 434 470 197 189 4940 2353 0.17 3.23 3844 9137
S: 0.018 0.022 0124 008 009 006 007 174 010 000 003 072 149
Max: 0525 0672 3.944 440 477 201 194 5063 2360 0.18 3.25 3895 9242
Min: 0.500 0.641 3.768 429 464 192 184 4817 2346 017 321 37.93 90.31
R: 0.025 0.031 0.176 011 013 008 0.09 246 014 001 004 1.02 21

Figure Al. 39 Surface Profile of CVD Drilled Hole, Feedrate 305 mm/min, PCD Endmill
Trimmed Edge (longitudinal) of Open Hole Tension Test Specimen # 1
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Meas. Instrum.. Mahr Data Acquisition Board Lt 1.75 mm [N=5]
Drive Unit: GD 25 Ls: 25 um
Pick-up: MFW-250 [9.0 %] VB: +250 pm
Vit 0.10 mm/s
Points: 7000 [2]

Profile [1/2]: R [LC GS: 0.25 mm]

20,0 oo P e b S 1
U] === - m oo T
00 Ty i 3 - .
R S RRREEEEEEEEE RS
200f------==--==-- et R oo oo :
[0.25 mm/div] 1.25 mm
Profile [2/2]: R [LC GS: 0.25 mm]
200f-----m - R R b R :
um] - e
f‘{\, 1 | | 1
00 e ?’“ | o |
20,0 ———--------- R oo S RRRREEEEEEEEE oo ;
[0.25 mm/div] 1.25 mm

Ra Rq Rz Rmax Rt Rp Rv . RSm RS RSk RKuRMr..RMr....

Hm pm Hm pm Hm um Hm pm Hm % % ..

1. 1.958 3.024 9734 2115 2115 446 528 7763 4822 -143 793 718 12.77.

2: 1944 20980 10.011 2231 2231 451 550 7525 5213 -126 7.75 813 15.01.
Xb: 1.951 3.002 9.872 2173 2173 448 539 7644 5017 -135 7.84 766 13.89
S: 0009 0031 019 082 082 004 016 168 276 012 013 068 1.58
Max: 1.958 3.024 10.011 2231 2231 451 550 7763 5213 -1.26 793 813 15.01
Min: 1.944 2980 9734 2115 2115 446 528 7525 4822 -143 775 718 1277
R: 0013 0044 0277 116 116 005 022 238 391 017 018 09 224

Figure Al. 40 Surface Profile of CVD Drilled Hole, Feedrate 305 mm/min, PCD Endmill
Trimmed Edge (transverse) of Open Hole Tension Test Specimen # 1



Meas. Instrum.: Mahr Data Acquisition Board Lt: 1.75 mm [N=5]
Drive Unit: GD 25 Ls: 25um
Pick-up: MFW-250 [9.0 %] VB: +250 pm
Vit 0.10 mm/s
Paints: 7000 [2]
Profile [1/2]: R [LC GS: 0.25 mm]
10.0F-----mmmmmmm- T STttt pmmmmms P 1
R Bt S
0.0 : N w\,,,‘} 7 7 ”wﬁp!'\" V=T -ijw 1
ool T T T T |
[0.25 mm/div] ' | ' ' 1.25 mm
Profile [2/2]: R [LC GS: 0.25 mm]
10.0p---mmmmmmmmees AT R FE P ﬁ
T | e  URCeEEEEEEE LR PR
00 ! LT P L N A A LN N - -
' : T A A |
00 oo s e s e a
[0.25 mm/div] 1.25 mm
Ra Rq Rz Rmax Rt Rp Rv R Sm RS RSk RKuRMr..RMr....
Hm Hm Hm gm pm um Hm Hm pm % % ..
1. 0906 1185 4860 6.80 680 230 256 5639 2939 -020 316 2535 64.86 ..
20 0924 1209 5021 710 710 237 265 5647 31.01 -025 323 26.04 6424 .
Xb: 0915 1197 4940 695 695 234 260 5643 3020 -023 319 2569 64.55
S: 0013 0017 0114 021 022 005 007 006 115 004 005 049 043
Max: 0924 1209 5021 710 710 237 265 5647 3101 -020 323 26.04 64.86
Min: 0906 1.185 4860 6.80 6.80 230 256 56.39 2939 -025 316 2535 64.24
R: 0018 0025 0161 030 030 007 0.10 008 163 005 007 069 061
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Figure Al. 41 Surface Profile of CVD Drilled Hole, Feedrate 305 mm/min, Open Hole Tension
Test Specimen # 2
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Meas. Instrum.: Mahr Data Acquisition Board
Drive Unit:
Pick-up:

GD 25
MFW-250 [9.0 %]

Lt:
Ls:
VB:
Vi

Points:

5.60 mm [N=5]
2.5 um

£250 pm

0.50 mm/s
22400 [2]

5.0
[Hm]

0.0 fw

Profile [1/2]: R [LC GS: 0.8 mm]

[0.80 mm/div]

Profile [2/2]: R [LC GS: 0.8 mm]

5.0 s - |
[um] ‘ | |
0.0
-5.0
[0.8 mm/div] 4.0 mm
Ra Rq Rz Rmax Rt Rp Rv R Sm RS RSk RKuRMr..RMr....
Hm HMm HMm KMm KMm Mm pm Mm Hm % % ..
1: 0491 0629 3499 415 417 185 165 61.27 2423 029 323 3645 9210..
2. 0497 0.639 3458 450 458 1.75 1.71 60.36 27.04 0.22 3.32 38.33 92.52..
Xb: 0494 0634 3479 432 437 180 168 60.82 2564 0.25 3.28 37.39 92.31
S: 0.005 0.007 0.029 025 029 0.07 004 064 198 005 0.07 133 0.29
Max: 0497 0.639 3499 450 458 185 171 6127 2704 029 332 38.33 92.52
Min: 0491 0629 3458 415 417 175 165 60.36 2423 022 323 3645 92.10
R: 0.007 0.010 0.040 035 041 0.10 0.06 091 280 007 0.10 188 042

Figure Al. 42 Surface Profile of CVD Drilled Hole, Feedrate 305 mm/min, PCD Endmill
Trimmed Edge (longitudinal) of Open Hole Tension Test Specimen # 2
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Meas. Instrum.: Mahr Data Acquisition Board Lt: 1.75 mm [N=5]
Drive Unit: GD 25 Ls: 25um
Pick-up: MFW-250 [9.0 %] VB: +250 uym
Vit 0.10 mm/s
Points: 7000 [2]
Profile [1/2]: R [LC GS: 0.25 mm]
100F-------------- Ao it
[UM] -
0.0 A
A0.0f - R TR
[0.25 mm/div]
Profile [2/2]: R [LC GS: 0.25 mm]
100F-------------- e tommm - e !
UM]F
' Pal AN |
A0.0f--—----=-m - e b R RS :

[0.25 mm/div] 1.25 mm

Ra Rq Rz Rmax Rt Rp Rv RSm RS RSk RKuRMr..RMr... .
pum pm um um gm pm pum pm pm % % ..

1. 1178 1517 6.182 853 853 261 357 5564 33.48 -043 3.30 2212 4742 .

2: 1226 1559 6.310 862 862 268 3.63 60.73 3167 -0.38 3.09 2243 4574 ..
Xb: 1202 1538 6.246 858 858 264 360 58.18 3258 -041 3.20 2228 46.58
S: 0.033 0.030 0.090 006 006 005 004 360 128 004 015 022 119
Max: 1.226 1559 6.310 862 862 268 3.63 60.73 3348 -0.38 330 2243 47.42
Min: 1.178 1517 6.182 853 853 261 357 5564 3167 -043 3.09 2212 4574
R: 0.047 0042 0128 0.09 009 007 006 509 181 006 021 031 168

Figure Al. 43 Surface Profile of CVD Drilled Hole, Feedrate 305 mm/min, PCD Endmill
Trimmed Edge (transverse) of Open Hole Tension Test Specimen # 2



Meas. Instrum.: Mahr Data Acquisition Board Lt: 1.75 mm [N=5]
Drive Unit: GD 25 Ls: 25pum
Pick-up: MFW-250 [9.0 %] VB: 250 um
vt 0.10 mm/s
Points: 7000 [2]
Profile [1/2]: R [LC GS: 0.25 mm]
200p--mmmmmooos e it tmmmmmeToeeees oot :
s B S RO
O'Ok v~ | | | A :
T L
-200 —————————————— A - = e = = = Fm - — = = = I = —— == = 4
[0.25 mm/div] 1.25 mm
Profile [2/2]: R [LC GS: 0.25 mm]
200F - T P T P ﬁ
[T | R S EEEE EEEEREREER SRS s
00 o e | = |
o e _____ L o ______l
1 I T | 1
-200f-------------- S bommmmmmmmmes Fommmmmmoomee- i !
[0.25 mm/div] 1.25 mm
Ra Rqg Rz Rmax Rt Rp Rv. R Sm RS R Sk RKu..|
gm pm pm pm pm pm pm pm pm y
1. 1179 2211 6501 1768 17.68 248 402 15129 17957 -1.55 943 .|
2: 1246 2408 6.791 1950 19.50 2.56 423 176.33 15740 -1.89 11.21 .}
Xb: 1213 2309 6646 1859 18.59 252 413 163.81 168.48 -1.72 10.32
S 0.047 0139 0.204 1.29 1.29 0.05 015 17.71 1568 0.24 1.26
Max: 1.246 2408 6.791 1950 19.50 2.56 423 176.33 17957 -1585 11.21
Min: 1179 2211 6501 17.68 17.68 248 402 15129 15740 -1.89 943
R:  0.067 0.197 0.289 1.83 1.83 0.08 021 2505 2218 0.33 1.78
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Figure Al. 44 Surface Profile of CVD Drilled Hole, Feedrate 305 mm/min, Open Hole Tension
Test Specimen # 3
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Meas. Instrum.: Mahr Data Acquisition Board Lt: 5.60 mm [N=5]
Drive Unit: GD 25 Ls: 2.5 um
Pick-up: MFW-250 [9.0 %] VB: 250 ym
Vi 0.50 mm/s
Points: 22400 [2]

Profile [1/2]: R [LC GS: 0.8 mm]

| |
777777777777777 e |

| |

| |

[0.80 mm/div] 4.00 mm

Profile [2/2): R [LC GS: 0.8 mm]

[0.8 mm/div] 4.0 mm

Ra Rq Rz Rmax Rt Rp Rv R Sm RS RSk RKuRMr..RMr....

Hm Mm Hm Mm Mm Hm Hm Mm Hm % % ..

1. 0.451 0.579 3628 456 456 155 207 40.12 2133 -0.36 3.78 5851 96.60..

2: 0431 0.577 3826 512 512 166 2.16 38.56 27.09 -0.37 4.56 58.21 96.02 ..
Xb: 0441 0578 3.727 484 484 161 212 3934 2421 -037 4.17 58.36 96.31
S: 0.014 0.001 0140 039 039 008 006 110 407 001 055 021 041
Max: 0.451 0.579 3826 512 512 166 216 40.12 27.09 -036 4.56 58.51 96.60
Min: 0431 0.577 3628 456 456 155 207 38.56 2133 -037 3.78 58.21 96.02
R: 0.020 0.002 0.198 055 055 0.11 009 155 575 001 0.78 0.30 0.8

Figure Al. 45 Surface Profile of CVD Drilled Hole, Feedrate 305 mm/min, PCD Endmill
Trimmed Edge (longitudinal) of Open Hole Tension Test Specimen # 3



Drive Unit: GD 25
Pick-up: MFW-250 [9.0 %]

Meas. Instrum.: Mahr Data Acquisition Board

Lt:
Ls:
VB:
Vi

Points:

5.60 mm [N=5]
25pum
+250 pm

0.50 mm/s

22400 [2]

Profile [1/2]: R [LC GS: 0.8 mm]

[0.80 mm/div]

Profile [2/2]: R [LC GS: 0.8 mm]

[0.8 mm/div]

Ra Rq Rz Rmax

Mm pm pm pm

1. 0591 0783 4699 599

2. 0583 0.767 4676 6.14
Xb: 0587 0775 4687 6.07
S: 0.006 0.011 0.016 0.10
Max: 0591 0783 4699 6.14
Min: 0.583 0.767 4.676 5.99
R: 0.008 0.016 0.023 0.15

pm
6.83
6.30
6.56
0.38
6.83
6.30
0.54

1.90
1.94
0.05
1.98
1.90
0.07

RS
pm
35.34
33.44
34.39
1.35
35.34
33.44
1.90

R Sk

-0.59
-0.58
-0.58

0.01
-0.58
-0.58

0.01

RKuRMr..RMr... .

% .
86.73 ..
87.78 ..

4.30
4.16
4.23
0.10
4.30
4.16
0.14

%
38.20
40.24
39.22

1.44
40.24
38.20

2.03

87.26
0.74
87.78
86.73
1.05
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Figure Al. 46 Surface Profile of CVD Drilled Hole, Feedrate 305 mm/min, PCD Endmill
Trimmed Edge (transverse) of Open Hole Tension Test Specimen # 3



[0.25 mm/div]

Meas. Instrum.: Mahr Data Acquisition Board Lt 1.75 mm [N=5]
Drive Unit: GD 25 Ls: 2.5 um
Pick-up: MFW-250 [9.0 %] VB: +250 pym
Vit 0.10 mm/s
Points: 7000 [2]
Profile [1/2]: R [LC GS: 0.25 mm]
100 N F R s 1
[um] -~  RUREEE oo R ERRERI et
[ i . i n_, [ 1
0.0 | /‘/ | b | T ~ Wy \/ \/ |
0.0~ -mmm - dmmmmemmmosooos b bt LR e L EEE :

Profile [2/2]: R [LC GS: 0.25 mm]

[0.25 mm/div]

L R ERnCEE R '
[um] -
0.0 =

0.0 F-----mm oo R R

Ra Rq Rz Rmax Rt

pm Mm pm Mm pm

1: 0831 1.156 5591 7.79 7.79

2: 0.863 1.236 6.064 984 9.88
Xb: 0.847 1.196 5.828 8.81 8.84
S: 0.023 0.056 0.334 145 148
Max: 0.863 1.236 6.064 9.84 9.88
Min: 0.831 1.156 5591 7.79 7.79
R: 0.032 0.080 0473 2.06 210

Rp

Hum
222
2.50
2.36
0.20
2.50
222
0.28

Rv

Hm
3.37
3.57
3.47
0.14
3.57
3.37
0.20

R Sm

Hm
63.00
81.46
72.23
13.06
81.46
63.00
18.46

Km
36.03 -0.66 4.65
4394 -0.88 6.33
39.99 -0.77 549

559 015 119
4394 -0.66 6.33
36.03 -0.88 465

791 022 168

%
21.82
21.01
21.41

0.57
21.82
21.01

0.81

RS RSk RKuRMr..RMr...

% ..
68.09 ..
65.64 ..

66.86
1.74
68.09
65.64
246

Test Specimen # 4
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Figure Al. 47 Surface Profile of CVD Drilled Hole, Feedrate 305 mm/min, Open Hole Tension
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Meas. Instrum.: Mahr Data Acquisition Board Lt 5.60 mm [N=5]
Drive Unit: GD 25 Ls: 25pum
Pick-up: MFW-250 [9.0 %] VB: +250 pm
Vit 0.50 mm/s
Points: 22400 [2]

Profile [1/2]: R [LC GS: 0.8 mm]

[0.80 mmy/div] 4.00 mm

Profile [2/2]: R [LC GS: 0.8 mm]

[0.8 mm/div] 4.0 mm

Ra Rq Rz Rmax Rt Rp Rv R Sm RS RSk RKURMr..RMr....

Hm Hm Hm pum pUm Il Hm HUm pm % % ..

1. 0430 0547 3535 376 376 157 197 4201 1836 -024 361 59.77 97.29 .

2. 0451 0581 3635 455 455 159 204 4146 1997 -037 383 5862 96.15 ..
Xb: 0440 0564 3585 416 416 158 201 4173 1916 -0.30 3.72 5920 96.72
S: 0015 0024 0.071 056 05 002 006 038 114 009 0.16 081 0.81
Max: 0451 0581 3635 455 455 159 204 4201 1997 -024 383 59.77 97.29
Min: 0430 0547 3535 376 376 157 197 4146 1836 -0.37 361 5862 96.15
R: 0022 0034 0100 079 079 002 008 054 161 013 023 114 1.14

Figure Al. 48 Surface Profile of CVD Drilled Hole, Feedrate 305 mm/min, PCD Endmill
Trimmed Edge (longitudinal) of Open Hole Tension Test Specimen # 4
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Meas. Instrum.. Mahr Data Acquisition Board Lt: 1.75 mm [N=5]
Drive Unit: GD 25 Ls: 25um
Pick-up: MFW-250 [9.0 %] VB: 250 um
Vi 0.10 mm/s
Points: 7000 [2]

100 o e e e |
R VPR
0.0 =l N: 'Ak, D ‘\fﬂ'."m" “; it I \-‘.4"’ VAN \\,ﬂ’ JI/,W:N..,,I‘ \:‘Iﬁ |
D R
-10.0f-—----mo oo AT P 1T ST :
[0.25 mm/div] 1.25 mm
Profile [2/2]: R [LC GS: 0.25 mm]
100 -----mmmmmmoes T Pt PTmTTmmm s A 1
T | e R s
0.0 A m: Va) - f IL,\”/ { I |“'\Mf \h‘( JN f""’ - U,ﬂ? A, — v :
0.0 f-------- oo e e 4mmmmmmmooee o  RaaEEE
[0.25 mm/div] 1.25 mm

Ra Rq Rz Rmax Rt Rp Rv R Sm RS RSk RKuURMr..RMr...

Hm Hm Hm Hm Hm pm Hm pm pHm % % ..

1. 0.724 0922 4531 542 569 209 244 4372 2408 -015 3.23 26.11 68.79.

