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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/m2 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. 
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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 
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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 μm 

- 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 
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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. 

 

 
 

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 
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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 
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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 (Fc)   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 Iosipescu 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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Fc = principal cutting force   Ft  = tangential cutting force 

τ = in-plane shear strength for a given fibre angle 

A = area of the shear plane 

θ = fibre angle 

α = rake angle 

β = friction angle 
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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 0o 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 75o chip formation involved 

compressive loading induced shear at the tool nose. In the 90o 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]. 

 

 
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 qa, 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 lm 

  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.  

 

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 AWJ 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.  

 
Figure 2.7 Schematic View of AWJ Machined Kerf (Source: Class lectures, ME, IIT 

Kharagpur, [16]) 

bt = width at top of kerf 

bb = 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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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 140o 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 140o 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.   
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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 85o point angle less delamination as compared to the drills with 115o and 130o 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. 



17 

 

 

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. 

 

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 Hőgskolan) 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]. 

 

 

 

 

 
Figure 2.14 Surface Integrity Classification of Homogeneous Materials (Source: Metcut 

Research Associates [23]) 
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Surface Finish 

Profile 
Parameter 

Definition Equations 

Ra Arithmetic mean deviation of the profile 

 
Rq Root mean square deviation of the profile 

 
Rz Maximum height of the profile  

Ry or Rt Total height of the profile – height between 
deepest valley and highest peak 

 

Rp Maximum peak height of profile 
 

Rv Maximum depth of valley of profile 
 

Rsk Skewness of the profile 

 
Rku Kurtosis of the profile 

 
 

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, Rt, Ry, Rz 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 (Kt) 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 Kt . 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 

surface roughness according to  

𝐾𝑡 = 1 + 𝑛√𝜆
𝑅𝑧

𝜌
      (2.3) 

where Rz is the ten-point roughness and ρ is the notch radius. The stress state is represented by the 

empirical factor n, where n = 1 for shear and n = 2 for tension. λ 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 ( 𝐾𝑡) which is given by 

                           𝐾𝑡 = 1 + 𝑛 (
𝑅𝑎

𝜌
) (

𝑅𝑦

𝑅𝑧
) or 𝐾𝑡 = 1 + 𝑛 (

𝑅𝑎

𝜌
) (

𝑅𝑡

𝑅𝑧
)    (2.4) 

 

where Ra ,Ry or Rt, Rz & 𝜌 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 (d0) ahead of the notch is equal to the unnotched 

tensile strength of the material. This was expressed as  
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𝜎𝑦(𝑥, 0)|
𝑥=𝑡+𝑑0

=  𝜎𝑜     (2.6) 

 

where the unnotched tensile strength of the laminate is expressed by 𝜎𝑜 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  𝑎0 reaches the 

unnotched tensile strength of the material and is expressed as  

1

𝑎0
∫ 𝜎𝑦(𝑥, 0) 

𝑡+𝑎0

𝑎0
=   𝜎𝑜    (2.7) 

 

The two characteristic lengths a0 and d0  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 ( 𝜆∗) 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 (
𝑟1

𝜆
) where 𝜆 is the notch half length. For small (

𝑟1

𝜆
) 

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

for large (
𝑟1

𝜆
) adjacent fibres are not influenced by 𝐾𝑡 . 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 𝐾𝑡, 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 

𝜎𝑐 =  
𝐾𝑄

𝑌√𝜆∗     (2.8) 

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

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  

𝜎∞ =  
𝐾𝑄

√𝜋𝑎
     (2.9) 
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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. 𝐾𝑄 is estimated from the strain energy release 

rate (𝐺𝑄), while 𝜆∗ 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  

𝜎𝑓 =  𝐻𝑐(2𝑎𝑐)−𝑚    (2.10) 

where 𝐻𝑐 is the composite toughness and is a property of the constituents and lay-up. 𝑎𝑐 is the 

length of the discontinuity. For a sharp crack, 𝐻𝑐 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 

𝜎𝑓 ≈  𝐻𝑐(2𝑅𝑦)
−𝑚

    (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. 

 

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

 
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 2.19. 

 

 

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 45o 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 90o ply, delaminating at the 90/-45 interface, further stepping down through the 

-45o ply and then delaminating at the -45/0 interface. Splitting of the 0o 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.  

 

Figure 2.20 Illustration of Mechanism of Outer 45/90/-45 Plies Separating from 0o 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 µm Ra underwent 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. 

 
 

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]) 

 

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. Iosipescu 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. 

 

 

Figure 2.23 Effect of Tool Wear on Free Edge Delamination of a Carbon/Epoxy Iosipescu 

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 15o fibre 

orientations and subsurface cracks for the 45o 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. 

 

 
 

Figure 2.24 Microscopic Observations from a 15o Fibre Orientation showing Craters (source: 

Ghidossi et. al [41]) 
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Figure 2.25 Microscopic Observations from a 45o 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 15o and 45o 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 2.26 Ultimate Stress versus ‘‘Percentage of Damaged Surface’’ Criterion, 15o fibre 

Configuration (source: Ghidossi et. al [41]) 

 

 
 

Figure 2.27 Ultimate Stress versus ‘‘Depth of Subsurface Cracking’’ Criterion, +45o and -45o 

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. 