2: 0752 0950 4760 541 567 225 251 45656 2327 -017 3.15 2536 65.39 .
Xb: 0.738 0.936 4646 541 568 217 247 4469 2368 -016 3.19 2574 67.09
S: 0020 0020 0.162 001 002 011 005 137 057 001 005 053 240
Max: 0.752 0.950 4.760 542 569 225 251 4565 2408 -0.15 3.23 26.11 68.79
Min: 0.724 0922 4531 541 567 209 244 4372 2327 -017 3.15 2536 65.39
R: 0028 0028 0229 001 002 0.16 007 193 081 002 007 075 340

Figure Al. 49 Surface Profile of CVD Drilled Hole, Feedrate 305 mm/min, PCD Endmill
Trimmed Edge (transverse) of Open Hole Tension Test Specimen # 4
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Meas. Instrum.: Mahr Data Acquisition Board Ra Rz Rt Rp
Drive Unit: GD 25 pMm pm pm Hm
Pick-up: MFW-250 [8.0 %] 1. 0.257 2.058 3.59 0.69

2: 0.260 2212 422 0.71
Lt: 1.75 mm [N=5] Xb: 0.258 2.135 3.91 0.70
Ls: 2.5 um S: 0.002 0.109 0.45 0.01
VB: +250 pm Max: 0.260 2212 422 0.71
Vit 0.10 mm/s Min: 0.257 2.058 3.59 0.69
Points: 7000 [2] R: 0.003 0.154 0.63 0.02

Profile [1/2]: R [LC GS: 0.25 mm]

5.0 --n-m oo o o o ;L |
Ml R P P R l
0.0 ~"m R i - 3 BT
k ffffffffffffff o e e e |
[0.25 mm/div] 1.25 mm
Profile [2/2]: R [LC GS: 0.25 mm] ‘ ‘ ‘ ‘
5.0F-----mmmmmooe- RRRRREEEEE IRRREEEEEEEEEE IRRREREEEEEEEEE IRRREREEEEEEEEE |
[um]----—------—--- P R R R R R T ]
0.0 st Ay L ' =
J ffffffffffffff o s s T i
[0.25 mm/div] 1.25 mm

Figure Al. 50 Surface Profile of PCD Drilled Hole, Feedrate 305 mm/min, Open Hole Tension
Test Specimen # 1



Meas. Instrum.: Mahr Data Acquisition Board

Drive Unit: GD 25

Pick-up: MFW-250 [8.0 %]
Lt: 5.60 mm [N=5]
Ls: 2.5pum

VB: +250 pm

Vi 0.50 mm/s
Points: 22400 [2]

Rz

Km
4765
4683
4724
0.058
4765
4683
0.082

Rt
um
6.32
6.21
6.27
0.08
6.32
6.21
0.11

Rp

um
2.62
2.56
2.59
0.04
2.62
2.56
0.06

Profile [1/2]: R [LC GS: 0.8 mm]

[0.8 mm/div]

Figure Al. 51 Surface Profile of PCD Drilled Hole, Feedrate 305 mm/min, PCD Endmill
Trimmed Edge (longitudinal) of Open Hole Tension Test Specimen # 1
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Meas. Instrum.. Mahr Data Acquisition Board Ra Rz Rt Rp
Drive Unit: GD 25 Hm Hm Hm Hm
Pick-up: MFW-250 [8.0 %] 1: 1.529 7.823 10.74 3.23
2: 1.538 7.735 10.73 3.23

Lt: 1.75 mm [N=5] Xb: 1.534 7.779 10.74 3.23
Ls: 2.5um S: 0.006 0.062 0.01 0.00
VB: +250 pm Max: 1.538 7.823 10.74 3.23
Vit 0.10 mm/s Min: 1.529 7.735 10.73 3.23
Points: 7000 [2] R: 0.009 0.088 0.01 0.00
Profile [1/2]: R [LC GS: 0.25 mm] . ‘ ‘ ‘
200 R A I RRREEEEEEEEE oo |
[um]F---——----——-—- SRR EEEE T SRR EEE T R e R it 1
00 O e AR vi |
777777777777777
200F-----n-mmm - R oo dmmmmmm oo bosoomooooooo-
[0.25 mm/div] 1.256 mm
Profile [2/2]: R [LC GS: 0.25 mm] . ‘ ‘ ‘
200~ P ER T T |
[um]f-------------- aRnEEEEEE T R R it Tommmmmo oo l
0.0~ : 1
_______________ e |
200F-------------- P Hmmmmmmmmmmees dmmmmmmmmmmees ToTmmmmommmees !
[0.25 mm/div] 1.256 mm

Figure Al. 52 Surface Profile of PCD Drilled Hole, Feedrate 305 mm/min, PCD Endmill

Trimmed Edge (transverse) of Open Hole Tension Test Specimen # 1

531



532

Meas. Instrum.:  Mahr Data Acquisition Board Ra Rz Rt Rp
Drive Unit: GD 25 pm Hm um Hm
Pick-up: MFW-250 [8.0 %] 1. 0.799 4.037 9.95 241
2 0.740 3.713 9.07 2.20
Lt: 1.75 mm [N=5] Xb: 0.770 3.875 9.51 2.31
Ls: 2.5 um S: 0.042 0.229 0.63 0.15
VB: +250 ym Max: 0.799 4.037 9.95 241
Vit 0.10 mm/s Min: 0.740 3.713 9.07 2.20
Points: 7000 [2] R: 0.059 0.324 0.88 0.21
Profile [1/2]: R [LC GS: 0.25 mm]
100F--ccooo o e e e A L i
amil— o | : ) |
I I T - -0~ T’Ii ””””” | — 1
0.0 - N e i JANERPAN
' | | | Y )
ADOf - mmmmm e e oo Ao R EEnEEEEEEEE
[0.25 mm/div] 1.25 mm
Profile [2/2]: R [LC GS: 0.25 mm] . ‘ ‘ .
10.0F-------------- S Ao Ao IRREEEEEREEESE :
1T — . L —— L —
0.0 o N — . ] I \
' | | | Rt
A00p--------m- - CRRRREEEEEEEEE e TRRREEEEEESEREE  RRREEEEEEE
[0.25 mm/div] 1.25 mm

Figure Al. 53 Surface Profile of PCD Drilled Hole, Feedrate 305 mm/min, Open Hole Tension
Test Specimen # 2



Meas. Instrum.:  Mahr Data Acquisition Board Ra Rz Rt Rp
Drive Unit: GD 25 pm pm pm um
Pick-up: MFW-250 [8.0 %] 1: 0.667 5.621 9.60 3.69

2 0.657 5.667 9.62 3.71
Lt: 5.60 mm [N=5] Xb: 0.662 5.644 9.61 3.70
Ls: 2.5um S: 0.007 0.033 0.02 0.01
VB: +250 pm Max: 0.667 5.667 9.62 3.71
Vit 0.50 mm/s Min: 0.657 5.621 9.60 3.69
Points: 22400 [2] R: 0.010 0.046 0.03 0.02

Profile [1/2]: R [LC GS: 0.8 mm]

100} -------------- T P EEnEEE L
[um] i R R T
00 T ..
40.0F---mmmm oo oo oo Ao bommmmm
[0.80 mm/div] 4.00 mm
Profile [2/2]: R [LC GS: 0.8 mm] |
0.0 F - - m = — - e !
) e it St T
0.0 ,
e ______l
10.0f-------------- oo A A  RRREEEEEEEEE l

[0.8 mm/div] 4.0 mm

Figure Al. 54 Surface Profile of PCD Drilled Hole, Feedrate 305 mm/min, PCD Endmill
Trimmed Edge (longitudinal) of Open Hole Tension Test Specimen # 2
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Meas. Instrum.: Mahr Data Acquisition Board Ra Rz Rt Rp
Drive Unit: GD 25 Mm MM Mm MM
Pick-up: MFW-250 [8.0 %] 1: 1.904 10.193 13.90 5.01

2: 1.896 9.760 13.83 4.68
Lt: 1.75 mm [N=5] Xb: 1.900 9.977 13.87 4.85
Ls: 2.5 um S: 0.006 0.306 0.05 0.23
VB: +250 um Max: 1.904 10.193 13.90 5.01
Vt: 0.10 mm/s Min: 1.896 9.760 13.83 4.68
Points: 7000 [2] R: 0.008 0.433 0.07 0.33

Profile [1/2]: R [LC GS: 0.25 mm]

T REREEEER e R P |
um]f - - R R R Jom R 1
00— | 1 —t S 1
200 R S ——  — e |
[0.25 mm/div] 1.25 mm
Profile [2/2]: R [LC GS: 0.25 mm] ‘ ‘ ‘
200 P s e Lo |
[Hm]f - moommoooon EEEEREEEEE SRR oo Tooososonooes
O 0 | L /\(\/\ N k\\ |

/ I I M VA VA I

QJ ~~~~~~~~~~~~~~ e e o s 1
[0.25 mm/div] 1.25 mm

Figure Al. 55 urface Profile of PCD Drilled Hole, Feedrate 305 mm/min, PCD Endmill
Trimmed Edge (transverse) of Open Hole Tension Test Specimen # 2
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Meas. Instrum.: Mahr Data Acquisition Board Ra Rz Rt Rp
Drive Unit: GD 25 Hm pm um pgm
Pick-up: MFW-250 [8.0 %] 1: 0473 3415 6.34 1.35
2: 0.462 3.362 6.01 1.32

Lt: 1.75 mm [N=5] Xb: 0.467 3.388 6.17 1.34
Ls: 2.5 um S 0.008 0.037 0.23 0.02
VB: +250 ym Max: 0.473 3.415 6.34 1.35
Vit 0.10 mm/s Min: 0.462 3.362 6.01 1.32
Points: 7000 [2] R: 0.011 0.053 0.32 0.03
Profile [1/2]: R[LC GS: 0.25 mm] . ‘ ‘ ‘
10.0F-----mmmmmoo- oo R R b |
[um]p-------------- SRR Ammmmm oo R s e L l

A\ I ) : _— — |
00rs : ‘ 7 : ~V :
A40.0F--mmm e oo RN S GEEEEEE S ECCEEEEEEES |
[0.25 mm/div] 1.25 mm
Profile [2/2]: R [LC GS: 0.25 mm] . ‘ ‘ ‘
100~ R e L R |
[um]E--------—----- e e T R e qmmmmmmeoo Foommmm oo 1
WA \ \ : ‘ ,A_.J—. f_l

0.0 /\{‘ A : } ~ }
i S R it R S SGCCEEEEEREE
[0.25 mm/div] 1.25 mm

Figure Al. 56 Surface Profile of PCD Drilled Hole, Feedrate 305 mm/min, Open Hole Tension

Test Specimen # 3



Meas. Instrum.:

Mahr Data Acquisition Board

Drive Unit: GD 25

Pick-up: MFW-250 [8.0 %]
Lt: 5.60 mm [N=5]
Ls: 25Uum

VB: 250 pm

Vi 0.50 mm/s
Points: 22400 [2]

Xb:

Max:
Min:

Ra

pm
0.634
0.623
0.629
0.007
0.634
0.623
0.010

Rz

pm
4928
4902
4915
0.018
4928
4902
0.026

Rt
pm
7.28
711
7.20
0.12
7.28
711
0.17

Rp

pm
3.19
3.17
3.18
0.02
3.19
3.7
0.03

Profile [1/2]: R [LC GS: 0.8 mm]

[0.8 mm/div]

Figure Al. 57 Surface Profile of PCD Drilled Hole, Feedrate 305 mm/min, PCD Endmill
Trimmed Edge (longitudinal) of Open Hole Tension Test Specimen # 3
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Meas. Instrum.: Mahr Data Acquisition Board Ra Rz Rt Rp
Drive Unit: GD 25 pm pm pm Mm
Pick-up: MFW-250 [8.0 %] 1: 1.729 9.182 15.38 435
2: 1.808 9.517 16.34 4.51

Lt: 1.75 mm [N=5] Xb: 1.769 9.350 15.86 4.43
Ls: 2.5 um S: 0.056 0.236 0.68 0.11
VB: +250 um Max: 1.808 9.517 16.34 4.51
Vit: 0.10 mm/s Min: 1.729 9.182 15.38 435
Points: 7000 [2] R: 0.080 0.334 0.96 0.15
Profile [1/2]: R [LC GS: 0.25 mm] ‘ ‘ ‘ ‘

200 oo P R e e |
[um] b= - - - - - R R s A RREEEEEEEE TR I 1
\WWAYA . L ; 1 |

00 ~/ | T | | |
-20.0f--------------  EaaEEEEE B EEREEECTEEEE  EGRECEEEEEEE S RRCTEEEEEEEE
[0.25 mm/div] 1.25 mm
Profile [2/2]: R [LC GS: 0.25 mm] ‘ ‘ ‘ ‘
20.0------o---mooe- S oo Ao foomommomooooo- |
W] b = - == e oo T . S . |

\ VA . l B l e .

0.0— 1 f X WA A | S I
-zo.ok ~~~~~~~~~~~~~~ R S b v 1
[0.25 mm/div] 1.25 mm

Figure Al. 58 Surface Profile of PCD Drilled Hole, Feedrate 305 mm/min, PCD Endmill

Trimmed Edge (transverse) of Open Hole Tension Test Specimen # 3
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Meas. Instrum.. Mahr Data Acquisition Board Ra Rz Rt Rp
Drive Unit: GD 25 MM pm Mm Hm
Pick-up: MFW-250 [8.0 %] 1: 0.290 2.244 4.79 1.27
2: 0.283 2.241 5.24 1.29

Lt: 1.75 mm [N=5] Xb: 0.286 2.242 5.01 1.28
Ls: 2.5um S: 0.005 0.002 0.32 0.01
VB: +250 Um Max: 0.290 2244 5.24 1.29
Vt: 0.10 mm/s Min: 0.283 2.241 4.79 1.27
Points: 7000 [2] R: 0.007 0.003 0.45 0.02
Profile [1/2]: R [LC GS: 0.25 mm] . ‘ ‘ ‘

L R IR Lo IRRREEEEEEEEE IRREEEEEEEEEE |
ml e s e e |
0.0 A 2 Rt ath mﬁf : : ' ; :
k ~~~~~~~~~~~~~~ S — S S S pr a
[0.25 mm/div] 1.25 mm
Profile [2/2]: R [LC GS: 0.25 mm] ‘ ‘ ‘ ‘

10-0F ffffffffffffff R R T R |
umlf-- - e j=mmmm oo Jommmm e Tommmmmmmm oo l
0.0 - y SN AN — ; :
k —————————————— e S —— — e |
[0.25 mm/div] 1.25 mm

Figure Al. 59 Surface Profile of PCD Drilled Hole, Feedrate 305 mm/min, Open Hole Tension

Test Specimen # 4
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Meas. Instrum.: Mahr Data Acquisition Board Ra Rz Rt Rp
Drive Unit: GD 25 pm Mm Mm gm
Pick-up: MFW-250 [8.0 %] 1: 0.559 4.069 5.44 2.12

2: 0.550 3.992 5.40 2.07
Lt: 5.60 mm [N=5] Xb: 0.555 4.030 5.42 2.09
Ls: 2.5um S: 0.0086 0.054 0.03 0.03
VB: +250 um Max: 0.559 4.069 5.44 2.12
Vit: 0.50 mm/s Min: 0.550 3.992 5.40 2.07
Points: 22400 [2] R: 0.009 0.077 0.04 0.05

Profile [1/2]: R [LC GS: 0.8 mm]

10.0
[m]

-10.0

[0.8 mm/div] 4.0 mm

Figure Al. 60 Surface Profile of PCD Drilled Hole, Feedrate 305 mm/min, PCD Endmill
Trimmed Edge (longitudinal) of Open Hole Tension Test Specimen # 4



Meas. Instrum.: Mahr Data Acquisition Board Ra Rz Rt Rp
Drive Unit: GD 25 um Mm Mm pMm
Pick-up: MFW-250 [8.0 %] 1: 1.679 8.899 15.44 4.33
2: 1.686 8.973 15.46 4.31

Lt: 1.75 mm [N=5] Xb: 1.683 8.936 15.45 4.32
Ls: 2.5um S: 0.005 0.052 0.02 0.01
VB: +250 pm Max: 1.686 8.973 15.46 4.33
Vit: 0.10 mm/s Min: 1.679 8.899 15.44 4.31
Points: 7000 [2] R: 0.007 0.073 0.02 0.02
Profile [1/2]: R [LC GS: 0.25 mm] ‘ ‘

200 - moo- Ry RERRREEEEEEEES IR Ty |
Ml R R R R R R l
00 ANAY A 1 PN ""ﬂl 1 1

: V »\/“/ : ! / \/ ! - !
-20.0F------mmm - R B EERRREEEEEEE  RRREEEEEEEE S RRRREEEEEEE
[0.25 mm/div] 1.25 mm
Profile [2/2]: R [LC GS: 0.25 mm] ‘ ‘ ‘ ‘

20.0f - P R e e |
um]p-------------- ERREEEEEEEEEEEE R ARREEEEEEEEEEE EREEEEEEEEE R l
00! I~ \ 1 - P f’A/\‘\ L \
L - | N\ | |
200/ e S o O i
[0.25 mm/div] 1.25 mm

Figure Al. 61 Surface Profile of PCD Drilled Hole, Feedrate 305 mm/min, PCD Endmill
Trimmed Edge (transverse) of Open Hole Tension Test Specimen # 4
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Profile [1/2]: R [LC GS: 0.25 mm]

10.0 - P e s s 1

I R SIS RO,

0.0 ; ARV AT ;

0.0 ----------- - R Rt SRRREEEEEEEEEES RREREEEEE B RERREEEEEEES
[0.25 mm/div] 1.25 mm
Profile [2/2]: R [LC GS: 0.25 mm]

1007 ---mmmmm e R FTTT T VTTTTTTT T . ﬁ

M) ety el S

L e i e il :
[0.25 mm/div] 1.25 mm

Ra Rq Rz Rmax Rt Rp Rv R Sm RS RSk RKuRMr..RMr... ..

Mm Mm Mm Mm Mm Mm Hm Mm Mm % % ..