 

 
 

Figure 2.28 Size of Damage vs. Speed/Feed Ratio (source: Tagliaferri et.al [43]) 
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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.  

 

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]) 

  

 
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 II 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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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 

AWJ 

Twist Drill 
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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. 

 

 

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. 

 

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]) 

 

𝐷 = 1 − (
𝐸𝑖

𝐸𝑜
) 
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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.  
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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 

 
 

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.  

 

 

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. 

 
 

 

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 (Vf ) 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.  

 

 

Figure 2.44 Variation of static strength with Fibre orientation angle (source: Ansari Alam et. al 

[56]) 
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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 

 

 

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

[56]) 

 

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. 

 
 

 
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 

 

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 

 

Figure 2.50 Composite failure criteria classification (source: Wicaksono & Chai [60]) 

 

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 

 

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/θ) 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 θ degree plies. The fatigue damage model takes into account the effects of off-axis 

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

is given by  

(2.12) 

where 

Ec= Modulus of composite laminate 

Emθ = Modulus of matrix accounting for off-axis angle θ 

Efθ = Modulus of fibre accounting for off-axis angle θ 

 

And  

                                                                       (2.13)      

                                                                                                             

                                                 

(2.14) 

where 

Vf = Volume fraction of fibres 

The terms α, γ and λ are functions of the number of cycles to failure Nf and progressing fatigue 

cycles N while n corresponds to percentage reduction in stiffness during the fatigue test and are 

described as: 
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                                                            (2.14) 

 

                                                        (2.15) 

 

                                                    (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   

 

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

under various off-axis angles θ 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 θ 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, 

 

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 Vv is given by  

                                                                                                                                (2.17) 

Where 

Af = Area occupied by the fibre in µm2 

Atot = Total Area of micrograph in µm2 

 

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: 

                                                                                                                  (2.18) 

                                                                                                                       (2.19) 

                                                                                                                             (2.20) 

Where  

(Nv)f  = Fibre cracks per unit volume (µm-3) 
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(NA)f  = Fibre cracks per unit area (µm-2) 

nf = number of fibre cracks 

A = Area of the micrograph 

r = Radius of fibre in µm 

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: 

                                                                                                                 (2.21) 

Where  

(Sv)db = Debonding area per unit volume (µm-1) 

IL = Average number of intersection points per unit length of a test line (µm-1) 

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: 

                                                                                                                (2.22) 

Where 

(Sv)m = Crack surface area per unit volume (µm-1) 

IL = Average number of intersection points per unit length of a test line (µm-1) 

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

cracking. 

 

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.  

 

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        

f) 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 

 

 

Figure 2.58 Elastic Modulus variation with respect to a) fibre damage in 0° b) interface 

debonding in 0° c) 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: 

                              
1
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                                         (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 

                                                                          (2.24)  

Where  

E(0) = Stiffness at 0 cycles 

h = a x m 

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 

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: 

                                                             (2.26) 

Where 

c1, c2= constants obtained experimentally 

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 II and mixed-mode conditions. They used the crack growth rate 

described with dimensionless grouping and a Paris similar growth law: 

∆𝑎
𝜎𝑓

2

𝐸𝑦𝐺𝑐𝑟𝑖𝑡
= 𝐴 (𝑈

𝐺𝑚𝑎𝑥

𝐺𝑐𝑟𝑖𝑡
)

𝑏

    (2.27) 

 

where ∆𝑎 is the delamination growth normal to the circumference of the existing delamination 

𝜎𝑓 is the ply strength 

𝐸𝑦 is the transverse ply modulus 

𝐺𝑐𝑟𝑖𝑡 is the critical energy release rate with contributions from mode I and mode II 

A & b are parameters which depend upon the material and the relative contributions of mode I and 

mode II to the delamination growth  

U is a function of 
𝐺𝑚𝑎𝑥

𝐺𝑐𝑟𝑖𝑡
 and of 

𝐺𝑚𝑖𝑛

𝐺𝑚𝑎𝑥
 

𝐺𝑚𝑎𝑥 is 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: 

𝑑𝑆

𝑑𝑁
= 𝐴 (

𝐺𝐼

𝐺𝑚𝑎𝑥
)

𝑛

    (2.28) 

where S is the crack surface 
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𝐺𝐼 is the strain energy release rate for the current crack density 

𝐺𝑚𝑎𝑥 is 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: 

 

𝑆𝐿
𝑟(𝜏1)

𝑆𝐿𝑢
𝑖 = [

(
𝐹𝑒

𝐹𝐿
⁄ )𝑖

𝐹𝑒(𝜏)
𝐹𝐿(𝜏)⁄

]

𝑟𝜐

. [1 − ∫ (1 − 𝐹𝑒(𝜏)𝑘(𝑡)𝑘−1𝑑𝜏
𝜏1

0
] (2.29) 

 

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 (𝑟𝜐) 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.  

 

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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                                                            (2.30) 

Where  

σxx = Applied stress 

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

R = Stress ratio 

σ = 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). 

  

                                                    (2.31) 

Where  

Fr = R(R, σ, n)/Rs= Dimensionless residual strength 

Rs= Static Strength 

R = Stress ratio 

σ = Stress state 

n = Number of cycles 

Fa = σ/ Rs= Local failure function  

Nf = Cycles to failure 

α = Curve fitting parameter 

β = Experimental parameter 

 

                                   (2.32) 
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Where  

E = Residual Stiffness 

R = Stress ratio 

σ = Stress state 

n = Number of cycles 

Nf = Cycles to failure 

Λ, γ = Curve fitting parameters 

εf  = 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. 

 

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-

tension fatigue testing (source: Behrooz-Taheri et. al. [73]) 

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

 

 
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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Figure 2.63 Residual stiffness in transverse direction of a unidirectional  90° laminate (source: 

Behrooz-Taheri et. al. [73]) 

 

 

 

Figure 2.64 S-N curve of unidirectional 90° laminates in longitudinal direction (source: Behrooz-

Taheri et. al. [73]) 
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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. 

 
Figure 2.65 Stress Strain curve for [0/905/0] laminate under uniaxial tensile loading (source: 

Behrooz-Taheri et. al. [73]) 

 

 
Figure 2.66  Stress Strain curve for [0/905/0] 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. 

 
Figure 2.67 Stiffness degradation of 90° plies from first cycle to Characteristic Damage State 

(CDS) level (source:  Behrooz-Taheri et. al. [73]) 

 

 
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. 

 

 
Figure 2.69 Fatigue life prediction of a  [0/905/0] 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 II 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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 Table 2.2 Overview of Fatigue Damage Rate Models (source: Bak et. al [61]) 
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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 µm) in width and ½ ply in depth (100 µm). 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? 

c) 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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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, Rz – 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.  

 

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, 900 and 1200. Surface 

roughness measurements (Ra – Roughness Average, Rz – 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 (ν12) 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 I 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 μm.  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 II 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 μm.  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 μm.  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 0o, 

90o, 45o, - 45o. 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) 

 

 

 

 

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

x, y : reference axes 

1, 2: material axes 

θ = 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 (σz) equal to zero and the shear stresses (τxz & τyz) 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 uo, vo & wo. Using Kirchoff’s 

hypothesis it can be shown that the strains (𝜖𝑥, 𝜖𝑦 & 𝛾𝑥𝑦) can be calculated using the following 

relationships: 

 

𝜖𝑥 =
𝜕𝑢𝑜

𝜕𝑥
− 𝑧

𝜕2𝑤𝑜

𝜕𝑥2                   (4.1) 

 

𝜖𝑦 =
𝜕𝑣𝑜

𝜕𝑦
− 𝑧

𝜕2𝑤𝑜

𝜕𝑦2                   (4.2) 

 

𝛾𝑥𝑦 =
𝜕𝑢𝑜

𝜕𝑦
+

𝜕𝑣𝑜

𝜕𝑥
− 𝑧

2𝜕2𝑤𝑜

𝜕𝑥𝜕𝑦
                 (4.3) 

 

These equations can be written as: 

{

𝜖𝑥

𝜖𝑦

𝛾𝑥𝑦

} =  {

𝜖𝑥
𝑜

𝜖𝑦 
𝑜

𝛾𝑥𝑦
𝑜

} + 𝑧 {

𝜅𝑥

𝜅𝑦

𝜅𝑥𝑦

}                (4.4) 

 

where 𝜖𝑥
𝑜 , 𝜖𝑦 

𝑜  & 𝛾𝑥𝑦
𝑜  are the strains in the reference midplane and 𝜅𝑥, 𝜅𝑦 & 𝜅𝑥𝑦 are the curvatures of 

the reference midplane and given by: 

 

𝜅𝑥 = − 𝑧
𝜕2𝑤𝑜

𝜕𝑥2  ,    𝜅𝑦 =  −𝑧
𝜕2𝑤𝑜

𝜕𝑦2     &     𝜅𝑥𝑦 =  −𝑧
2𝜕2𝑤𝑜

𝜕𝑥𝜕𝑦
 

 

Using Three-Dimensional (3-D) Anisotropic Constitutive Relations, Hooke’s law can be written 

as: 

𝜎𝑖 =  𝐶𝑖𝑗  . 𝜖𝑗   where (i, j = 1, 2,...6)           (4.5) 
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𝐶𝑖𝑗 = Elastic Stiffness Matrix 

 

Equation (4.5) can also be written as: 

𝜖𝑖 =  𝑆𝑖𝑗 . 𝜎𝑗  where (i, j = 1, 2,...6)            (4.6) 

𝑆𝑖𝑗  = Elastic Compliance Matrix 

 

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

 

 

 

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

 

If Nx , Ny  & Nxy are the in-plane loadings and Mx , My  & Mxy are the applied moments then their 

relationship to in-plane stresses is given by: 

𝑁𝑥 =  ∫ 𝜎𝑥

ℎ/2

−ℎ/2

𝑑𝑧  

𝑁𝑦 =  ∫ 𝜎𝑦

ℎ/2

−ℎ/2

𝑑𝑧 

𝑁𝑥𝑦 =  ∫ 𝜏𝑥𝑦

ℎ/2

−ℎ/2

𝑑𝑧 

and for the moments it is given by:  
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𝑀𝑥 =  ∫ 𝜎𝑥

ℎ/2

−ℎ/2

𝑧𝑑𝑧 

𝑀𝑦 =  ∫ 𝜎𝑦

ℎ/2

−ℎ/2

𝑧𝑑𝑧 

𝑀𝑥𝑦 =  ∫ 𝜏𝑥𝑦

ℎ/2

−ℎ/2

𝑧𝑑𝑧 

 