1: 0528 0.790 3489 6.22 622 147 202 5325 36.67 -092 6.14 49.27 91.09.

2: 0554 0877 3916 944 944 207 185 52.62 46.29 0.12 1040 46.86 90.57 ..
Xb: 0.541 0.833 3.702 783 7.83 177 193 5293 4148 -040 827 48.07 90.83
S: 0019 0062 0302 227 227 042 012 045 680 073 301 170 037
Max: 0.554 0.877 3.916 944 944 207 202 53.25 46.29 0.12 1040 49.27 91.09
Min: 0.528 0.790 3.489 6.22 622 147 185 5262 36.67 -092 6.14 46.86 90.57
R: 0026 0.087 0427 322 322 060 017 063 962 104 425 241 052

Figure Al. 62 Surface Profile of CVD Drilled Hole, Feedrate 508 mm/min, Open Hole Tension
Test Specimen # 1
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I I
ey el 1mﬁﬂnk Arprerag el e, ALY, m‘ﬂ
W ST i A VAT leumf Ty

[0.80 mm/div] 4.00 mm

Profile [2/2]: R [LC GS: 0.8 mm]
100k--—c - ___ A b e [ i
T s
0.0 byt AN - ‘, s, FIIEN e, Pt al o A A A b f sl ot
i e | T | W \VJL«TT [ T~ | : e w«yﬂ,‘ﬂ{w u:
Qoo oo o froeraseaneeans oo |
[0.8 mm/div] 4.0 mm

Ra Rq Rz Rmax Rt Rp Rv R Sm RS RSk RKuRMr...RMr... ..

pum um pum um pm pum um pum um % % ..

1. 0591 0783 4699 599 683 198 272 7453 3534 -059 430 3820 86.73 ..

2: 0583 0767 4676 614 630 190 277 6297 3344 -058 416 4024 87.78 .
Xb: 0.587 0.775 4687 6.07 65 194 275 68.75 3439 -0.58 423 39.22 87.26
S: 0.006 0.011 0016 010 038 005 004 817 135 001 010 144 074
Max: 0.591 0.783 4699 6.14 683 198 277 7453 3534 -058 430 4024 87.78
Min: 0.583 0.767 4676 599 630 190 272 6297 3344 -059 416 38.20 86.73
R: 0.008 0.016 0.023 0.15 054 007 005 1156 190 001 014 203 1.05

Figure Al. 63 Surface Profile of CVD Drilled Hole, Feedrate 508 mm/min, PCD Endmill
Trimmed Edge (longitudinal) of Open Hole Tension Test Specimen # 1



20,0 S P R e :
. R T R
0.0 T | AN panive
200 F-------------- R SERREEEEEEEEELE REEEEELE R RERREEEEEEES
[0.25 mm/div] 1.25mm
Profile [2/2]: R [LC GS: 0.25 mm)]
200 R IR IR s ﬁ
L e R S
0.0 i 1 X P 20N il
T | | A |
w0 oo e fooeen e e +:
[0.25 mm/div] 1.25 mm
Ra Rq Rz Rmax Rt Rp Rv R Sm RS RSk RKuRMr..RMr.....
pm pum Mm MM pm um Mm um pm % % ..
1: 1.562 2.055 8237 11.00 1214 371 453 77.11 4392 -0.04 332 788 16.34 .
2: 1609 2.086 7.720 8.77 1207 3.65 4.08 79.73 47.06 -0.08 3.20 8.12 16.77 ..
Xb: 1.585 2.070 7979 9.88 1210 3.68 4.30 7842 4549 -0.06 3.26 8.00 16.56
S: 0.033 0.022 0.366 158 005 0.04 032 186 222 003 0.08 017 0.31
Max: 1.609 2.086 8237 11.00 1214 371 453 7973 4706 -0.04 332 812 16.77
Min: 1.562 2.055 7.720 877 1207 365 408 77.11 4392 -0.08 320 7.88 16.34
R: 0.047 0.031 0517 223 0.07 006 046 262 313 004 0.12 024 044
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Figure Al. 64 Surface Profile of CVD Drilled Hole, Feedrate 508 mm/min, PCD Endmill
Trimmed Edge (transverse) of Open Hole Tension Test Specimen # 1
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Profile [1/2]: R [LC GS: 0.25 mm]
100 e AR R P :
um]f e
0.0 e e 3
v 1 | | v’ 1 W :
e 5 (Il
10 (i 77777777777777 . N . e |
[0.25 mmidiv] | | ' 125 mm
Profile [2/2]: R[LC GS: 0.25 mm]
100 ---mmmmmmme e T A TR s :
T R e
0.0 = ‘ ‘ V' Wy ‘/-J\}N\u‘u [ |
I B R A S
A00F-—c— Mo R b e j
| | | | |
[0.25 mm/div] 1.25 mm
Ra Rg Rz Rmax Rt Rp Rv R Sm RS RSk RKuRMr..RMr.. .
Hm Mm Mm Hm Mm Hm Hm Hm Hm % % ..
1. 0.550 0.864 3978 6.00 6.49 123 274 66.28 4746 -1.84 892 4276 90.71 .
2: 0560 0884 4.087 648 6.74 125 284 79.70 5418 -1.85 9.29 41.83 90.56 ..
Xb: 0555 0.874 4.033 624 662 124 279 7299 50.82 -1.85 9.11 4229 9064
S: 0.007 0.014 0077 034 018 001 007 949 475 001 026 066 0.11
Max: 0560 0884 4087 648 674 125 284 7970 5418 -1.84 929 4276 90.71
Min: 0550 0864 3978 6.00 649 123 274 6628 4746 -185 892 4183 9056
R: 0.010 0.020 0.109 048 025 001 010 1342 672 001 037 093 015

Figure Al. 65 Surface Profile of CVD Drilled Hole, Feedrate 508 mm/min, Open Hole Tension
Test Specimen # 2
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Profile [1/2]: R [LC GS: 0.8 mm]

oo AR L A e e
T R
A0 oo . — - T 1
[0.80 mm/div] 4.00 mm
Profile [2/2]: R [LC GS: 0.8 mm]
100} - e L e e ﬁ
R W T O
0.0 e .W’Wv«vwﬂm v_.a'\r\ m‘NN\N VAWWIJ‘IM'{“""'AVN e Poctuga s oo s u‘v«r”\‘ L YV JF\LWF\AJT"\/\\W A - wf;
A0 - - — - T +:
[0.8 mm/div] 4.0 mm

Ra Rg Rz Rmax Rt Rp Rv R Sm RS RSk RKuRMr..RMr

pm pm pm pm pm pm um um Mm %

1. 0.609 0764 4321 504 517 184 248 89.12 3290 -0.19 3.34 36.63

2: 0.614 0.770 4208 493 510 182 239 79.83 3210 -0.20 3.31 37.27
Xb: 0.612 0.767 4.264 499 513 183 243 8447 3250 -0.19 3.32 36.95
S: 0.004 0.004 0.080 0.08 004 002 006 656 057 001 002 045
Max: 0.614 0.770 4.321 504 517 184 248 89.12 3290 -0.19 3.34 37.27
Min: 0.609 0.764 4.208 493 510 182 239 7983 3210 -020 3.31 36.63
R: 0.005 0.006 0.113 011 006 003 0.08 928 080 0.01 0.03 0.64

84.70
0.04
84.73
84.67
0.06

% ..
84.73 ..
84.67 ..

Figure Al. 66 Surface Profile of CVD Drilled Hole, Feedrate 508 mm/min, PCD Endmill

Trimmed Edge (longitudinal) of Open Hole Tension Test Specimen # 2
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Meas. Instrum.. Mahr Data Acquisition Board Lt: 1.75 mm [N=5]
Drive Unit: GD 25 Ls: 25 pum
Pick-up: MFW-250 [9.0 %] VB: +250 pm
Vit 0.10 mm/s
Points: 7000 [2]

Profile [1/2]: R [LC GS: 0.25 mm]

I s P s R |
M- - - === I GRRECEEEETE FEEEERREEEEEES
0.0 A ‘ e O N SN
| | v 124l | Vo
-20.0f---------m-m-- it e OEEE T R CEE TR R LR i
[0.25 mm/div] 1.25 mm
Profile [2/2]: R [LC GS: 0.25 mm]
2000~ L e A e 1
S R — oo
0.0 Vaglind - VoAl ' SRk aave
-ZOJ ~~~~~~~~~~~~~~ foeaeaenaenee R i e e
[0.25 mm/div] 1.25mm

Ra Rq Rz Rmax Rt Rp Rv R Sm RS RSk RKuRMr..RMr._. ..

Hm gm Mm Em gm gm um Hm gm % % ..

1. 1421 1776 7839 937 1029 3565 429 7457 4359 -029 290 16.70 36.15 .

2: 1425 1782 7938 949 1045 361 432 7467 4363 -017 293 16.20 35.08 ..
Xb: 1423 1779 7889 943 1037 358 431 7462 4361 -023 291 1645 3561
S: 0.003 0.005 0.070 008 012 004 003 007 003 008 002 035 0.75
Max: 1.425 1782 7938 949 1045 3.61 432 7467 4363 -0.17 293 16.70 36.15
Min: 1.421 1776 7.839 937 1029 355 429 7457 4359 -029 290 16.20 35.08
R: 0.004 0.007 0.099 0.12 0.16 006 004 010 004 011 003 050 1.07

Figure Al. 67 Surface Profile of CVD Drilled Hole, Feedrate 508 mm/min, PCD Endmill
Trimmed Edge (transverse) of Open Hole Tension Test Specimen # 2
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Meas. Instrum.: Mahr Data Acquisition Board Lt: 1.75 mm [N=53]
Drive Unit: GD 25 Ls: 2.5 um
Pick-up: MFW-250 [9.0 %] VB: +250 ym
Vit 0.10 mm/s
Points: 7000 [2]

Profile [1/2]: R [LC GS: 0.25 mm]

20.0f - P e s P :
mlf T
0.0 I EAS
N T Hp- S A A iPL
200 -------mm- - Rt R aEEEE SRR R L e
[0.25 mm/div] 1.25 mm
Profile [2/2]: R [LC GS: 0.25 mm]
200f e e R S |
T e e T
0.0 N \ e | | .
N T T T
200b-mm e A mmm e __ R . o m el ;
| | | | |
[0.25 mm/div] 1.25 mm
Ra Rq Rz Rmax Rt Rp Rv R Sm RS R Sk R Ku .|
pm um pm pum pm pm um pm pum

1: 1.521 2923 7.722 23.83 23.83 3.77 3.95 133.14 14813  -1.27 9.86 .|

2: 1540 2920 7.257 2182 21.82 3.61 3.65 132,93 148.27 -1.24 8.91 .}
Xb:  1.531 2922 7.489 2282 2282 3.69 3.80 133.04 148.20 -1.26 9.38
S: 0014 0.002 0.329 1.42 1.42 0.11 0.21 0.15 0.10 0.02 0.67
Max: 1.540 2923 7.722 23.83 23.83 3.77 3.95 133.14 148.27 -1.24 9.86
Min: 1521 2920 7.257 21.82 21.82 3.61 3.65 13293 148.13 -1.27 8.91
R: 0019 0.003 0.465 2.01 2.01 0.16 0.30 0.21 0.14 0.03 0.94

Figure Al. 68 Surface Profile of CVD Drilled Hole, Feedrate 508 mm/min, Open Hole Tension
Test Specimen # 3



Meas. Instrum.:

Drive Unit:
Pick-up:

GD 25
MFW-250 [9.0 %]

Mahr Data Acquisition Board

5.60 mm [N=5]
2.5 um
£250 um

0.50 mm/s

22400 [2]
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Profile [1/2]: R [LC GS: 0.8 mm]

10.0 - e, e P R |
I R ST BT
o . A o ‘- L3, o e = - ‘
0.0 F-----m oo R Rt bomemmmomm oo TS  GEGREEE ST ;
[0.80 mm/div] 4.00 mm
Profile [2/2]: R [LC GS: 0.8 mm]

100} oo e e oo e
T | T
0.0 fh A e Moty . (A sy " . M J v s M et d™, flrn/‘u‘ 0
SN T WWTlW R “\rw».g Y b ww VY wiv NPT Y rw:
00 feoeaenaenaeees e fomeeaenaenaees et +:
[0.8 mm/div] 4.0 mm

Ra Rq Rz Rmax Rt Rp Rv R Sm RS RSk RKuRMr..RMr...

KMm Hm KMm Hm KMm Mm Hm Mm Hm % % ..

1: 0.688 0873 4.683 579 587 201 267 9199 3147 -039 340 3582 79.37.

2: 0.691 0.880 4.856 5.96 6.12 2.09 277 87.83 3187 -040 345 36.22 79.74 .
Xb: 0.689 0.877 4.769 588 6.00 2.05 272 8991 3167 -039 343 36.02 79.55
S: 0.002 0.005 0.122 0.11 017 006 0.07 294 028 0.01 004 028 0.26
Max: 0.691 0.880 4.856 596 6.12 2.09 277 9199 3187 -039 345 36.22 79.74
Min: 0.688 0.873 4.683 5.79 587 201 267 8783 3147 -040 340 3582 79.37
R: 0.003 0007 0173 016 025 0.08 0.10 416 039 0.01 005 040 0.37

Figure Al. 69 Surface Profile of CVD Drilled Hole, Feedrate 508 mm/min, PCD Endmill
Trimmed Edge (longitudinal) of Open Hole Tension Test Specimen # 3
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Meas. Instrum.: Mahr Data Acquisition Board Lt: 1.75 mm [N=5]
Drive Unit: GD 25 Ls: 2.5 um
Pick-up: MFW-250 [9.0 %] VB: +250 um
Vi 0.10 mm/s
Points: 7000 [2]
Profile [1/2]: R [LC GS: 0.25 mm]
L T s TR e 1
[um] |- - - oo e e
00 ASETANSPEN L .. W ™ i EPVARNG
' W : Y A VWV
A00) o e o e e
[0.25 mm/div] 1.25 mm
Profile [2/2]: R [LC GS: 0.25 mm]
100} oo o oo oo e
T e e R
0.0 AN y v ! M VJ,‘ N P . - \ fu‘/\\ "\ Lo [ AN
. \’N“j : v S \IL/ ,vj WY "\V"‘N: Y oV : J VRVARN :
400 F-ccm e e e R e oo .
| | | | |
[0.25 mm/div] 1.25 mm
Ra Rq Rz Rmax Rt Rp Rv.  RSm RS RSk RKuRMr..RMr...
Hm HMm Hm Mm Hm Mm Hm Mm Hm % % ..
1: 1124 1436 6.149 771 7.71 268 347 76.80 3157 -022 312 1514 36.07..
2: 1128 1444 6228 7.70 7.70 271 3.52 7213 3162 -023 3.14 1500 36.40..
Xb: 1.126 1440 6.189 770 7.70 269 350 7446 3159 -023 313 1507 36.24
S: 0.003 0.006 0.056 0.01 0.01 002 004 331 0.04 000 002 010 0.23
Max: 1.128 1444 6228 771 771 271 352 76.80 3162 -022 3.14 1514 36.40
Min: 1.124 1436 6.149 7.70 7.70 268 347 7213 3157 -023 3.12 1500 36.07
R: 0.005 0.008 0.080 0.01 0.01 0.03 0.05 468 005 0.00 003 0.14 033

Figure Al. 70 Surface Profile of CVD Drilled Hole, Feedrate 508 mm/min, PCD Endmill
Trimmed Edge (transverse) of Open Hole Tension Test Specimen # 3



Meas. Instrum.: Mahr Data Acquisition Board Lt: 1.75 mm [N=5]
Drive Unit: GD 25 Ls: 25um
Pick-up: MFW-250 [9.0 %] VB: +250 pm
Vi 0.10 mm/s
Points: 7000 [2]
Profile [1/2]: R [LC GS: 0.25 mm]
10.0f------mmmmmoo- i SR pmmmmmem s S ;
T | e haRERe e e SRR R
00 WZAND—y ~ i
e ____ e _____ N |
A0.0f-------=------ R e e oo .
[0.25 mm/div] 1.25 mm
Profile [2/2]: R [LC GS: 0.25 mm]
1007~ [ e R s |
[Um] === e e
0.0 AN /".I 1 TS, W ; ; N
' | | o | |
-mJ ffffffffffffff [ e P o |
[0.25 mm/div] 1.25 mm
Ra Rqg Rz Rmax Rt Rp Rv R Sm RS RSk RKURMr..RMr....
Hm Hm pHm Um pm Hm pm pum pm % % ..
1. 0913 1217 5425 748 832 309 233 8462 4164 111 521 1711 4422 .
2. 0959 1267 5506 7.21 817 326 225 7864 4231 112 479 1422 4013 .
Xb: 0936 1242 5465 734 825 317 229 8163 4197 111 500 1567 4218
S: 0.033 0.036 0057 019 011 011 006 422 047 001 030 204 289
Max: 0.959 1267 5506 748 832 326 233 8462 4231 112 521 1711 4422
Min: 0913 1217 5425 721 817 3.09 225 7864 4164 111 479 1422 40.13
R: 0.046 0.051 0081 027 015 0.16 008 597 066 002 042 289 4.09
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Figure Al. 71 Surface Profile of CVD Drilled Hole, Feedrate 508 mm/min, Open Hole Tension
Test Specimen # 4



Drive Unit:
Pick-up:

Meas. Instrum.:

Mahr Data Acquisition Board

GD 25

MFW-250 [9.0 %]

5.60 mm [N=5]
25um

250 pm

0.50 mm/s
22400 [2]

Profile [1/2]: R [LC GS: 0.8 mm]

— - -

et —

[0.80 mm/div] 4.00 mm
Profile [2/2]: R [LC QS: 0.8 mm] ‘ . ‘ .
100f-------------- Ao oo oo oo g
[um] |~ e
0.0 FRapmnetnted P h"”\““lvh\-u"m . '\n’\vf\nwﬂﬂ AWM'VAWAVA H'&wm_v A fv“mw'lw”'”ww'l“ S ‘hw"n‘;“ o
o ) | |
| | j |
A00F - P B i !
[0.8 mm/div] 4.0 mm
Ra Rq Rz Rmax Rt Rp Rv. R Sm RS R Sk RKu.
um pm pm pm pm pm pm pum pm o
1. 0.892 1.160 6.248 8.98 9.46 243 3.82 10268 6834 -0.66 558 .|
2. 0883 1147 6.310 8.77 9.81 2.46 385 10015 6952 -0.66 584 |
Xb: 0.888 1.154 6.279 8.88 9.64 2.44 383 10142 6893 -0.66 5.71
S: 0.006 0.009 0.043 0.15 0.24 0.02 0.02 1.79 0.83 0.00 0.18
Max: 0.892 1.160 6.310 8.98 9.81 2.46 385 10268 6952 -0.66 5.84
Min:  0.883 1.147 6.248 8.77 9.46 243 382 100.15 6834 -0.66 5.58
R: 0.009 0.013 0.061 0.21 0.34 0.03 0.03 253 1.18 0.00 0.26
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Figure Al. 72 Surface Profile of CVD Drilled Hole, Feedrate 508 mm/min, PCD Endmill
Trimmed Edge (longitudinal) of Open Hole Tension Test Specimen # 4
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Meas. Instrum.: Mahr Data Acquisition Board Lt: 1.75 mm [N=5]
Drive Unit: GD 25 Ls: 2.5 um
Pick-up: MFW-250 [9.0 %] VB: +250 pm
Vit 0.10 mm/s
Points: 7000 [2]
Profile [1/2]: R [LC GS: 0.25 mm]
50.0[~----mmmmmm oo e e TR s 1
e R
0.0 1 | i i |
500 -------m--mmmo T REEEEEE R Rt R ERREETEEEE R ERREEEEEEE
[0.25 mm/div] 1.25 mm
Profile [2/2]: R [LC GS: 0.25 mm]
50.0F----mmmmmo s IR P R e 1
| S S
0.0 - . : : 1
;1o )0 ) AR N R e e .
| | | | |
[0.25 mm/div] 1.25 mm
Ra Rq Rz  Rmax Rt Rp Rv. R Sm RS R Sk R Ku .
MM pm Mm um pum MM Hm Mm um .
1. 2620 4.407 12596 31.07 31.07 4.41 8.19 118.19 94.59 -217  10.35 .|
2: 2642 4415 12739 3128 31.28 445 829 11844 9479 213 1018 .|
Xb: 2631 4411 12667 31.18 31.18 443 8.24 118.31 94.69 -215 10.27
S: 0.016 0.006 0.101 0.15 0.15 0.03 0.07 0.18 0.14 0.03 0.12
Max: 2642 4415 12739 31.28 31.28 4.45 8.29 118.44 94.79 -213  10.35
Min: 2620 4407 12596 31.07 31.07 4.41 8.19 11819 9459 -217  10.18
R: 0.022 0.008 0.143 0.21 0.21 0.04 0.10 0.25 0.20 0.04 0.17

Figure Al. 73 Surface Profile of CVD Drilled Hole, Feedrate 508 mm/min, PCD Endmill
Trimmed Edge (transverse) of Open Hole Tension Test Specimen # 4
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Object:
Number:
Comment:
Meas. Instrum.: Mahr Data Acquisition Board Ra Rz Rt Rp
Drive Unit: GD 25 Mm Mm Hm Hm
Pick-up: MFW-250 [8.0 %] 1: 0.504 3.843 7.32 1.47
2: 0.517 3.848 7.24 1.46
Lt: 1.75 mm [N=5] Xb: 0.510 3.845 7.28 1.46
Ls: 2.5um S: 0.009 0.004 0.06 0.00
VB: +250 um Max: 0.517 3.848 7.32 1.47
Vit 0.10 mm/s Min: 0.504 3.843 7.24 1.46
Points: 7000 [2] R: 0.012 0.005 0.08 0.00
Profile [1/2]: R [LC GS: 0.25 mm] ‘ . ‘ .
100 -----mmmmooee s s e e |
umf-------------- R R ettt R el Tom----—------- i
PN nEa) L ) 1 !
>0 7 v | T |
-0.0f--------mm oo TR (- mmmmmomo o R Rt SRS
[0.25 mm/div] 1.25 mm
Profile [2/2]: R [LC GS: 0.25 mm] ‘ . ‘ .
100F-----mmmmoes T TTTTTTT T NTTTTTTTITTT o §TTTTTTT I |
[Um]F-------------- B R R R Tmmmmmmmmmmm i
0.0 e A o i 3 E
_________ " \h/__"_j:__tj___________{;_______________:______________;_______________:
-10.0f-------------- R RREEEER B T TR Ao bommmmmooooooo |
[0.25 mm/div] 1.25 mm

Figure Al. 74 Surface Profile of PCD Drilled Hole, Feedrate 508 mm/min, Open Hole Tension

Test Specimen # 1
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Meas. Instrum.. Mahr Data Acquisition Board Ra Rz Rt Rp
Drive Unit: GD 25 Mm Mm Mm Mm
Pick-up: MFW-250 [8.0 %] 1: 1.158 7.901 14.31 3.74
2: 1.165 7.935 14.30 3.76
Lt: 5.60 mm [N=5] Xb: 1.162 7.918 14.31 3.75
Ls: 2.5um S: 0.005 0.024 0.00 0.01
VB: +250 um Max: 1.165 7.935 14.31 3.76
Vit: 0.50 mm/s Min: 1.158 7.901 14.30 3.74
Points: 22400 [2] R: 0.007 0.035 0.01 0.02
Profile [1/2]: R [LC GS: 0.8 mm]
20,0} ---------o- - R o oo oo |
O SR SO R P |
0.0 [t =S S ooy S B A O
200/ S S  —— e 1
[0.80 mm/div] 4.00 mm
Profile [2/2]: R [LC GS: 0.8 mm] ‘ ‘ . ‘
20-0F -------------- e s Ao b |
i e SO g P |
0.0 prmat ey g Nprseing Y e e l
-zo.ﬁ ~~~~~~~~~~~~~~ e e o o 1
[0.8 mm/div] 4.0 mm

Figure Al. 75 Surface Profile of PCD Drilled Hole, Feedrate 508 mm/min, PCD Endmill

Trimmed Edge (longitudinal) of Open Hole Tension Test Specimen # 1
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Meas. Instrum.: Mahr Data Acquisition Board Ra Rz Rt Rp
Drive Unit: GD 25 Hm Mm HMm Mm
Pick-up: MFW-250 [8.0 %] 1: 1.754 10.415 17.26 432

2: 1.754 10.325 17.34 4.29
Lt: 1.75 mm [N=5] Xb: 1.754 10.370 17.30 4.30
Ls: 2.5 um S: 0.000 0.083 0.06 0.02
VB: +250 pm Max: 1.754 10.415 17.34 432
Vit 0.10 mm/s Min: 1.754 10.325 17.26 429
Points: 7000 [2] R: 0.000 0.089 0.09 0.03

200f - AR e f : |
) R = s R L R I
000" T ; : A T !
o I v A Ll ________ !
27, E— B— A—— — IR——— |
[0.25 mm/div] 1.25 mm
Profile [2/2]: R [LC GS: 0.25 mm]
20.0F - ST T T I VT |
[um]pF-——--—-------- e T R aits R T e |
00" y R i o ‘.
o [ L 1
T SR R — I I |
[0.25 mm/div] 1.25 mm

Figure Al. 76 Surface Profile of PCD Drilled Hole, Feedrate 508 mm/min, PCD Endmill
Trimmed Edge (transverse) of Open Hole Tension Test Specimen # 1
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Meas. Instrum.: Mahr Data Acquisition Board Ra Rz Rt Rp
Drive Unit: GD 25 pm Mm Hm pm
Pick-up: MFW-250 [8.0 %] 1: 0.200 1.359 1.97 0.51
2: 0.208 1.429 2.13 0.54
Lt: 1.75 mm [N=5] Xb: 0.204 1.394 2.05 0.53
Ls: 2.5 um S: 0.006 0.049 0.1 0.02
VB: +250 um Max: 0.208 1.429 213 0.54
Vit: 0.10 mm/s Min: 0.200 1.359 1.97 0.51
Points: 7000 [2] R: 0.008 0.070 0.16 0.03
Profile [1/2]: R [LC GS: 0.25 mm]
R N o o o a
) NS Y STTINO
0.0 st oA it e S e e s
. I A I A
20 o e e e a
[0.25 mm/div] 1.25 mm
Profile [2/2]: R [LC GS: 0.25 mm]
20f e R e R |
R P S ATV I VT i
00 k ‘J\J/ufl’ \ N AW A:u e “\,\.I‘\HM” |V| L/H ,.:y L\p} A M, i “.‘ll(',J v ”,\| “‘. ,m‘l - T\ W ‘Tﬁl}‘ »\f;f%.\,:
S T L T
20 Pt St St S !
[0.25 mm/div] 1.25 mm

Figure Al. 77 Surface Profile of PCD Drilled Hole, Feedrate 508 mm/min, Open Hole Tension

Test Specimen # 2
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Meas. Instrum.:

Mahr Data Acquisition Board

Drive Unit: GD 25

Pick-up: MFW-250 [8.0 %]
Lt: 5.60 mm [N=5]
Ls: 2.5 um

VB: +250 um

Vit 0.50 mm/s
Points: 22400 [2]

Xb:

Max:
Min:

Ra

Mm
0.772
0.766
0.769
0.005
0.772
0.766
0.006

Rz

Mm
5.056
4970
5.013
0.0861
5.056
4,970
0.086

Rt
um
6.54
6.09
6.32
0.32
6.54
6.09
0.45

Rp

pm
2.56
259
257
0.02
2.59
2.56
0.03

[0.80 mm/div]

Profile [2/2]: R [LC GS: 0.8 mm]

[0.8 mm/div]

Figure Al. 78 Surface Profile of PCD Drilled Hole, Feedrate 508 mm/min, PCD Endmill
Trimmed Edge (longitudinal) of Open Hole Tension Test Specimen # 2
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Meas. Instrum.:  Mahr Data Acquisition Board Ra Rz Rt Rp
Drive Unit: GD 25 pm pm pm pm
Pick-up: MFW-250 [8.0 %] 1. 2.603 12.950 2591 5.71

2 2611 13.049 25.76 5.84
Lt: 1.75 mm [N=5] Xb: 2.607 12.999 25.84 5.77
Ls: 2.5um S: 0.006 0.070 0.10 0.09
VB: +250 um Max: 2611 13.049 2591 5.84
Vit: 0.10 mm/s Min: 2.603 12.950 2576 5.71
Points: 7000 [2] R: 0.008 0.099 0.15 0.13

Profile [1/2]: R [LC GS: 0.25 mm]

50,01+ - oo N e e + |
ml- - R R T R R l
0.0 T P 1 1 —
k ~~~~~~~~~~~~~~ e S  — e 1
[0.25 mm/div] 1.25 mm
Profile [2/2]: R [LC GS: 0.25 mm]
800~ AR R SR P |
[um]F-------------- oo e RREREEEE  RREEEEEEEEEEE Tommmmmmm-ooo- 1
00— e oo b T 1
[0.25 mm/div] 1.25 mm

Figure Al. 79 Surface Profile of PCD Drilled Hole, Feedrate 508 mm/min, PCD Endmill
Trimmed Edge (transverse) of Open Hole Tension Test Specimen # 2
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Meas. Instrum.. Mahr Data Acquisition Board Ra Rz Rt Rp
Drive Unit: GD 25 Mm Hm pm Mm
Pick-up: MFW-250 [8.0 %] 1: 0.315 2.856 6.82 1.58
2: 0.323 2.938 7.28 1.57

Lt: 1.75 mm [N=5] Xb: 0.319 2.897 7.05 1.57
Ls: 2.5um S: 0.005 0.059 0.33 0.00
VB: +250 um Max: 0.323 2.938 7.28 1.58
Vit: 0.10 mm/s Min: 0.315 2.856 6.82 1.57
Points: 7000 [2] R: 0.008 0.083 0.46 0.01
Profile [1/2]: R [LC GS: 0.25 mm] ‘ ‘ ‘

100 - P R e oo |
) Rt R s R Tm==smmee—-e- 1
0.0 : : : ot :
o T e o o o 1
[0.25 mm/div] 1.25 mm
Profile [2/2]: R [LC GS: 0.25 mm] ‘ ‘ ‘

10.0f oo SRR R R P |
) o R oo oo |
0.0 — 1 l l = l
-mok ~~~~~~~~~~~~~~ e e b v 1
[0.25 mm/div] 1.25 mm

Figure Al. 80 Surface Profile of PCD Drilled Hole, Feedrate 508 mm/min, Open Hole Tension

Test Specimen # 3
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Meas. Instrum.:

Mahr Data Acquisition Board

Drive Unit: GD 25

Pick-up: MFW-250 [8.0 %]
Lt: 5.60 mm [N=5]
Ls: 2.5 um

VB: £250 um

Vit 0.50 mm/s
Points: 22400 [2]

Ra

Mm
0.824
0.821
0.822
0.002
0.824
0.821
0.003

Rz

Mm
6.787
6.759
6.773
0.019
6.787
6.759
0.027

Rt
pm
9.37
9.27
9.32
0.07
9.37
9.27
0.10

Rp

pm
3.85
3.83
3.84
0.01
3.85
3.83
0.02

Profile [1/2]: R [LC GS: 0.8 mm]

[0.80 mm/div]

Profile [2/2]: R [LC GS: 0.8 mm]

[0.8 mm/div]

Figure Al. 81 Surface Profile of PCD Drilled Hole, Feedrate 508 mm/min, PCD Endmill
Trimmed Edge (longitudinal) of Open Hole Tension Test Specimen # 3
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Meas. Instrum.: Mahr Data Acquisition Board Ra Rz Rt Rp
Drive Unit: GD 25 Hm Mm Mm pm
Pick-up: MFW-250 [8.0 %] 1: 2.561 13.817 23.74 4.84
2: 2.557 13.966 23.61 4.86
Lt: 1.75 mm [N=5] Xb: 2.559 13.891 23.68 4.85
Ls: 2.5 um S: 0.003 0.106 0.10 0.02
VB: +250 pm Max: 2.561 13.966 23.74 4.86
Vit 0.10 mm/s Min: 2.557 13.817 23.61 4.84
Points: 7000 [2] R: 0.004 0.150 0.13 0.03
Profile [1/2]: R [LC GS: 0.25 mm] ‘ ‘ ‘
200 - P R S P |
um]fF---——=-——A---- ERRREEEEEEEEEEE R Fommm i l
AW | BESPYY : |
- L : TR AR
R ¥ o 1
-200F-------------- it Tt i Fommmmmmmmmmees 1
[0.25 mm/div] 1.25 mm
Profile [2/2]: R [LC GS: 0.25 mm)]
20.0f--------mooees P oo Ao fommmmmmoioooes |
(T2 ) | ——— ol e e b |
N \ | | | | |
0.0 /=4 : SRRyt v e var
777777777777 \f,ifff
-200F-------------- oo oo R e !
[0.25 mm/div] 1.25 mm

Figure Al. 82 Surface Profile of PCD Drilled Hole, Feedrate 508 mm/min, PCD Endmill
Trimmed Edge (transverse) of Open Hole Tension Test Specimen # 3



Meas. Instrum.: Mahr Data Acquisition Board Ra Rz Rt Rp
Drive Unit: GD 25 Mm pHm Hm pm
Pick-up: MFW-250 [8.0 %] 1: 0.332 3.082 5.07 0.87
2: 0.340 3.128 5.08 0.90

Lt: 1.75 mm [N=5] Xb: 0.336 3.105 5.08 0.88
Ls: 2.5um S: 0.006 0.033 0.01 0.02
VB: +250 um Max: 0.340 3.128 5.08 0.90
Vit: 0.10 mm/s Min: 0.332 3.082 5.07 0.87
Points: 7000 [2] R: 0.008 0.046 0.01 0.03
Profile [1/2]: R [LC GS: 0.25 mm] . ‘ ‘ ‘

100 -~ P R IRREEEEEEEEEE IRREEEEEEEEERE |
L) e mmmmm s sy jmm s R Tommsmmmmmooe- 1
0.0 p===yprr = o : + x
0D oo oo s boeaenaeneee . 1
[0.25 mm/div] 1.25 mm
Profile [2/2]: R [LC GS: 0.25 mm] . ‘ ‘ ‘

100 - -mooooee e P R T e |
i e o oo P |
0.0 = = T | - -
-mt ~~~~~~~~~~~~~~ oo e b e 1
[0.25 mm/div] 1.25 mm
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Figure Al. 83 Surface Profile of PCD Drilled Hole, Feedrate 508 mm/min, Open Hole Tension

Test Specimen # 4



Meas. Instrum.:

Mahr Data Acquisition Board

Drive Unit: GD 25

Pick-up: MFW-250 [8.0 %]
Lt: 5.60 mm [N=5]
Ls: 25 um

VB: +250 um

Vit 0.50 mm/s
Points: 22400 [2]

Ra

um
1.000
1.023
1.012
0.016
1.023
1.000
0.023

Rz

Hm
5.406
5.622
5.514
0.152
5622
5.406
0.215

Rt
pm
6.62
6.98
6.80
0.26
6.98
6.62
0.36

Rp

pm
2.80
287
2.83
0.05
2.87
2.80
0.07

Profile [1/2]: R [LC GS: 0.8 mm]

[0.8 mm/div]