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

{

𝜎𝑥

𝜎𝑦

𝜏𝑥𝑦

} =  [

𝑄̅11 𝑄̅12 𝑄̅16

𝑄̅12 𝑄̅22 𝑄̅26

𝑄̅16 𝑄̅26 𝑄̅66

] {

𝜖𝑥

𝜖𝑦

𝛾𝑥𝑦

}                    (4.7) 

 

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

given by: 

 

For specially orthotropic materials, 

 

where E1 , E2  are the Youngs Modulus in 1 & 2 direction,  

𝜐12 = Poisson’s ratio in direction 2 due to applied stress in direction 1 

𝜐21 = Poisson’s ratio in direction 1 due to applied stress in direction 2 

𝐺12 = Shear Modulus in 1-2 direction 

Combining equations (4.4) and (4.7) we get, 
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which can be written as 

 

 

similarly the moment equations can be written as
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which can be written as  

 

 

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

 

 

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

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

cause by 𝑁𝑥 are given by: 

 

 

 

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. 

• Tensile Strength 

• Compressive Strength 

• Open-Hole Tensile Strength 

• Open-Hole Compressive Strength 

• Pinned Bearing Strength (Tensile) 

• 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.  

 

 

 

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 Vapour 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, 0 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.  

 

 

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 CVD Diamond coated cutters are shown 

in Figure 4.5.  
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Figure 4.5 PCD Endmill & CVD Diamond Coated Endmill 

 
Table 4.1 Shows the Endmill geometries and cutting Parameters 

 

 
 

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 

 

 

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 

 

 
 

Figure 4.7  CVD Diamond Coated and PCD Drill 

 

 

Table 4.3 shows the drill geometries and drilling parameters 

 

 
  

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, Rq, Rmax, Rt, Rp, Rv, 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 4.9 Wyko – NT2000 Surface Profiler 

 

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.  

  



101 

 

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 (Ra) in the longitudinal 

direction while the AWJ trimmed edge had a lower (Ra) 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 (µm) Transverse Ra (µm) 

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. 

 

 

Figure 5.1  Surface Roughness of Endmill Machined Edge (Longitudinal) 



103 

 

 

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

 

 

Figure 5.5 Micrograph showing Fibre Pullouts in 45 Degree Ply of Endmill Machined Edge 
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Figure 5.6 SEM of Fibre Pullouts in the Edge Surface of Endmill Trimmed Edge 

 

 

 

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 µm 

CVD – Drilled Surface,   Ra = 1.241 µm 

The surface profile readings obtained from the hole surfaces on the PCD and the CVD Drilled 

holes are shown in Figures 5.8 & 5.9 

 

Figure 5.8 Surface Roughness of PCD Drilled Hole 
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Figure 5.9 Surface Roughness of a CVD Diamond Coated Drilled Hole 

 

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

view of fibre pullout 

 

 

Figure 5.11 SEM of Surface Damage in CVD Diamond Drilled Hole 
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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.  

 

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. 

 

 

 

Figure 5.14 Tensile Strength Test Specimen 

 



113 

 

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. 

 

 

 

 

 

Figure 5.15 Compressive Strength Test Specimen 



114 

 

5.3.2.3 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 

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.  

 

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  25.4 x 254 x 2.0 

Compressive Strength 12.7 x 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.  
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Figure 5.16 Load Displacement Curve, Endmill Specimen – Tension 

 
 

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].   

 

 

Figure 5.20 Load Displacement Curve, Endmill - Compression  
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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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Figure 5.22 Load Displacement Curve, Endmill Trimmed – PCD Vs. CVD Drill Open-Hole 

Tension 

 

 

Figure 5.23 Load Displacement Curve, AWJ Trimmed - PCD Vs, CVD Drill Open-Hole Tension 

 



121 

 

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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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 

lower for specimens with a rougher surface finish.  

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

finish. 

3) 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.  

4) 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. 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 

 

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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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. 

 

 

Figure 5.27 Matrix Cracking Initiation and Progress in an AWJ Trimmed Specimen 
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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 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 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 μm.  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. 
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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 II CL 10 or 11 GR 190 Form 3 90 

BMS Spec 8-276 Type II CL 10 or 11 GR 190 Form 3 45 

BMS Spec 8-276 Type II CL 10 or 11 GR 190 Form 3 0 

BMS Spec 8-276 Type II CL 10 or 11 GR 190 Form 3 -45 

BMS Spec 8-276 Type II CL 10 or 11 GR 190 Form 3 90 

BMS Spec 8-276 Type II CL 10 or 11 GR 190 Form 3 45 

BMS Spec 8-276 Type II CL 10 or 11 GR 190 Form 3 0 

BMS Spec 8-276 Type II CL 10 or 11 GR 190 Form 3 -45 

BMS Spec 8-276 Type II CL 10 or 11 GR 190 Form 3 0 

BMS Spec 8-276 Type II CL 10 or 11 GR 190 Form 3 90 

BMS Spec 8-276 Type II CL 10 or 11 GR 190 Form 3 0 

BMS Spec 8-276 Type II CL 10 or 11 GR 190 Form 3 90 

BMS Spec 8-276 Type II CL 10 or 11 GR 190 Form 3 0 

BMS Spec 8-276 Type II CL 10 or 11 GR 190 Form 3 -45 

BMS Spec 8-276 Type II CL 10 or 11 GR 190 Form 3 0 

BMS Spec 8-276 Type II CL 10 or 11 GR 190 Form 3 45 

BMS Spec 8-276 Type II CL 10 or 11 GR 190 Form 3 90 

BMS Spec 8-276 Type II CL 10 or 11 GR 190 Form 3 -45 

BMS Spec 8-276 Type II CL 10 or 11 GR 190 Form 3 0 

BMS Spec 8-276 Type II CL 10 or 11 GR 190 Form 3 45 

BMS Spec 8-276 Type II 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 

 
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 (Ra) 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.   

 

(a) 
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(b) 

 

(c) 

Table 6.2 Surface Roughness (longitudinal) of Edge Trimmed Surfaces and Trimming 

Parameters , (a), (b) and (c) 

 

Specimen Type Average 
Surface 
Finish -  
Ra (µm) 

Surface Finish 
–  

Rz  (µm) 

Surface Finish 
–  

Rt  (µm) 

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. 

 

 

Figure 6.1 Longitudinal Surface Roughness of PCD Endmill Machined Edge  
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Figure 6.2 Longitudinal Surface Roughness of AWJ (120 grit) Trimmed Edge  

 

 

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.  

 

Figure 6.4 SEM of AWJ trimmed Edge Surface (80 Grit) 

 

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 µm 

• Matrix Cracks are consistent in occurrence and independent of orientation of fibres 

with approximate size of 15 µm 

• 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.  

 

 

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

• Matrix Cracks are consistent in occurrence and independent of orientation of fibres 

with approximate size of 15 µm 

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

 

 
 

Figure 6.8 SEM of PCD Endmill Trimmed Edge Surface 

 

 
 

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 

• 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 

 

 

Figure 6.10 SEM of CVD Endmill Trimmed Edge Surface 
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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 
Finish -  
Ra (µm) 

Surface 
Finish –  
Rz  (µm) 

Surface 
Finish –  
Rt  (µm) 

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

 

 

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) 

 

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  

 

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 

Fibre  Pullouts 
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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 

 

 

Figure 6.18 SEM showing damage during CVD Drilling at Feedrate = 305 mm/min  
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Figure 6.19 SEM showing damage during CVD Drilling at Feedrate = 305 mm/min  

 

 

 

Figure 6.20 SEM showing damage during CVD Drilling 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 
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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 

 

Figure 6.23 Magnified view of Tensile Stress Vs. Strain showing matrix cracking in AWJ (80 

Grit) edge trimmed specimen 
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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 

 

Figure 6.25 Failed specimen from Tensile testing of AWJ (80 Grit) edge trimmed specimen 

 

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

specimen 
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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 0 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. 

 

Figure 6.29 Tensile Stress Vs. Strain for AWJ (120 Grit) edge trimmed specimen 

 

Figure 6.30 Magnified view of Tensile Stress Vs. Strain showing matrix cracking in AWJ (120 

Grit) edge trimmed specimen 
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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 

 

Figure 6.32 Failed specimen from Tensile testing of AWJ (120 Grit) edge trimmed specimen 

 

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. 

 

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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Figure 6.36 Tensile Stress Vs. Strain for PCD endmill edge trimmed specimen 

 

 

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 6.39 Failed specimen from Tensile testing of PCD endmill edge trimmed specimen 

 

 

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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Figure 6.42 Tensile Stress Vs. Strain for CVD endmill edge trimmed specimen 

 

 

 

 

Figure 6.43 Magnified view of Tensile Stress Vs. Strain showing matrix cracking in CVD 

endmill edge trimmed specimen 
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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 

 

Figure 6.45 Failed specimen from Tensile testing of CVD endmill  edge trimmed specimen 

 

 

Figure 6.46 SEM of failed specimen from tensile testing of CVD 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 



165 

 

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. 

 

 

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.  

 

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 

 

 

 

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

specimen  
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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 Rz  / Rt influences 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 / E0) 
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Figure 6.52 Plot of (E/E0) Vs. Stress Concentration Factor for various edge trimmed specimens 

in Tensile testing 

 

 

 
 

Figure 6.53  Plot of (E/E0) Vs. Average Surface Roughness - Ra (µm) for various edge trimmed 

specimens in Tensile testing 



169 

 

 

 
 

Figure 6.54 Plot of (E/E0) Vs. Surface Finish (Rz / Rt) 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. 

 

 
 

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 AWJ test specimens displayed better surface profile characteristics.  

AWJ 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 
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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. 

 

 

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 

 

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

specimen 

 

Figure 6.62 Magnified view of Compressive Stress Vs. Strain showing matrix cracking in CVD 

endmill edge trimmed compression specimen 
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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 CVD 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 CVD endmill edge 

trimmed specimens 

 

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 

AWJ 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 Rz  / Rt influences 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. 