Figure Al. 84 Surface Profile of PCD Drilled Hole, Feedrate 508 mm/min, PCD Endmill
Trimmed Edge (longitudinal) of Open Hole Tension Test Specimen # 4
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Object:
Number:
Comment:
Meas. Instrum.: Mahr Data Acquisition Board Ra Rz Rt Rp
Drive Unit: GD 25 pm gm gm um
Pick-up: MFW-250 [8.0 %)] 1. 2.169 9.812 14.92 4.03
2 2193 10.323 14.83 4.03
Lt: 1.75 mm [N=5] Xb: 2.181 10.067 14.87 4.03
Ls: 2.5 um S: 0.017 0.362 0.07 0.00
VB: +250 pm Max: 2193 10.323 14.92 4.03
Vit: 0.10 mm/s Min: 2.169 9.812 14.83 4.03
Points: 7000 [2] R: 0.024 0.512 0.10 0.00
Profile [1/2]: R [LC GS: 0.25 mm] ‘ . . .
200 P s R e :
um]f - oo s s L |
00— R A
l Rt I 1 | 1
-Mi ~~~~~~~~~~~~~~ e  —  —— e e
[0.25 mm/div] 1.25 mm
Profile [2/2]: R [LC GS: 0.25 mm] ‘ . . .
20-0F -------------- e e S b |
um]F-------------- e = I RREEE R R e R |
0.0 L [ _ o A A \ A
A T 7 | | 7 Ay
______________ e Moo T
-20.0f-----=--mmmm-- R EE T RS B R REREEEEEEE  RREEEEE TR 5
[0.25 mm/div] 1.25 mm

Figure A1.85 Surface Profile of PCD Drilled Hole, Feedrate 508 mm/min, PCD Endmill
Trimmed Edge (transverse) of Open Hole Tension Test Specimen # 4
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B1.1 Surface Profiles of Fatigue Testing Specimens as recorded by profilometer

Meas. Instrum.:
Drive Unit:
Pick-up:

Mahr Data Acquisition Board
GD 25
MFW-250 * 3.0 [777]

Profile: R [LC GS: 0.8 mm)]

200.0

[pm)]

0.05

-200.0

[0.8 mm/div]

Lt:

Ls:

VB:

Vit
Points:

5.6 mm [N=5]
2.5 pm
£750.0 ym
0.50 mmv/s
11200

4.0 mm

Figure B 1.53 Surface Profile (Longitudinal) of AWJ Trimmed Fatigue Test

Meas. Instrum.:

Drive Unit:
Pick-up:

Specimen Al1-H-1

Mahr Data Acquisition Board
GD 25
MFW-250 * 3.0 [?77]

Profile: R [LC GS: 0.8 mm)]

200.0
[pm)]

0_0- o

-200.0

[0.8 mm/div]

Lt
Ls:

Points:

5.6 mm [N=5]
2.5pum
£750.0 ym
0.50 mm/s
11200

4.0 mm

Figure B 1.54 Surface Profile (Longitudinal) of AWJ Trimmed Fatigue Test
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Specimen Al-H-2

Meas. Instrum.: Mahr Data Acquisition Board Lt 5.6 mm [N=5]

Drive Unit: GD 25 Ls: 2.5pum

Pick-up: MFW-250 * 3.0 [?77] VE: £750.0 ym
Vi 0.50 mm/s
Points: 11200

Profile: R [LC GS: 0.8 mm]
200.0

{pm]

0.0 " b B PG . . . VA W LS ¥ ANA DA - N ey

-200.0
[0.8 mm/div] 4.0 mm

Figure B 1.55 Surface Profile (Longitudinal) of AWJ Trimmed Fatigue Test
Specimen A1-H-3

Meas. Instrum.: Mahr Data Acquisition Board Lt: 5.6 mm [N=5]

Drive Unit: GD 25 Ls: 2.5um

Pick-up: MFW-250 * 3.0 [?77] VE: £750.0 ym
Vit 0.50 mmvs
Points: 11200

Profile: R [LC GS: 0.8 mm]

200.0
[um]
-200.0
[0.8 mm/div] 4.0 mm

Figure B 1.56 Surface Profile (Longitudinal) of AWJ Trimmed Fatigue Test
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Specimen Al-H-4

Meas. Instrum.: Mahr Data Acquisition Board Lt: 5.6 mm [N=5]

Drive Unit: GD 25 Ls: 2.5 um

Pick-up: MFW-250 * 3.0 [?77] VB: £750.0 ym
Wi 0.50 mm/s
Points: 11200

Profile: R [LC GS: 0.8 mm]

50.0
(um] :
- r‘n\'ﬂr’y""‘ y ,ﬁ'} | ;."‘. 'lf'\ ‘x“‘,' 1 W ‘?ﬂ o \»‘.‘N M \ ‘\.-s\,‘;' Jmﬂ
00" ‘I'{" " W "v‘f "A# y '.‘,".ﬁ' -t \4.,\}"‘ oy P‘Wl;, \ .(‘h W 'M'Jq..yﬁvi' , ~"‘\ﬂ ~."
! II w ’
-50.0
[0.8 mm/div] 4.0 mm
Figure B 1.57 Surface Profile (Longitudinal) of CVD Trimmed Fatigue Test
Specimen B1-H-1
| Meas. Instrum.: Mahr Data Acquisition Board Lt 5.6 mm [N=5]
Drive Unit: GD 25 Ls: 2.5um
Pick-up: MFW-250 * 3.0 [?77] VB: £750.0 ym
Vit 0.50 mmvJs
Points: 11200
Profile: R [LC GS: 0.8 mm]
20.0
[um] | ' ,
‘JW\“ by, .!."ff" "A&'l' *‘,'- La ,i'ul' “JA"l"","L ',Ll'r“‘,‘:*-" .'-“'lf!r.“ vt 4 .
. l’ WY i (’M“J P hntin'y ""v"f\‘i ML 'm NS W [ F VT
|} { | .’, " J r\."l
-20.0
[0.8 mm/div] 4.0 mm

Figure B 1.58 Surface Profile (Longitudinal) of CVD Trimmed Fatigue Test
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Specimen B1-H-2

Meas. Instrum.: Mahr Data Acquisition Board Lt 5.6 mm [N=5]

Drive Unit: GD 25 Ls: 2.5 ym

Pick-up: MFW-250 * 3.0 [?77] VE: +750.0 ym
Vit 0.50 mm/s
Points: 11200

Profile: R [LC GS: 0.8 mm]

50.0
[um]
0.0 bt mumbpnrsed’ -\n.ﬁM‘—u»\. Wp,\'»\’..-lq..l‘\::‘&..l'-.‘ A .'w'.‘-\-.’:‘:.t A hig yoN \f‘"’r \ ..'.. ’ ‘L‘, "0 ,;- U :".l:'."—“‘-_ -
-50.0
[0.8 mm/div] 4.0 mm
Figure B 1.59 Surface Profile (Longitudinal) of CVD Trimmed Fatigue Test
Specimen B1-H-3
VMeas. Instrum.: Mahr Data Acquisition Board | Lt: 5.6 mm [N=5]
Drive Unit: GD 25 Ls: 2.5um
Pick-up: MFW-250 * 3.0 [777] VB: +750.0 ym
VI 0.50 mmv/s
Points: 11200

Profile: R [LC GS: 0.8 mm)]

50.0
(um] |
0.0 r,M't*#*.'.-‘#;!:\ ;f..J s *4';,...;\,1‘ &,t‘ﬁ\'(;,";.\;,,‘r”ﬁ"«'.,mx’vwf{,m wrﬂ,t.m\,t;www\gwlmw
|
-50,0
(0.8 mm/div] 4.0 mm

Figure B 1.60 Surface Profile (Longitudinal) of CVD Trimmed Fatigue Test
Specimen B1-H-4



Meas. Instrum.: Mahr Data Acquisition Board Lt

Drive Unit: GD 25 Ls:

Pick-up: MFW-250 * 3.0 [?77] VB:
Vi
Points:

Profile: R [LC GS: 0.8 mm]

569

5.6 mm [N=5]
2.5 um
£750.0 ym
0.50 mmvs
11200

100.0
[um]
00 W "'.' / l — --‘ Sty '-.. 'ﬂ 20 : ~ B P
-100.0
[0.8 mm/div] 4.0 mm
Figure B 1.61 Surface Profile (Longitudinal) of AWJ Trimmed Fatigue Test
Specimen A1-M-1
Meas. Instrum.: Mahr Data Acquisition Board Lt: 5.6 mm [N=5]
Drive Unit: GD 25 Ls: 2.5 pum
Pick-up: MFW-250 * 3.0 [?77] VB: £750.0 ym
Vi 0.50 mmvs
Points: 11200
Profile: R [LC GS: 0.8 mm]
200.0
[pm]
00’ - _'_ ’ - S Y g AL by / ’» \.;-.‘“." _— : 71§ | — "-.‘..'_ W b hiad ‘."_.‘_ v,
-200.0
[0.8 mm/div] 4.0 mm

Figure B 1.62 Surface Profile (Longitudinal) of AWJ Trimmed Fatigue Test

Specimen Al1-M-2
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Meas. Instrum.: Mahr Data Acquisition Board Lt: 5.6 mm [N=5]

Drive Unit: GD 25 Ls: 2.5 um

Pick-up: MFW-250 * 3.0 [?77] VB: £750.0 ym
Vit 0.50 mm/s
Points: 11200

Profile: R [LC GS: 0.8 mm)]

200.0
(um]
o.o.. '.‘v~‘l_. v--.“" "_.. | ‘.,- o G AN ams I‘A .".- o~ Yo % ".‘.". '».‘ ," - ‘,n‘: Fau : . ] W '.‘_,:, .' ¥ A : .,"\‘v.._
-200.0
[0.8 mm/div] 4.0 mm
Figure B 1.63 Surface Profile (Longitudinal) of AWJ Trimmed Fatigue Test
Specimen A1-M-3
Meas. Instrum.: Mahr Data Acquisition Board Lt 5.6 mm [N=5]
Drive Unit: GD 25 Ls: 2.5 pym
Pick-up: MFW-250 * 3.0 [?77] VE: £750.0 ym
Vi 0.50 mmv/s
Points: 11200
Profile: R [LC GS: 0.8 mm)]
200.0
[um]
0.0 [ w7 e ity o N L AT G SR S S T
-200.0
[0.8 mm/div] 4.0 mm

Figure B 1.64 Surface Profile (Longitudinal) of AWJ Trimmed Fatigue Test
Specimen Al-M-4
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Meas. Instrum.: Mahr Data Acquisition Board Lt: 5.6 mm [N=5]

Drive Unit: GD 25 Ls: 2.5pum

Pick-up: MFW-250 * 3.0 [?77] VB: £750.0 ym
Vi 0.50 mm/s
Points: 11200

Profile: R [LC GS: 0.8 mm]

50.0
(um]
| " | !1 " { ‘."\ ‘l L)
| A ) l f’ ‘ A Ty ‘ | H
M AL bt ook Ml a8 AW AW g e
00 1“,?:”\"}"’ ;"'g |i"|.'nli l}.! ’ . ]’ I . ”‘.&|Y m'r"f.'y ,"""’, * ' {' ’k.. "'.d' #' ‘l‘ét l’\ ’“' \'.HH P&l] X
) . Wh* f I wrw \
-50.0
[0.8 mm/div] 4.0 mm
Figure B 1.65 Surface Profile (Longitudinal) of CVD Trimmed Fatigue Test
Specimen B1-M-1
VMeas. Instrum.:  Mahr Data Acquisition Board 7 Lt 5.6 mm [N=5]
Drive Unit: GD 25 Ls: 2.5um
Pick-up: MFW-250 * 3.0 [?77] VB: £750.0 ym
Vit 0.50 mmvs
Points: 11200
Profile: R [LC GS: 0.8 mm]
50.0
(um]
0.0 H '3".u;,°f'l. ) s-l’-"l'-l - a\"u"vib /i j.\"'\'_ AW { .:"”.""-.' AN Ve A
i "ﬂ;,"..ﬂ» f‘ﬂf"." ‘.J{ .,_!l I} W 5 "4 '-x"" Y 'v > Y \‘ ] ’\“v ] \r‘..' T
| I ! U | v (VY "‘ “ ' ~
» h |
-50.0
[0.8 mm/div] 4.0 mm

Figure B 1.66 Surface Profile (Longitudinal) of CVD Trimmed Fatigue Test
Specimen B1-M-2
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Meas. Instrum.: Mahr Data Acquisition Board Lt: 5.6 mm [N=5]

Drive Unit: GD 25 Ls: 2.5um

Pick-up: MFW-250 * 3.0 [?77] VB: £750.0 ym
VI 0.50 mmv/s
Points: 11200

Profile: R [LC GS: 0.8 mm]

200.0
[um]
L AN 7 "\ I\‘-,‘L = R < .
e o A ~aav e it N BE es  e
-200.0 |
[0.8 mm/div] 4.0 mm
Figure B 1.67 Surface Profile (Longitudinal) of CVD Trimmed Fatigue Test
Specimen B1-M-3
Meas. Instrum.: Mahr Data Acquisition Board Lt 5.6 mm [N=5]
Drive Unit: GD 25 Ls: 2.5 pym
Pick-up: MFW-250 * 3.0 [?77] VB: £750.0 ym
Vi 0.50 mmv/s
Points: 11200
Profile: R [LC GS: 0.8 mm]
200.0
[um]
0.0 [t SN P L VA 7 v i v e oA oY
-200.0
[0.8 mm/div] 4.0 mm

Figure B 1.16 Surface Profile (Longitudinal) of CVD Trimmed Fatigue Test
Specimen B1-M-4
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Meas. Instrum.: Mahr Data Acquisition Board Lt: 5.6 mm [N=5]

Drive Unit: GD 25 Ls: 2.5 ym

Pick-up: MFW-250 * 3.0 [?77] VB: +750.0 ym
Vit 0.50 mmv/s
Points: 11200

Profile: R [LC GS: 0.8 mm)]

200.0
{um] |
0.0 ., v, AN AR S A U Vs Ay - Y nf Lupn 2 ooy g
-200.0
[0.8 mm/div] 4.0 mm
Figure B 1.68 Surface Profile (Longitudinal) of AWJ Trimmed Fatigue Test
Specimen Al-L-1
Meas. Instrum.: Mahr Data Acquisition Board Lt: 5.6 mm [N=5]
Drive Unit: GD 25 Ls: 2.5 pm
Pick-up: MFW-250 * 3.0 [?77] VB: +750.0 ym
Vi 0.50 mmv/s
Points: 11200
Profile: R [LC GS: 0.8 mm]
200.0
[um]
0_0 5 .J"-»‘.v:-?":' ‘ .v'~__ - _r'ﬁvyl SRUTN e y S 4 ¥ 4\[4 PN "s‘. - \\""'.T".f 'y '..\ g ‘s v.',A’ ".—‘ -“'"I-A - ".'.".‘ .
-200.0
[0.8 mm/div] 4.0 mm

Figure B 1.69 Surface Profile (Longitudinal) of AWJ Trimmed Fatigue Test
Specimen Al-L-2



Meas. Instrum.: Mahr Data Acquisition Board Lt:

Drive Unit: GD 25 Ls:

Pick-up: MFW-250 * 3.0 [777] VB:
Vi
Points:

Profile: R [LC GS: 0.8 mm)]

200.0
[um]
o.o .'.I_ i .\‘IA’.' . \ ‘ ﬁ..‘\‘. V‘Iv ;.h :.','- .. ‘s . "‘..‘"' ity " '_: L
-200.0
[0.8 mm/div]

o574

5.6 mm [N=5]
2.5uym
£750.0 pm
0.50 mmv/s
11200

4.0 mm

Figure B 1.70 Surface Profile (Longitudinal) of AWJ Trimmed Fatigue Test

Specimen Al-L-3

Meas. Instrum.: Mahr Data Acquisition Board Lt

Drive Unit: GD 25 Ls:

Pick-up: MFW-250 * 3.0 [?77] VB:
Vi
Points:

Profile; R [LC GS: 0.8 mm]
20.0

[um]

5.6 mm [N=5]
2.5um
£750.0 ym
0.50 mmv/s
11200

0.0 4*{ WJLHN- m’qd.w- e\i’[hbﬁ“"/—‘ J‘.(‘ ‘M";‘ r’h&n‘*h}fu "H ”'is«.'.\m# %-r'" ‘M‘

-20.0
[0.8 mm/div]

4.0 mm

Figure B 1.71 Surface Profile (Longitudinal) of CVD Trimmed Fatigue Test

Specimen B1-L-1
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5.6 mm [N=5]
2.5 ym
+750.0 ym
0.50 mmv/s
11200

T o "‘I"A“'\'_,‘W*W. ~ /‘r Lo VIR N A——e

4.0 mm

5.6 mm [N=5]
2.5um
£750.0 ym
0.50 mmv/s

Meas. Instrum.: Mahr Data Acquisition Board Lt
Drive Unit: GD 25 Ls:
Pick-up: MFW-250 * 3.0 [??7] VB:
Vi
Points:
Profile: R [LC GS: 0.8 mm]
200.0 |
(um)| ,
0.0 [+~ s S 4 [} — L .\ A [
-200.0
[0.8 mm/div]
Figure B 1.72 Surface Profile (Longitudinal) of CVD Trimmed Fatigue Test
Specimen B1-L-2
Meas. Instrum.: Mahr Data Acquisition Board WLI:
Drive Unit: GD 25 Ls:
Pick-up: MFW-250 * 3.0 [777] VE:
Vi
Points:

Profile: R [LC GS: 0.8 mm]
20.0

[pm]

11200

ool :
0.0 M{a '.‘t'.-wfﬁ,wm :/W ‘M' "'wn‘ M M} ““’ i *GWI AMIW%J‘*) ‘WJ“ ‘}‘“14"“‘*

-20.0
[0.8 mm/div]

4.0 mm

Figure B 1.73 Surface Profile (Longitudinal) of CVD Trimmed Fatigue Test

Specimen B1-L-3



Meas. Instrum.: Mahr Data Acquisition Board Lt:

Drive Unit: GD 25 Ls:

Pick-up: MFW-250 * 3.0 [?77) VB:
Wi
Points:

Profile: R [LC GS: 0.8 mm]
20.0

576

5.6 mm [N=5]
2.5um
£750.0 pm
0.50 mm/s
11200

-20.0
[0.8 mm/div] 4.0 mm
Figure B 1.74 Surface Profile (Longitudinal) of CVD Trimmed Fatigue Test
Specimen B1-L-4
Meas. Instrum.: Mahr Data Acquisition Board Lt 5.6 mm [N=5]
Drive Unit: GD 25 Ls: 2.5um
Pick-up: MFW-250 * 3.0 [?77] VB: £750.0 pm
vt 0.50 mmvJs
Points: 11200
Profile: R [LC GS: 0.8 mm)]
200.0
[um)]
0‘0 \'..‘.- ’ ‘-" -,'-. y \'\..‘ - '-~:.~ TR ey l-—_"“ e 'f‘ 1 ¥ S 2 _"‘_ : . r o - .
-200.0
4.0 mm

[0.8 mm/div]

Figure B 1.75 Surface Profile (Longitudinal) of AWJ Trimmed Fatigue Test

Specimen A2-H-1
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Meas. Instrum.: Mahr Data Acquisition Board Lt 5.6 mm [N=5]

Drive Unit: GD 25 Ls: 2.5 pym

Pick-up: MFW-250 * 3.0 [?77] VB: £750.0 ym
Vi 0.50 mm/s
Points: 11200

Profile: R [LC GS: 0.8 mm]

200.0
[um]
-200.0 |
[0.8 mm/div] 4.0 mm
Figure B 1.76 Surface Profile (Longitudinal) of AWJ Trimmed Fatigue Test
Specimen A2-H-2
Meas. Instrum.: Mahr Data Acquisition Board Lt 5.6 mm [N=5]
Drive Unit: GD 25 Ls: 2.5um
Pick-up: MFW-250 * 3.0 [777] VB: £750.0 ym
Vi 0.50 mmvs
Points: 11200
Profile: R [LC GS: 0.8 mm)
200.0
[um)
0.0 .,' “ v ".' pe . .-.‘ A. ™ ,n'“ “ : e % Ny : ‘. ' ~.'..~,("‘. f' ' y : .'“\\-“'. ‘ | \ "“
-200.0
[0.8 mm/div] 4.0 mm

Figure B 1.77 Surface Profile (Longitudinal) of AWJ Trimmed Fatigue Test
Specimen A2-H-3
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Meas. Instrum.: Mahr Data Acquisition Board Lt: 5.6 mm [N=5]

Drive Unit: GD 25 Ls: 2.5 uym

Pick-up: MFW-250 * 3.0 [?77] VB: £750.0 ym
VI 0.50 mmv/s
Points: 11200

Profile: R [LC GS: 0.8 mm]
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[um]|
-200.0 |
[0.8 mm/div] 4.0 mm
Figure B 1.78 Surface Profile (Longitudinal) of AWJ Trimmed Fatigue Test
Specimen A2-H-4

Meas. Instrum.: Mahr Data Acquisition Board Lt 5.6 mm [N=5]

Drive Unit: GD 25 Ls: 2.5 pm

Pick-up: MFW-250 * 3.0 [777] VB: +750.0 ym
Vit 0.50 mm/s
Points: 11200

Profile: R [LC GS: 0.8 mm)]
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Figure B 1.79 Surface Profile (Longitudinal) of CVD Trimmed Fatigue Test
Specimen B2-H-1



Meas. Instrum.: Mahr Data Acquisition Board Lt:
Drive Unit: GD 25 Ls:
Pick-up: MFW-250 * 3.0 [777] VB:
Vi
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Profile: R [LC GS: 0.8 mm]
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Figure B 1.80 Surface Profile (Longitudinal) of CVD Trimmed Fatigue Test
Specimen B2-H-2
Meas. Instrum.: Mahr Data Acquisition Board Lt 5.6 mm [N=5]
Drive Unit: GD 25 Ls: 2.5pum
Pick-up: MFW-250 * 3.0 [?77] VEB: +750.0 ym
Vi 0.50 mmv/s
Points: 11200
Profile: R [LC GS: 0.8 mm)]
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Figure B 1.81 Surface Profile (Longitudinal) of CVD Trimmed Fatigue Test
Specimen B2-H-3
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Meas. Instrum.: Mahr Data Acquisition Board Lt 5.6 mm [N=5]

Drive Unit: GD 25 Ls: 2.5um

Pick-up: MFW-250 * 3.0 [777] VB: £750.0 ym
Vit 0.50 mmvs
Points: 11200

Profile: R [LC GS: 0.8 mm]
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Figure B 1.82 Surface Profile (Longitudinal) of CVD Trimmed Fatigue Test
Specimen B2-H-4
Meas. Instrum.: Mahr Data Acquisition Board Lt 5.6 mm [N=5]
Drive Unit: GD 25 Ls: 2.5um
Pick-up: MFW-250 * 3.0 [?77] VB: £750.0 ym
Vit 0.50 mmv/s
Points: 11200
Profile: R [LC GS: 0.8 mm)]
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Figure B 1.83 Surface Profile (Longitudinal) of AWJ Trimmed Fatigue Test
Specimen A2-M-1



Meas. Instrum.: Mahr Data Acquisition Board
Drive Unit: GD 25
Pick-up: MFW-250 * 3.0 [?77]

Profile: R [LC GS: 0.8 mm)]
200.0/

[pm]

0.0/ &\ b

-200.0
[0.8 mm/div]

Figure B 1.84 Surface Profile (Longitudinal) of AWJ Trimmed Fatigue Test
Specimen A2-M-2
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Drive Unit: GD 25
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Figure B 1.85 Surface Profile (Longitudinal) of AWJ Trimmed Fatigue Test
Specimen A2-M-3
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Meas. Instrum.: Mahr Data Acquisition Board Lt: 5.6 mm [N=5]

Drive Unit: GD 25 Ls: 2.5um

Pick-up: MFW-250 * 3.0 [?77] VB: +750.0 ym
Vi 0.50 mmv/s
Points: 11200

Profile: R [LC GS: 0.8 mm]
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Figure B 1.86 Surface Profile (Longitudinal) of AWJ Trimmed Fatigue Test
Specimen A2-M-4
Meas. Instrum.: Mahr Data Acquisition Board Lt: 5.6 mm [N=5]
Drive Unit: GD 25 Ls: 2.5 ym
Pick-up: MFW-250 * 3.0 [?77] VE: £750.0 ym
Vi 0.50 mm/s
Points: 11200
Profile: R [LC GS: 0.8 mm]
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Figure B 1.87 Surface Profile (Longitudinal) of CVD Trimmed Fatigue Test
Specimen B2-M-1
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Meas. Instrum.: Mahr Data Acquisition Board Lt 5.6 mm [N=5]

Drive Unit: GD 25 Ls: 2.5um

Pick-up: MFW-250 * 3.0 [777] VB: £750.0 ym
Vi 0.50 mmv/s
Points: 11200

Profile: R [LC GS: 0.8 mm]
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Figure B 1.88 Surface Profile (Longitudinal) of CVD Trimmed Fatigue Test
Specimen B2-M-2
Meas. Instrum.: Mahr Data Acquisition Board Lt: 5.6 mm [N=5]
Drive Unit: GD 25 Ls: 2.5pum
Pick-up: MFW-250 * 3.0 [?77] VB: %750.0 ym
Vi 0.50 mmvs
Points: 11200
Profile: R [LC GS: 0.8 mm]
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Figure B 1.89 Surface Profile (Longitudinal) of CVD Trimmed Fatigue Test
Specimen B2-M-3
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Figure B 1.90 Surface Profile (Longitudinal) of CVD Trimmed Fatigue Test

Specimen B2-M-4
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Drive Unit: GD 25
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Figure B 1.91 Surface Profile (Longitudinal) of AWJ Trimmed Fatigue Test

Specimen A2-L-1
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Meas. Instrum.: Mahr Data Acquisition Board Lt: 5.6 mm [N=5]

Drive Unit: GD 25 Ls: 2.5 pm

Pick-up: MFW-250 * 3.0 [?77] VB: £750.0 ym
Vi 0.50 mmvs
Points: 11200

Profile: R [LC GS: 0.8 mm)]
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Figure B 1.92 Surface Profile (Longitudinal) of AWJ Trimmed Fatigue Test
Specimen A2-L-2
Meas. Instrum.: Mahr Data Acquisition Board Lt: 5.6 mm [N=5]
Drive Unit: GD 25 Ls: 2.5pum
Pick-up: MFW-250 * 3.0 [??77] VB: +750.0 ym
Vi 0.50 mm/s
Points: 11200
Profile: R [LC GS: 0.8 mm)]
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Figure B 1.93 Surface Profile (Longitudinal) of AWJ Trimmed Fatigue Test
Specimen A2-L-3



Meas. Instrum.: Mahr Data Acquisition Board Lt

Drive Unit: GD 25 Ls:

Pick-up: MFW-250 * 3.0 [?77) VB:
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Profile: R [LC GS: 0.8 mm]
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Figure B 1.94 Surface Profile (Longitudinal) of AWJ Trimmed Fatigue Test
Specimen A2-L-4
Meas. Instrum.: Mahr Data Acquisition Board Lt 5.6 mm [N=5]
Drive Unit: GD 25 Ls: 2.5um
Pick-up: MFW-250 * 3.0 [777] VB: £750.0 ym
VI 0.50 mmv/s
Points: 11200

Profile: R [LC GS: 0.8 mm]
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Figure B 1.95 Surface Profile (Longitudinal) of CVD Trimmed Fatigue Test

Specimen B2-L-1
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Meas. Instrum.: Mahr Data Acquisition Board Lt: 5.6 mm [N=5]

Drive Unit: GD 25 Ls: 2.5 pm

Pick-up: MFW-250 * 3.0 [?777] VB: +750.0 ym
Vi 0.50 mmv/s
Points: 11200

Profile; R [LC GS: 0.8 mm]
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Figure B 1.96 Surface Profile (Longitudinal) of CVD Trimmed Fatigue Test
Specimen B2-L-2
Meas. Instrum.: Mahr Data Acquisition Board Lt 5.6 mm [N=5]
Drive Unit: GD 25 Ls: 2.5pm
Pick-up: MFW-250 * 3.0 [?77] VB: +750.0 ym
Vit 0.50 mmv/s
Points: 11200

Profile: R [LC GS: 0.8 mm]
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Figure B 1.97 Surface Profile (Longitudinal) of CVD Trimmed Fatigue Test
Specimen B2-L-3
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Meas. Instrum.: Mahr Data Acquisition Board Lt 5.6 mm [N=5]

Drive Unit: GD 25 Ls: 2.5um

Pick-up: MFW-250 * 3.0 [?777] VB: £750.0 ym
Vi 0.50 mmvs
Points: 11200

Profile: R [LC GS: 0.8 mm)]
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Figure B 1.98 Surface Profile (Longitudinal) of CVD Trimmed Fatigue Test
Specimen B2-L-4
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Appendix C

C 1.1 Photographs of Damage Progression in Fatigue Testing of Unnotched Specimens

The following pages contain photographs of the damage progression during fatigue cyclic testing

of unnotched test specimens.
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(Al-H-1) at 1 cycles
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(Al-H-1) at 5K cycles
Figure C1.1 Damage Progression in (A1-H-1) Test Specimen to 5K cycles
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(AL-H-1) at 10K cycles (A1-H-1) at 20K cycles

(A1l-H-1) at Failure (A1-H-1) at Failure

Figure C1.2 Damage Progression in (Al-H-1) Test Specimen at Failure
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(Al-H-2) at 1 cycles

(Al-H-2) at 1K cycles
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(Al-H-2) at 5K cycles

Figure C1.3 Damage Progression in (Al-H-2) Test Specimen at 5K cycles
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(A1-H-2) at 10K cycleé (A1-H-2) at 20K cycles
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(Al-H-Z) at 30K éycles (A1l-H-2) at Faiure

Figure C1.4 Damage Progression in (Al-H-2) Test Specimen at Failure

593



594

(Al-H-3) at 1K cycles (Al H 3) at 5K cycles
Figure C1.5 Damage Progression in (A1-H-3) Test Specimen at 5K cycles
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(A3-H-3) at Failure

Figure C1.6 Damage Progression in (Al1-H-3) Test Specimen at Failure
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(A1-H-4) at 1K cycles (A1-H-4) at 5K cycles

Figure C1.7 Damage Progression in (Al-H-4) Test Specimen at 5K cycles
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(Al H4) at 1OK cycles

——

(Al -H- 4) at 20K cycles (A1-H-4) 25K cycles

Figure C1.8 Damage Progression in (A1-H-1) Test Specimen at 25K cycles
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(-4) at 30 cycles (A1-H-4) at Failure

Figure C1.9 Damage Progression in (Al-H-4) Test Specimen at Failure



(B1-H-1) at 1 cycle (Bl H 1) at 100 cycles
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(B1-H-1) at 1K cycles (B1-H-1) at 5K cycles

Figure C1.10 Damage Progression in (B1-H-1) Test Specimen at 5K cycles
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(Bli-l) at 25K cycles

(B1-H-1) at 20K cycles‘

Figure C1.11 Damage Progression in (B1-H-1) Test Specimen at 25K cycles
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(Bl “H- 1)at30K cycles

(B1-H-1) at 45K cycles (B1-H-1) at Failure

Figure C1.12 Damage Progression in (B1-H-1) Test Specimen at Failure
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(B1-H-2) at 1K cycles (B1-H-2) at5KcycIes

Figure C1.13 Damage Progression in (B1-H-2) Test Specimen at 5K cycles



603

(B1-H-2) at 10K cycles “(BLH.2) at 15K cycles

"~ (BL-H- 2)'at 20K oycles (B1-H-2) at 25K cycles

Figure C1.14 Damage Progression in (B1-H-2) Test Specimen at 25K cycles
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(B1-H-2) at 40K cycles (B1-H-2) at 45K cycles

Figure C1.15 Damage Progression in (B1-H-2) Test Specimen at 45K cycles
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(B1-H-2) at Failure

Figure C1.16 Damage Progression in (B1-H-2) Test Specimen at Failure



(B1-H-3) at 1K cycles (B1-H-3) at 5K cycles

Figure C1.17 Damage Progression in (B1-H-3) Test Specimen at 5K cycles
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(B1-H-3) at 15k

e, NN
\

(Bl—)thK cycles .. -) at 5K cycles

(B1-H-3) at 20K cycle (B1-H-3) at 25K cycles

Figure C1.18 Damage Progression in (B1-H-3) Test Specimen at 25K cycles
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(B1-H-3) at Failure

Figure C1.19 Damage Progression in (B1-H-3) Test Specimen at Failure



(Al-M-1) at 1 cycle -

(Al-M-1) at 1K cycles
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(A1-M-1) at 100 cycles

(A1-M-1) at 5K cycles

Figure C1.20 Damage Progression in (A1-M-1) Test Specimen at 5K cycles
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(A1-M-1) at 10K cycles (A1-M-1) at 20K cycles

(A1l-M-1) at 30K cycles (A1l-M-1) at 40K cycles

Figure C1.21 Damage Progression in (A1-M-1) Test Specimen at 40K cycles
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(A1-M-1) at 50K cycles
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(A1-M-1) at 70chycles
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(A1-M-1) at 80K cycles

Figure C1.22 Damage Progression in (A1-M-1) Test Specimen at 80K cycles
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(A1-M-1) at 90K cycle (A1-M-1) at 100K cycles

(A1-M-1) at 125K cycles (AL-M-1) at 150K cycles
Figure C1.23 Damage Progression in (A1-M-1) Test Specimen at 150K cycles
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(A1-M-1) at Failure

Figure C1.24 Damage Progression in (A1-M-1) Test Specimen at Failure
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(A1-M-2) at 1K cycles

Figure C1.25 Damage Progression in (A1-M-2) Test Specimen at 5K cycles
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(Al-M-2) at 5K cycles
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(Al-M-2) at 30K cycles

Figure C1.26 Damage Progression in (A1-M-2) Test Specimen at 40K cycles
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(A1l-M-2) at 40K cycles
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(A1l-M-2) at 70K cycles
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(Al-M-2)r at 80K cycles

Figure C1.27 Damage Progression in (A1-M-2) Test Specimen at 80K cycles
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(A1-M-2) at 125K cycles (A1-M-2) at 150K cycles

Figure C1.28 Damage Progression in (A1-M-2) Test Specimen at 150K cycles



(A1-M-2) at 225K cycles (A1-M-2) at 250K cycles

Figure C1.29 Damage Progression in (A1-M-2) Test Specimen at 250K cycles
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(A1l-M-2) at 325K cycles (Al-M-2) at 350K cycles

Figure C1.30 Damage Progression in (A1-M-2) Test Specimen at 350K cycles
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1-af§5K cycles at Oﬂkéycle

(A1-M-2) at Failure

Figure C1.31 Damage Progression in (A1-M-2) Test Specimen at Failure
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(A1-M-3) at 1K

bt O

(A1-M-3) at 5K ¢

Figure C1.32 Damage Progression in (A1-M-3) Test Specimen at 5K cycles
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Figure C1.33 Damage Progression in (A1-M-3) Test Specimen at 40K cycles
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(A1-M-3) at 50K cycles
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(Al-M-3) at 7OK cycle
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Figure C1.34 Damage Progression in (A1-M-3) Test Specimen at 80K cycles
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(Al-M-Bj at Failure

Figure C1.35 Damage Progression in (A1-M-3) Test Specimen at Failure



(Bl-- ) at 100 cycle

B

| e _—
(B1-M-1) at 1K cycles K cycles

Figure C1.36 Damage Progression in (B1-M-1) Test Specimen at 5K cycles
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(B1-M-1) at 20K cycles

" (B1-M-1) at 10K cycles

(B1-M-1) at 40K cycles

cycles

" (B1-M-1) at 30

Figure C1.37 Damage Progression in (B1-M-1) Test Specimen at 40K cycles
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(B1-M-1) at 50K cycles

(B1-M-1) at 60K cycles

Figure C1.38 Damage Progression in (B1-M-1) Test Specimen at Failure
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at 1 cycl
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"~ (B1-M-