 

Table 6.7 Summary of Surface finish and Compressive Strength properties 

 

Figure 6.65 Plot of (E/E0) Vs. Stress Concentration Factor for various edge trimmed specimens 

in compression testing 

 

Figure 6.66 Plot of (E/E0) Vs. Average Surface Roughness - Ra (µm) for various edge trimmed 

specimens in compression testing 
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Figure 6.67 Plot of (E/E0) Vs. Surface Finish (Rz / Rt) 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 CVD 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 
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For compression loading the maximum stress values are much lower than those in tension. The 

values of  
0

E

E

 
 
 

 are between 0.65 to 0.75 which are about 25% to 35% lower than those in tension.  

 

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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Figure 6.69 Open Hole Tensile Stress Vs. Strain for PCD Drilled Hole (305 mm/min) 

 

Figure 6.70 Magnified View of Open Hole Tensile Stress Vs. Strain showing Matrix Cracking in 

PCD Drilled hole specimen (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 Drilled 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) 

 

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) 

 

 

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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Figure 6.77 Open Hole Tensile Stress Vs. Strain for PCD Drilled Hole (508 mm/min) 

 

 

Figure 6.78 Magnified View of Open Hole Tensile Stress Vs. Strain showing Matrix Cracking in 

PCD Drilled hole specimen (508 mm/min) 



189 

 

 

 

 

Figure 6.79 Magnified view of Open Hole Tensile Stress Vs. Strain showing First Ply Failure 

and Damage in PCD Drilled 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) 

 

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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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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Figure 6.85 Open Hole Tensile Stress Vs. Strain for CVD Drilled Hole (305 mm/min) 

 

Figure 6.86 Magnified View of Open Hole Tensile Stress Vs. Strain showing Matrix Cracking in 

CVD Drilled hole specimen (305 mm/min) 
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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) 

 

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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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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Figure 6.93 Open Hole Tensile Stress Vs. Strain for CVD Drilled Hole (508 mm/min) 

 

Figure 6.94 Magnified View of Open Hole Tensile Stress Vs. Strain showing Matrix Cracking in 

CVD Drilled hole specimen (508 mm/min) 
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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. 

 

Figure 6.96 Failed specimen from Open Hole Tensile testing of CVD hole specimen (508 

mm/min) 

 

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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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.  

 

Table 6.8 Summary of Open Hole Tensile Testing Results 

 

Figure 6.101 Sample Surface finish data for a PCD drill hole at feedrate of 305 mm/min 

specimen for stress concentration factor calculation 

 

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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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 Rz  / Rt influences 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 / E0) 
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Figure 6.104 Plot of (E/E0) Vs. Stress Concentration Factor for various Open hole Tensile 

Testing specimens 

 

 

 

 
Figure 6.105 Plot of (E/E0) Vs. Average Surface Roughness - Ra (µm) for various Open Hole 

Tensile Testing specimens 
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Figure 6.106 Plot of (E/E0) Vs. Surface Finish (Rz / Rt) 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% 

 

 
 

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. 
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The maximum tensile stress is a function of both the hole concentration factor ( )tK  as well as 

the surface integrity concentration factor of the hole ( )tK  

                                                                            
max ( , )ttf K K =                                                           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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Figure 6.108 Open Hole Compressive Stress Vs. Strain for PCD Drilled Hole (305 mm/min) 

 

 

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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Figure 6.110 Magnified view of Open Hole Compressive Stress Vs. Strain showing First Ply 

Failure and Damage in PCD Drilled 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. 
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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. 

 

Figure 6.111 Failed specimen from Open Hole Compression testing of PCD hole specimen (305 

mm/min) 

 

Figure 6.112 SEM of failed specimen from Open Hole Compression Testing of PCD hole 

specimen (305 mm/min) 
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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) 

 

 

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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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. 

 

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. 

 

 

 

 

Figure 6.124 Open Hole Compressive Stress Vs. Strain for CVD Drilled 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) 

 

 

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. 
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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) 

 

 

Figure 6.130 SEM of failed specimen showing buckling at 45 degrees from Open Hole 

Compression Testing of CVD hole specimen (305 mm/min) 



224 

 

 

 

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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Figure 6.132 Open Hole Compressive Stress Vs. Strain for CVD Drilled Hole (508 mm/min) 

 

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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Figure 6.134 Magnified view of Open Hole Compressive Stress Vs. Strain showing First Ply 

Failure and Damage in CVD Drilled 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 CVD 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 



227 

 

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 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. 

 

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) 

 

 

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) 

 

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. 

 

 

 

 

 

 

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 Rz  / Rt influences 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 / E0) 

 

 

 

Figure 6.140 Plot of (E/E0) Vs. Stress Concentration Factor for various Open hole Compression 

Testing specimens 
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Figure 6.141 Plot of (E/E0) Vs. Average Surface Roughness - Ra (µm) for various Open Hole 

Compression Testing specimens 
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Figure 6.142 Plot of (E/E0) Vs. Surface Finish (Rz / Rt) 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% 

 

 

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. 
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The maximum compressive stress is a function of both the hole concentration factor ( )tK  as 

well as the surface integrity concentration factor of the hole ( )tK  

                                                                            
max ( , )ttf K K =                                                           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.  

 

 

Figure 6.144 Plot of Load Vs. Extension for Bearing Hole Test Specimens 
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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.  

 

 
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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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 II – Experimental Testing – Fatigue Cycle Tension -Tension 

Testing – 22 Ply Thick Laminate 

 

7.1 Phase II 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 II 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 μm.  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 II CL 10 or 11 GR 190 Form 3 90 

BMS Spec 8-276 Type II CL 10 or 11 GR 190 Form 3 45 

BMS Spec 8-276 Type II CL 10 or 11 GR 190 Form 3 0 

BMS Spec 8-276 Type II CL 10 or 11 GR 190 Form 3 -45 

BMS Spec 8-276 Type II CL 10 or 11 GR 190 Form 3 90 

BMS Spec 8-276 Type II CL 10 or 11 GR 190 Form 3 45 

BMS Spec 8-276 Type II CL 10 or 11 GR 190 Form 3 0 

BMS Spec 8-276 Type II CL 10 or 11 GR 190 Form 3 -45 

BMS Spec 8-276 Type II CL 10 or 11 GR 190 Form 3 0 

BMS Spec 8-276 Type II CL 10 or 11 GR 190 Form 3 90 

BMS Spec 8-276 Type II CL 10 or 11 GR 190 Form 3 0 

BMS Spec 8-276 Type II CL 10 or 11 GR 190 Form 3 90 

BMS Spec 8-276 Type II CL 10 or 11 GR 190 Form 3 0 

BMS Spec 8-276 Type II CL 10 or 11 GR 190 Form 3 -45 

BMS Spec 8-276 Type II CL 10 or 11 GR 190 Form 3 0 

BMS Spec 8-276 Type II CL 10 or 11 GR 190 Form 3 45 

BMS Spec 8-276 Type II CL 10 or 11 GR 190 Form 3 90 

BMS Spec 8-276 Type II CL 10 or 11 GR 190 Form 3 -45 

BMS Spec 8-276 Type II CL 10 or 11 GR 190 Form 3 0 

BMS Spec 8-276 Type II CL 10 or 11 GR 190 Form 3 45 

BMS Spec 8-276 Type II 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. 

 

Table 7.2 Fatigue Specimens Edge Trimming Conditions 

 

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 

• High Load/Engineering Stress 

• Medium Load/Engineering Stress 
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• Low Load/Engineering Stress 

 

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: A1 – H – 1 where the following apply: 

A1 – 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. 
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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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Table 7.4  Surface Finish Data of Test Specimens (Longitudinal) 
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Table 7.5  Surface Finish Data of Test Specimens (Transverse) 
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Figure 7.6  SEM of AWJ (80 Grit) Trimmed Surface 

 

 

 

 

Figure 7.7  SEM of AWJ (80 Grit) Trimmed Surface 

 

Fibre  Pullouts 

Fibre  Pullouts 

Fibre  Pullouts 

Fibre  Pullouts 

Streaks & Craters 

Matrix Cracks 
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Figure 7.8 SEM of AWJ (80 Grit) Trimmed Surface 

 

 

Figure 7.9 SEM of CVD Diamond Coated Endmill Trimmed Surface 

 

Fibre  Pullouts 

Fibre  Pullouts 

Fibre  Pullouts 

Fibre  Pullouts 

Matrix Cracks 
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Figure 7.10 SEM of CVD Diamond Coated Endmill Trimmed Surface 

 

 

Figure 7.11  SEM of CVD Diamond Coated Endmill Trimmed Surface 

Fibre  Pullouts 
Fibre  Pullouts 

Fibre  Pullouts 
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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 

 

 

Table 7.6 Surface Finish Data for CVD 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 

 

 

 

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: 

 

 

Fibre  Pullouts 
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Unnotched Testing  

a) High Load Testing - An approximate average of failure loads between various tensile 

specimens was established for AWJ Trimmed and CVD 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 lbf) for the high load specimens. This 

translated to approximately 89% of the average tensile failure loads.  

b) Medium Load Testing – With single sample testing, the medium test load was established 

at 73396 N (16500 lbf). This translated to approximately 81.5% of the average tensile 

failure loads. 

c) Low Load Testing – With single sample testing, the low test load was established at 

68947 N (15500 lbf). 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. 

 

 

Table 7.7 Test Loads & Stresses for Unnotched Fatigue Testing 
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Notched Testing  

a) High Load Testing - An approximate average of failure loads between various open hole 

tensile specimens was established for AWJ Trimmed and CVD 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 lbf) for the high 

load specimens. This translated to approximately 95% of the average open hole tensile 

failure loads.  

b) Medium Load Testing – With single sample testing, the medium test load was established 

at 51115 N (11500 lbf). This translated to approximately 87% of the average open hole 

tensile failure loads. 

c) Low Load Testing – With single sample testing, the low test load was established at 

46706 N (10500 lbf). 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. 

 

 

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 lbf 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 # A1-H-1 was used to derive the test load condition. 

The following samples were tested for AWJ trimmed specimens. 

A1 – H – 2 

A1 – H – 3 

A1 – H – 4 

For CVD Diamond Coated Endmill Trimmed specimens, the following samples were tested. 

B1 – H – 1 

B1 – H – 2 

B1 – 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. 

 

 

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 AWJ 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 A1 – H – 2 

 

 

Figure 7.16  Damage at 20K Cycles, 7.49%, Test Specimen 
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Figure 7.17 Damage (12.8%) & Ultimate Failure at 32369 Cycles A1 – H – 2 

 

 

 

 

Figure 7.18  Percent Compliance Change Vs. Fatigue Cycles for A1 – H – 3 
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Figure 7.19 Damage at 20K Cycles, 5.64%, Test Specimen 

 

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 A1 – H – 4 

 

 

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 for B1 – H - 1 

 

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 

 

 

Figure 7.27 Percent Compliance Change Vs. Fatigue Cycles for B1 – H – 2 

 

-2

0

2

4

6

8

10

12

0 10000 20000 30000 40000 50000

%
 C

o
m

p
li

a
n

ce
 C

h
a

n
g

e

(N) Cycles

CVD Diamond Coated Endmill Trimmed -
Unnotched Specimen - H2 - High Load



269 

 

 

Figure 7.28 Damage at 20K Cycles, 3.92%, Test Specimen  

 

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 

-2

0

2

4

6

8

10

12

14

16

0 10000 20000 30000 40000 50000

%
 C

o
m

p
lia

n
ce

 C
h

an
ge

(N) Cycles

CVD Diamond Coated Endmill Trimmed -
Unnotched Specimen - H3 - High Load



271 

 

 

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 

 

 

Figure 7.34 Summary Plot of CVD End Mill Trimmed High Load Percent Compliance Change 

Vs. Fatigues Cycles 
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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 ( )tK  

Surface finish profiles of all high load test specimens were used to calculate the stress 

concentration factor ( )tK  using the formula shown in figure 7.36 

 

Figure 7.36 Stress Concentration Factor Calculation  



274 

 

 

Figures 7.37 through 7.42 Show the stress concentration factor determination graphically for the 

radius and using the formula from Figure 7.36 

 

 

 

Figure 7.37 Graphical Determination of radius (ρ) from surface profile of test specimen, A1–H-2 
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Figure 7.38 Graphical Determination of radius (ρ) from surface profile of test specimen, A1–H-3 
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Figure 7.39 Graphical Determination of radius (ρ) from surface profile of test specimen, A1–H-4 
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Figure 7.40 Graphical Determination of radius (ρ) from surface profile of test specimen, B1–H-1 
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Figure 7.41 Graphical Determination of radius (ρ) from surface profile of test specimen, B1–H–2 
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Figure 7.42 Graphical Determination of radius (ρ) 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 

load test specimens. 

 

 

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. 

 

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 – Rz (longitudinal) Vs. Fatigue Cycles – AWJ Trimmed High Load 

Test Specimens 

 

 

 

Figure 7.45 Surface Finish – Rt (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 

Test Specimens 

 

 

 

 

 

Figure 7.47 Surface Finish – Rku (longitudinal) Vs. Fatigue Cycles – AWJ Trimmed High Load 

Test Specimens 
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Figure 7.48 Surface Finish – (Rt/Rz) (Longitudinal) Vs. Fatigue Cycles – AWJ Trimmed High 

Load Test Specimens 

 

 

 

Figure 7.49 Surface Integrity Stress Concentration Factor (Longitudinal) Vs. Fatigue Cycles – 

AWJ Trimmed High Load Test Specimens 
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Figure 7.50 Surface Finish - Ra (longitudinal) Vs. Fatigue Cycles – CVD Endmill Trimmed High 

Load Test Specimens  

 

 

 

Figure 7.51 Surface Finish – Rz (longitudinal) Vs. Fatigue Cycles – CVD Endmill Trimmed 

High Load Test Specimens 
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Figure 7.52 Surface Finish – Rt (longitudinal) Vs. Fatigue Cycles – CVD Endmill Trimmed High 

Load Test Specimens 

 

 

 

 

Figure 7.53 Surface Finish – Rsk (longitudinal) Vs. Fatigue Cycles – CVD Endmill Trimmed 

High Load Test Specimens 
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Figure 7.54 Surface Finish – Rku (longitudinal) Vs. Fatigue Cycles – CVD Endmill Trimmed 

High Load Test Specimens 

 

 

 

Figure 7.55 Surface Finish – (Rt/Rz) (Longitudinal) Vs. Fatigue Cycles – CVD Endmill Trimmed 

High Load Test Specimens 

 

 



287 

 

 

 

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 Rz (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 CVD 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. 

A1 – M – 1 

A1 – M – 2 

A1 – M – 3 

For CVD Diamond Coated Endmill Trimmed specimens, the following samples were tested. 

B1 – M – 1 
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B1 – M – 2 

B1 – 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 , Rku  

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 

 

 

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 A1 – 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.  

 

Figure 7.57 Percent Compliance Change Vs. Fatigue Cycles for A1 – 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.  
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Figure 7.58 through 7.62 show the damage progression from start of cycling to failure for test 

specimen A1 – M – 1  

 

 

                                                         

 

Figure 7.58 Damage Progression in (A1 – M – 1) Test specimen to 5000 Cycles 
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Figure 7.59 Damage Progression in (A1 – M – 1) Test specimen to 40000 Cycles 
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Figure 7.60 Damage Progression in (A1 – M – 1) Test specimen to 80000 Cycles 
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Figure 7.61 Damage Progression in (A1 – M – 1) Test specimen to 150000 Cycles 
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Figure 7.62 Damage Progression in (A1 – M – 1) Test specimen to Failure at 153,399 Cycles  

                                         

For the remaining (A1 – 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.              
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