Figure C1.39 Damage Progression in (B1-M-2) Test Specimen at 5K cycles
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(B1-M-2) at 20K cycles

| (Bl M 2) at 3OK cycles 40K cycls

Figure C1.40 Damage Progression in (B1-M-2) Test Specimen at 40K cycles
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(B1-M-2) at 60K cycles

"~ (B1-M-2) at 50K cycles

(Bl-Z)at 70K Cycle

(1-M25t 80K cycl

€s

Figure C1.41 Damage Progression in (B1-M-2) Test Specimen at 80K cycles
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= (B1-M-2) at 125K cycles ~ (B1-M-2) at 150K cycles

Figure C1.42 Damage Progression in (B1-M-2) Test Specimen at 150K cycles
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(B1-M-2) at Failure

Figure C1.43 Damage Progression in (B1-M-2) Test Specimen at Failure
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(B1-M-3) at 100 cycles
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(B1-M-3) at 1 cycle
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(B1-M-3) at 1K cycles (B1-M-3) at 5K cycles

Figure C1.44 Damage Progression in (B1-M-3) Test Specimen at 5K cycles
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Figure C1.45 Damage Progression in (B1-M-3) Test Specimen at 40K cycles
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(B1-M-3) at 50K cycles
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Figure C1.46 Damage Progression in (B1-M-3) Test Specimen at 80K cycles
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(B1-M-3) at 125K cycles
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Figure C1.47 Damage Progression in (B1-M-3) Test Specimen at 150K cycles
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(B1-M-3) at Failure

Figure C1.48 Damage Progression in (B1-M-3) Test Specimen at Failure
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(Al-L-1) at 1K cycles (Al-L-1) at 5K cycles

Figure C1.49 Damage Progression in (Al-L-1) Test Specimen at 5K cycles
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(A1-L-1) at 20K cycles

(1L-1)K cycles

(Al-L-1) at 30K cycles (Al-L-1) at 40K cycles

Figure C1.50 Damage Progression in (Al-L-1) Test Specimen at 40K cycles
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(Al-L-1) at 50K cycles (A1-L-1) at 60K cycles

(Al-L-1) at 70K cycles (Al-L-1) at 80K cycles

Figure C1.51 Damage Progression in (Al-L-1) Test Specimen at 80K cycles
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Figure C1.52 Damage Progression in (Al-L-1) Test Specimen at 150K cycles
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Figure C1.53 Damage Progression in (Al-L-1) Test Specimen at 250K cycles

642



643

(Al L- 1) at 325K cycles (A1-L-1) at 350K cycles

Figure C1.54 Damage Progression in (Al-L-1) Test Specimen at 350K cycles
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(Al-L-1) at 425K cycles (Al L 1) at 450K cycles

Figure C1.55 Damage Progression in (Al-L-1) Test Specimen at 450K cycles
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Figure C1.56 Damage Progression in (A1-L-1) Test Specimen at 556680 cycles
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Figure C1.57 Damage Progression in (Al-L-1) Test Specimen at Failure
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Figure C1.58 Damage Progression in (Al-L-2) Test Specimen at 5K cycles
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Figure C1.59 Damage Progression in (Al-L-2) Test Specimen at 40K cycles
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Figure C1.60 Damage Progression in (Al-L-2) Test Specimen at 80K cycles



(AL-L-2) at 125K cycles " (A1-L-2) at 150K cycles

Figure C1.61 Damage Progression in (Al-L-2) Test Specimen at 150K cycles
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Figure C1.62 Damage Progression in (Al-L-2) Test Specimen at 250K cycles
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Figure C1.63 Damage Progression in (Al-L-2) Test Specimen at 350K cycles
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Figure C1.64 Damage Progression in (Al-L-2) Test Specimen at 450K cycles
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Figure C1.65 Damage Progression in (Al-L-2) Test Specimen Failure
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Figure C1.66 Damage Progression in (Al-L-3) Test Specimen at 5K cycles
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Figure C1.67 Damage Progression in (Al-L-3) Test Specimen at 40K cycles
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(1L—) at 70K cycle (A——3 at 80K ycles

Figure C1.68 Damage Progression in (Al-L-3) Test Specimen at 80K cycles
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Figure C1.69 Damage Progression in (Al-L-3) Test Specimen at 150K cycles
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Figure C1.70 Damage Progression in (Al-L-3) Test Specimen at 250K cycles
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Figure C1.71 Damage Progression in (Al-L-3) Test Specimen at 350K cycles
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Figure C1.72 Damage Progression in (Al-L-3) Test Specimen at 450K cycles
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Figure C1.73 Damage Progression in (Al-L-3) Test Specimen at 550K cycles
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Figure C1.74 Damage Progression in (Al-L-3) Test Specimen at 650K cycles
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(A1-L-3) at Failure

Figure C1.75 Damage Progression in (Al-L-3) Test Specimen at Failure
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Figure C1.76 Damage Progression in (B1-L-1) Test Specimen at 5K cycles
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Figure C1.77 Damage Progression in (B1-L-1) Test Specimen at 40K cycles
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Figure C1.78 Damage Progression in (B1-L-1) Test Specimen at 80K cycles
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(B1-L-1) at 90K cycles
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(B1-L-1) at 150K cycles

Figure C1.79 Damage Progression in (B1-L-1) Test Specimen at 150K cycles
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Figure C1.80 Damage Progression in (B1-L-1) Test Specimen at 250K cycles
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(B1-L-1) at Failure

Figure C1.81 Damage Progression in (B1-L-1) Test Specimen at Failure
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(B1-L-2) at 1K cycles (B1-L-2) at 5K cycles

Figure C1.82 Damage Progression in (B1-L-2) Test Specimen at 5K cycles
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Figure C1.83 Damage Progression in (B1-L-2) Test Specimen at 40K cycles
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Figure C1.84 Damage Progression in (B1-L-2) Test Specimen at Failure
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(B1-L-2) at Failure

Figure C1.85 Damage Progression in (B1-L-2) Test Specimen at Failure
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Figure C1.86 Damage Progression in (B1-L-3) Test Specimen at 5K cycles
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Figure C1.87 Damage Progression in (B1-L-3) Test Specimen at 40K cycles
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Figure C1.88 Damage Progression in (B1-L-3) Test Specimen at 80K cycles
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Figure C1.89 Damage Progression in (B1-L-3) Test Specimen at 150K cycles
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(B1-L-3) at 175K cycles
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Figure C1.90 Damage Progression in (B1-L-3) Test Specimen at 250K cycles
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Figure C1.91 Damage Progression in (B1-L-3) Test Specimen at 350K cycles
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(B1-L-3) at 425K cycles (B1-L-3) at 450K cycles

Figure C1.92 Damage Progression in (B1-L-3) Test Specimen at 450K cycles
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(B—L—3) at 525K cycles ” (B—L—3) at 550K cycles

Figure C1.93 Damage Progression in (B1-L-3) Test Specimen at 550K cycles
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(B1-L-3) at Failure

Figure C1.94 Damage Progression in (B1-L-3) Test Specimen at Failure
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Figure C1.95 Damage Progression in (B1-L-4) Test Specimen at 5K cycles
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Figure C1.96 Damage Progression in (B1-L-4) Test Specimen at 40K cycles
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Figure C1.97 Damage Progression in (B1-L-4) Test Specimen at 80K cycles
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Figure C1.98 Damage Progression in (B1-L-4) Test Specimen at 150K cycles
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(B1-L-4) at 175K cycles (B1-L-4) at 200K cycles

(B1-L-4) at 225K cycles (B1-L-4) at 250K cycles

Figure C1.99 Damage Progression in (B1-L-4) Test Specimen at 250K cycles
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Figure C1.100 Damage Progression in (B1-L-4) Test Specimen at 350K cycles
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Figure C1.101 Damage Progression in (B1-L-4) Test Specimen at 450K cycles
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(B1-L-4) at 500K cycles

Figure C1.102 Damage Progression in (B1-L-4) Test Specimen at 550K cycles
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Figure C1.103 Damage Progression in (B1-L-4) Test Specimen at 650K cycles
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Figure C1.104 Damage Progression in (B1-L-4) Test Specimen at 750K cycles
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(B1-L-4) at 775K cycle

(B1-L-4) at Failure

Figure C1.105 Damage Progression in (B1-L-4) Test Specimen at Failure
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C2.2 Photographs of Damage Progression in Fatigue Testing of Notched Specimens

The following pages contain photographs of the damage progression during fatigue cyclic testing

of notched test specimens.
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Figure C 2-1 Damage Progression in (A2-H-1) Test specimen to 2k Cycles
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H 1) at5k Cycles : T 1) at 6k Cycles

Figure C 2-2 Damage Progression in (A2-H-1) Test specimen to 6k Cycles
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T (A2-H-1) at 9k Cycles "~ (A2-H-1) at 10k Cycles

Figure C 2-3 Damage Progression in (A2-H-1) Test specimen to 10k Cycles
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" (A2-H-1) at 25k Cycles (A2-H-1) at 30K Cycles

Figure C 2-4 Damage Progression in (A2-H-1Test specimen to 30k Cycles
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Figure C 2-5 Damage Progression in (A2-H-1) Test specimen to 50k Cycles
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Figure C 2-6 Damage Progression in (A2-H-1) Test specimen to 70k Cycles
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(A2-H-1) at 85k Cycles “(A2-H-1) at 90k Cycles

Figure C 2-7 Damage Progression in (A2-H-1) Test specimen to 90k Cycles
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Figure C 2-8 Damage Progression in (A2-H-1) Test specimen to 200k Cycles
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Figure C 2-9 Damage Progression in (A2-H-1) Test specimen to 400k Cycles
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(A2-H-1) at 450k Cycles
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Figure C 2-10 Damage Progression in (A2-H-1) Test specimen to 600k Cycles
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Figure C 2-11 Damage Progression in (A2-H-1) Test specimen to 800k Cycles
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(A2-H-1) at 900k Cycles

(A2-H-1) at 1000k Cycles

Figure C 2-12 Damage Progression in (A2-H-1) Test specimen to 1000k Cycles



708

e

(A2-H-2) at 1yc|es

——

(A2-H-) at 2k ycles

Figure C 2-13 Damage Progression in (A2-H-2) Test specimen to 2k Cycles
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Figure C 2-14 Damage Progression in (A2-H-2) Test specimen to 6k Cycles
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Figure C 2-15 Damage Progression in (A2-H-2) Test specimen to 10k Cycles
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Figure C 2-16 Damage Progression in (A2-H-2) Test specimen to 30k Cycles
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Figure C 2-17 Damage Progression in (A2-H-2) Test specimen to 50k Cycles
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Figure C 2-18 Damage Progression in (A2-H-2) Test specimen to 70k Cycles
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Figure C 2-19 Damage Progression in (A2-H-2) Test specimen to 90k Cycles
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Figure C 2-20 Damage Progression in (A2-H-2) Test specimen to 200k Cycles
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Figure C 2-21 Damage Progression in (A2-H-2) Test specimen to 400k Cycles
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Figure C 2-22 Damage Progression in (A2-H-2) Test specimen to 600k Cycles
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Figure C 2-23 Damage Progression in (A2-H-2) Test specimen to 800k Cycles
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Figure C 2-24 Damage Progression in (A2-H-2) Test specimen to 1000k Cycles
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"(A2-H- 2) atPreRS "~ (A2-H-2) at Failure

Figure C 2-25 Damage Progression in (A2-H-2) Test specimen to Failure
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(A2-H-3) at 1k Cycles ~ (A2-H-3) at 5k Cycles.

Figure C 2-26 Damage Progression in (A2-H-3) Test specimen to 5k Cycles
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" (A2--3) at 30k Cycles | 2-H3 at 40k Cycles

Figure C 2-27 Damage Progression in (A2-H-3) Test specimen to 40k Cycles
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Figure C 2-28 Damage Progression in (A2-H-3) Test specimen to 80k Cycles
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Figure C 2-29 Damage Progression in (A2-H-3) Test specimen to Failure
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" (A2-H-4) at 1k Cycles

Figure C 2-30 Damage Progression in (A2-H-4) Test specimen to 2k Cycles
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Figure C 2-31 Damage Progression in (A2-H-4) Test specimen to 40k Cycles
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Figure C 2-32 Damage Progression in (A2-H-4) Test specimen to 80k Cycles
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(A2-H-4) at 125k Cycles

Figure C 2-33 Damage Progression in (A2-H-4) Test specimen to 150k Cycles



729

v

“(A2-H-4) at Failure

Figure C 2-34 Damage Progression in (A2-H-4) Test specimen to Failure
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Figure C 2-35 Damage Progression in (B2-H-1) Test specimen to 5k Cycles
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Figure C 2-36 Damage Progression in (B2-H-1) Test specimen to 40k Cycles
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(B2-H-1) at 70k Cycles (B2-H-1) at 80k Cycles

Figure C 2-37 Damage Progression in (B2-H-1) Test specimen to 80k Cycles
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Figure C 2-38 Damage Progression in (B2-H-1) Test specimen to 150k Cycles
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(B2-H-1) at Failure

Figure C 2-39 Damage Progression in (B2-H-1) Test specimen to Failure
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" (B2-H-2) at 1k Cycles " (B2-H-2) at 5k Cycles

Figure C 2-40 Damage Progression in (B2-H-2) Test specimen to 5k Cycles
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Figure C 2-41 Damage Progression in (B2-H-2) Test specimen to 40k Cycles
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Figure C 2-42 Damage Progression in (B2-H-2) Test specimen to 80k Cycles



738

(B2-H-2) at 90k Cycles (B2-H-2) at 100k Cycles

g

-2) at Failure

s

(B2-H

Figure C 2-43 Damage Progression in (B2-H-2) Test specimen to Failure
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Figure C 2-44 Damage Progression in (B2-H-3) Test specimen to 5k Cycles
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(B2-H-3) at 30k Cycles (B2-H-3) at 40k Cycles

Figure C 2-45 Damage Progression in (B2-H-3) Test specimen to 40k Cycles
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Figure C 2-46 Damage Progression in (B2-H-3) Test specimen to 80k Cycles



742

e ) ql..- v e DT N
(B2-H-3) at 90k Cycles (B2-H-3) at Failure

Figure C 2-47 Damage Progression in (B2-H-3) Test specimen to Failure
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T(B2-H-4) at 1k Cycles "~ (B2-H-4) at 2k Cycles

Figure C 2-48 Damage Progression in (B2-H-4) Test specimen to 2k Cycles
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| (BZ-H)at Cyle BZ-H-) at 6K Cyc

Figure C 2-49 Damage Progression in (B2-H-4) Test specimen to 6k Cycles
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Figure C 2-50 Damage Progression in (B2-H-4) Test specimen to 10k Cycles
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" (B2-H-4) at Failure

Figure C 2-51 Damage Progression in (B2-H-4) Test specimen to Failure
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Figure C 2-52 Damage Progression in (A2-M-1) Test specimen to 5k Cycles
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(A2-M-1) at 30k Cycles (A2-M-1) at 40k Cycles

Figure C 2-53 Damage Progression in (A2-M-1) Test specimen to 40k Cycles
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Figure C 2-54 Damage Progression in (A2-M-1) Test specimen to 80k Cycles
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(A2-M-1) at 125k Cycles (A2-M-1) at 150k Cycles

Figure C 2-55 Damage Progression in (A2-M-1) Test specimen to 150k Cycles
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“(A2-M-1) at 225k Cycles "(A2-M-1) at 250k Cycles

Figure C 2-56 Damage Progression in (A2-M-1) Test specimen to 250k Cycles
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Figure C 2-57 Damage Progression in (A2-M-1) Test specimen to 350k Cycles
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Figure C 2-58 Damage Progression in (A2-M-1) Test specimen to 450k Cycles
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(A2-M-1) at 475k Cycles (A2-M-1) at Failure

Figure C 2-59 Damage Progression in (A2-M-1) Test specimen to Failure
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Figure C 2-60 Damage Progression in (A2-M-2) Test specimen to 5k cycles
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(A2-M-2) at 30k Cycles “(A2-M-2) at 40k Cycles

Figure C 2-61 Damage Progression in (A2-M-2) Test specimen to 40k cycles
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Figure C 2-62 Damage Progression in (A2-M-2) Test specimen to 80k cycles



(A2-M-2) at 150k Cycles

(A2-M-2) at 125k Cycles

Figure C 2-63 Damage Progression in (A2-M-2) Test specimen to 150k cycles
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" (A2-M-2) at 225k Cycles

Figure C 2-64 Damage Progression in (A2-M-2) Test specimen to 250k cycles
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" (A2-M-2) at 325k Cycles "(A2-M-2) at 350k Cycles

Figure C 2-65 Damage Progression in (A2-M-2) Test specimen to 350k cycles
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(A2-M-2) at Failure

Figure C 2-66 Damage Progression in (A2-M-2) Test specimen to Failure
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(A2-M-3) at 5k Cycles

Figure C 2-67 Damage Progression in (A2-M-3) Test specimen to 5k cycles
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(A2-M-3) at 30k Cycles (A2-M-3) at 40k Cycles

Figure C 2-68 Damage Progression in (A2-M-3) Test specimen to 40k cycles
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(A2-M-3) at 50k Cycles

(A2-M-3) at 70k Cycles (A2-M-3) at 80k Cycles

Figure C 2-69 Damage Progression in (A2-M-3) Test specimen to 80k cycles
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|
(A2-M-3) at 125k Cycles

(A2-M-3) at 150k Cycles

Figure C 2-70 Damage Progression in (A2-M-3) Test specimen to 150k cycles
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(A2-M-3) at 225k Cycles

Figure C 2-71 Damage Progression in (A2-M-3) Test specimen to 250k cycles
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(A2-M-3) at 325k Cycles

(A2-M-3) at 350k Cycles

Figure C 2-72 Damage Progression in (A2-M-3) Test specimen to 350k cycles
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(A2-M-3) at Failure

Figure C 2-73 Damage Progression in (A2-M-3) Test specimen to Failure



“(A2-M-4) at 1 Cycle (A2-M-4) at 100 Cycles

e

(A2-M-4) at 1k Cycles (A2-M-4) at 5k Cycles

Figure C 2-74 Damage Progression in (A2-M-4) Test specimen to 5k cycles
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(A2-M-4) at 10k Cycles
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4) at 30K Cycles " (A2-M-4) at 40K Cycles

Figure C 2-75 Damage Progression in (A2-M-4) Test specimen to 40k cycles
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(A2-|\/I- 70kycles

Figure C 2-76 Damage Progression in (A2-M-4) Test specimen to 80k cycles
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" (A2-M-4) at 125k Cycles (A2-M-4) at 150k Cycles

Figure C 2-77 Damage Progression in (A2-M-4) Test specimen to 150k cycles
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~ (A2-M-4) at 175k Cycles * (A2-M-4) at 200k Cycles

e

(A2-M-4) at Failure

Figure C 2-78 Damage Progression in (A2-M-4) Test specimen to Failure
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(BZ-I\/I- at 1k es (2-M-1) 't 5k Cycles |

Figure C 2-79 Damage Progression in (B2-M-1) Test specimen to 5k Cycles
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(B2-M-1) at 30k Cycles (B2-M-1) at 40k Cycles

Figure C 2-80 Damage Progression in (B2-M-1) Test specimen to 40k Cycles



(B2-M-1) at 50k Cycles

(B2-M-1) at 70k Cycles

(B—M- at Okycles

Figure C 2-81 Damage Progression in (B2-M-1) Test specimen to 80k Cycles

i



......

~~~~~~

.

(B2-M-1) at 90k Cycles (B2-M-1) at 100K Cycles

(B2-M-1) at 125k Cycles (B2-M-1) at 150k Cycles

Figure C 2-82 Damage Progression in (B2-M-1) Test specimen to 150k Cycles
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Figure C 2-83 Damage Progression in (B2-M-1) Test specimen to 250k Cycles
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Figure C 2-84 Damage Progression in (B2-M-1) Test specimen to 350k Cycles
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(B2-M-1) at 375k Cycles (B2-M-1) at Failure

Figure C 2-85 Damage Progression in (B2-M-1) Test specimen to Failure
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“(B2M-2)at 1k Cycles  (B2-M-2) at 10k Cycles

Figure C 2-86 Damage Progression in (B2-M-2) Test specimen to 10k Cycles
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(B2.M.2) at 40k Cycles T (B2.M-2) at 50k Cycles

Figure C 2-87 Damage Progression in (B2-M-2) Test specimen to 50k Cycles
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(B2.M-2) at 80k Cycles " (B2-M-2) at 90k Cycles

Figure C 2-88 Damage Progression in (B2-M-2) Test specimen to 90k Cycles
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(82 M-2) at 150Kk Cycles T (B2M-2) at 175Kk Cycles

Figure C 2-89 Damage Progression in (B2-M-2) Test specimen to 175k Cycles
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“(B2-M-2) at 250k Cycles (B2-M-2) 2 275K C Cycles

Figure C 2-90 Damage Progression in (B2-M-2) Test specimen to 275k Cycles
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(B2-M-2) at 350k Cycles " (B2.M-2) at 375k Cycles

Figure C 2-91 Damage Progression in (B2-M-2) Test specimen to 375k Cycles
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(B2-M-2) at Failure

Figure C 2-92 Damage Progression in (B2-M-2) Test specimen to Failure
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(B2-M-3) at 100 Cycles
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(B2-M-3)at 1k Cycles  (B2-M-3) at 5k Cycles

e

Figure C 2-93 Damage Progression in (B2-M-3) Test specimen to 5k Cycles
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(B2-M-3) at 20k Cycles

B

(B2-M-3) at 30k Cycles

e

-M- at 40k Cycle

Figure C 2-94 Damage Progression in (B2-M-3) Test specimen to 40k Cycles
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(B2-M-3) at 50k Cycles

(B2-M-3) at 70k Cycles (B2-M-3) at 80k Cycles

Figure C 2-95 Damage Progression in (B2-M-3) Test specimen to 80k Cycles
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(B2-M-3)
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at 125k Cycles

e

(B2-M-3) at 150k Cycles

Figure C 2-96 Damage Progression in (B2-M-3) Test specimen to 150k Cycles
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(B2-M-3) at 175k Cycles

(B2-M-3) at 225k Cycles (B2-M-3) at 250k Cycles

Figure C 2-97 Damage Progression in (B2-M-3) Test specimen to 250k Cycles

794



. i

(B2-M-3) at 275k

Sy

Cycles

at 350k Cles

s} S M

"(B2-M-3) at 325k Cycles ~ (B2-M-3)

Figure C 2-98 Damage Progression in (B2-M-3) Test specimen to 350k Cycles
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(B2-M-3) at 375k Cycles
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RS

(B2-M-3) at 425k Cycles

Figure C 2-99 Damage Progression in (B2-M-3) Test specimen to 450k Cycles
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(B2-M-3) at 525k Cycles (B2-M-3) at Failure

Figure C 2-100 Damage Progression in (B2-M-3) Test specimen to Failure
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(A2-L-1) at 1 Cycle (A2-L-1) at 100 Cycles
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A—l) at 1k Cycles (A2—1 at 5k Cycles

Figure C 2-101 Damage Progression in (A2-L-1) Test specimen to 5k Cycles
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Figure C 2-102 Damage Progression in (A2-L-1) Test specimen to 40k Cycles
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(A2-L-1) at 80k Cycles

(A2-L-1 at 70k Cycles B

Figure C 2-103 Damage Progression in (A2-L-1) Test specimen to 80k Cycles
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(A2-- at 1 Ccles

Figure C 2-104 Damage Progression in (A2-L-1) Test specimen to 150k Cycles
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(A2-L-1) at A2-L-1) at 250k Cycles

Figure C 2-105 Damage Progression in (A2-L-1) Test specimen to 250k Cycles



" (A2-L-1) at 325k Cycles "~ (A2-L-1) at 350k Cycles |

Figure C 2-106 Damage Progression in (A2-L-1) Test specimen to 350k Cycles

803



804

(A2-L-1) at 425k Cycles (A2-L-1) at 450k Cycles

Figure C 2-107 Damage Progression in (A2-L-1) Test specimen to 450k Cycles
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2--1 at25k ycles (A2-L-1) at Failure

Figure C 2-108 Damage Progression in (A2-L-1) Test specimen to Failure
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Figure C 2-109 Damage Progression in (A2-L-2) Test specimen to 5k Cycles
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~ (A2-L-2) at 20k Cycles

(A2-L-2) at 30k Cycles (A2-L-2) at 40k Cycles

Figure C 2-110 Damage Progression in (A2-L-2) Test specimen to 40k Cycles
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" (A2-L-2) at 70k Cycles " (A2-L-2) at 80k Cycles

Figure C 2-111 Damage Progression in (A2-L-2) Test specimen to 80k Cycles
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“(A2-L-2) at 125

k | A2-L-2) at 150k es

Figure C 2-112 Damage Progression in (A2-L-2) Test specimen to 150k Cycles
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(A2-L-2) at 225k Cycles " (A2-L-2) at 250K Cycles

Figure C 2-113 Damage Progression in (A2-L-2) Test specimen to 250k Cycles
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"(A2-L-2) at 325k Cycles " (A2-L-2) at 350

Figure C 2-114 Damage Progression in (A2-L-2) Test specimen to 350k Cycles
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" (A2-L-2) at 375k Cycles

(A2-L-2) at 425k Cycles (A2-L-2) at 450k Cycles

Figure C 2-115 Damage Progression in (A2-L-2) Test specimen to 450k Cycles
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(A2-L-2) at 475k Cycles

(A2-L-2) at 525k Cycles

i

“(A2-L-2) at 550k Cycles

Figure C 2-116 Damage Progression in (A2-L-2) Test specimen to 550k Cycles
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Figure C 2-117 Damage Progression in (A2-L-2) Test specimen to 650k Cycles
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(A2-L-2) at 700K Cycles

(A2-L-2) at 725k Cycles (A2-L-2) at 750k Cycles

Figure C 2-118 Damage Progression in (A2-L-2) Test specimen to 750k Cycles

815



(A2-L-2) at 775k Cycles

(A2-L-2) at 825k Cycles (A2-L-2) at 850k Cycles

Figure C 2-119 Damage Progression in (A2-L-2) Test specimen to 850k Cycles
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Figure C 2-120 Damage Progression in (A2-L-2) Test specimen to 950k Cycles
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PreRS (A2-L-2) at Failure

“(A2-L-2)

Figure C 2-121 Damage Progression in (A2-L-2) Test specimen to Failure
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(A2-L-3) at 5k Cycles

Figure C 2-122 Damage Progression in (A2-L-3) Test specimen to 5k Cycles
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(A2-L-) at O Cycles (A2-)t 40k Cycles

Figure C 2-123 Damage Progression in (A2-L-3) Test specimen to 40k Cycles



821

(A2-L-3) at 70k Cycles (A2-L-3) at 80k Cycles

Figure C 2-124 Damage Progression in (A2-L-3) Test specimen to 80k Cycles
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(A2-L

Figure C 2-125 Damage Progression in (A2-L-3) Test specimen to 150k Cycles
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(A2-L-3) at 225k Cycles (A2-L-3) at 250k Cycles

Figure C 2-126 Damage Progression in (A2-L-3) Test specimen to 250k Cycles
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Figure C 2-127 Damage Progression in (A2-L-3) Test specimen to 350k Cycles
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(A2--3) 5k Cycles

Figure C 2-128 Damage Progression in (A2-L-3) Test specimen to 450k Cycles
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(A2-L-3) 25 Cycles ’ (A2-- )Ok Cycles

Figure C 2-129 Damage Progression in (A2-L-3) Test specimen to 550k Cycles
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A2-L3) 625k ycs “ (A2--3)t 650k Cycles

Figure C 2-130 Damage Progression in (A2-L-3) Test specimen to 650k Cycles



828

(A2-L-3) at 675k Cycles

Figure C 2-131 Damage Progression in (A2-L-3) Test specimen to 750k Cycles
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Figure C 2-132 Damage Progression in (A2-L-3) Test specimen to 850k Cycles
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(A2-L-3) at 925k Cycles (A2-L-3) at 950k Cycles

Figure C 2-133 Damage Progression in (A2-L-3) Test specimen to 950k Cycles
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(A2-L-3) at Failure

Figure C 2-134 Damage Progression in (A2-L-3) Test specimen to Failure
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(A2-L-4) at 1k Cycles
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(A2-L-4) at 5k Cycles |

Figure C 2-135 Damage Progression in (A2-L-4) Test specimen to 5k Cycles
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\2-L-4) at 20k Cycles
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(A2-L-4) at 30k Cycles
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" (A2-L-4) at 40k Cycles

Figure C 2-136 Damage Progression in (A2-L-4) Test specimen to 40k Cycles

833



834

e

(A2-L-4) at 50k Cycles

(A2-L-4) at 70k Cycles

Figure C 2-137 Damage Progression in (A2-L-4) Test specimen to 80k Cycles
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Figure C 2-138 Damage Progression in (A2-L-4) Test specimen to 150k Cycles
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Figure C 2-139 Damage Progression in (A2-L-4) Test specimen to 250k Cycles
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(A2-L-4) at 350k Cycles

Figure C 2-140 Damage Progression in (A2-L-4) Test specimen to 350k Cycles
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(A2-L-4) at 425k Cycles (A2-L-4) at 450k Cycles

Figure C 2-141 Damage Progression in (A2-L-4) Test specimen to 450k Cycles
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(A2-L-4) at 550k Cycles

"(A2-L-4) at 525k Cycles

Figure C 2-142 Damage Progression in (A2-L-4) Test specimen to 550k Cycles
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" (A2-L-4) at 575k Cycles

Figure C 2-143 Damage Progression in (A2-L-4) Test specimen to Failure
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(BZ--l) at k Cycles

Figure C 2-144 Damage Progression in (B2-L-1) Test specimen to 5k Cycles



842

it e m—
R ; S
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Figure C 2-145 Damage Progression in (B2-L-1) Test specimen to 40k Cycles
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(B2-L-1)at 70k Cycles  (B2-L-1) at 80k Cycles

Figure C 2-146 Damage Progression in (B2-L-1) Test specimen to 80k Cycles
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(B2-L-1) at 125k Cycles  (B2-L-1) at 150k Cycles.

Figure C 2-147 Damage Progression in (B2-L-1) Test specimen to 150k Cycles
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" (B2-L-1) at 225k Cycles " (B2-L-1) at 250k Cycles

Figure C 2-148 Damage Progression in (B2-L-1) Test specimen to 250k Cycles
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(B2-L-1) at 275k Cycles
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Figure C 2-149 Damage Progression in (B2-L-1) Test specimen to 350k Cycles
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(B2-L-1) at 425k Cycles ~ (B2-L-1) at 450k Cycles

Figure C 2-150 Damage Progression in (B2-L-1) Test specimen to 450k Cycles
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(B2-L-1) at 500k Cycles

(B2-L-1) at 525k Cycles ~ (B2-L-1) at 550k Cycles

Figure C 2-151 Damage Progression in (B2-L-1) Test specimen to 5k Cycles
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(B2-L- 1) at 625k Cycles "~ (B2-L-1) at 650K Cycles

Figure C 2-152 Damage Progression in (B2-L-1) Test specimen to 650k Cycles



L

) at 750k Cycles

. s B e

(B2-L-1) at 725k Cycles ~ (B2-L-1

Figure C 2-153 Damage Progression in (B2-L-1) Test specimen to 750k Cycles
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(B2-L-1) at 775k Cycles (B2-L-1) at 800K Cycles

(B2-L-1) at 82k Cycles (B2-L-1) at 850k Cycles

Figure C 2-154 Damage Progression in (B2-L-1) Test specimen to 850k Cycles



BRI

(B2-L-1) at 875k Cycles
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(B2-L-1) at 900k Cycles
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(B2-L-1) at 950k Cycles
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(B2-L-1) at 925k Cycles

Figure C 2-155 Damage Progression in (B2-L-1) Test specimen to 950k Cycles
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Figure C 2-156 Damage Progression in (B2-L-1) Test specimen to Failure
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Figure C 2-157 Damage Progression in (B2-L-2) Test specimen to 5k Cycles
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(BZ L- 2) at 30k Cycles (BZ L- at 40K Cycles

Figure C 2-158 Damage Progression in (B2-L-2) Test specimen to 40k Cycles
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Figure C 2-159 Damage Progression in (B2-L-2) Test specimen to 80k Cycles
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“B2L2)ati2skCycles | (B2L-2)al 150k Cycles

Figure C 2-160 Damage Progression in (B2-L-2) Test specimen to 150k Cycles
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" (B2-L-2) at 225k Cycles (B2-L-2) at 250k Cycles

Figure C 2-161 Damage Progression in (B2-L-2) Test specimen to 250k Cycles
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(B2-L-2) at 325k Cycles T (B2.L.2) at & 350k Cycles

Figure C 2-162 Damage Progression in (B2-L-2) Test specimen to 350k Cycles
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(B2-L-2) at 425k Cycles (B2-L-2) at 450k Cycles

Figure C 2-163 Damage Progression in (B2-L-2) Test specimen to 450k Cycles
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(B2-L-2) at 525k Cycles (B2-L-2) at 550k Cycles

Figure C 2-164 Damage Progression in (B2-L-2) Test specimen to 550k Cycles
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(BZ L 2) at 625k Cycles (B2-L-2) at 650k Cycles

Figure C 2-165 Damage Progression in (B2-L-2) Test specimen to 650k Cycles
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" (B2-L-2) at 725k Cycles (B2.L.2) at 750k Cyclos

Figure C 2-166 Damage Progression in (B2-L-2) Test specimen to 750k Cycles
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Figure C 2-167 Damage Progression in (B2-L-2) Test specimen to 850k Cycles
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Figure C 2-168 Damage Progression in (B2-L-2) Test specimen to 950k Cycles
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i (822) at Pre RS (BZ L- 2) at Failure

Figure C 2-169 Damage Progression in (B2-L-2) Test specimen to Failure
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(B2-L-3)at 1k Cycles (B2-L-3) at 5k Cycles

Figure C 2-170 Damage Progression in (B2-L-3) Test specimen to 5k Cycles
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(B2-L-3) at 10k Cycles

Figure C 2-171 Damage Progression in (B2-L-3) Test specimen to 40k Cycles
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(B2-L-3) at 50k Cycles ~ (B2-L-3) at 60k Cycles

S TR e

B-L-3 at 80k Céles

2-L-3) at 70k Cyles

Figure C 2-172 Damage Progression in (B2-L-3) Test specimen to 80k Cycles



S

(B2-L-3) at 90k Cycles

(B2-L-3) at 125k Cycles (B2-L-3) at 150k Cycles

Figure C 2-173 Damage Progression in (B2-L-3) Test specimen to 150k Cycles
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Figure C 2-174 Damage Progression in (B2-L-3) Test specimen to 250k Cycles
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(B2-L-3) at 325k Cycles  (B2-L-3) at 350k Cycles

Figure C 2-175 Damage Progression in (B2-L-3) Test specimen to 350k Cycles
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(B2-L-3) at 425k Cycles (B2-L-3) at 450k Cycles

Figure C 2-176 Damage Progression in (B2-L-3) Test specimen to 450k Cycles
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“(B2.L.3) at 525k Cycles (B2-L-3) at 50Kk Cycles

Figure C 2-177 Damage Progression in (B2-L-3) Test specimen to 550k Cycles
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Figure C 2-178 Damage Progression in (B2-L-3) Test specimen to 650k Cycles
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(B2-L-3) at 725k Cycles (B2-L-3) at 750k Cycles

Figure C 2-179 Damage Progression in (B2-L-3) Test specimen to 750k Cycles



877

= — o e 3 -
=g St ; : i
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Figure C 2-180 Damage Progression in (B2-L-3) Test specimen to 850k Cycles
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Figure C 2-181 Damage Progression in (B2-L-3) Test specimen to 950k Cycles
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Figure C 2-182 Damage Progression in (B2-L-3) Test specimen to Failure



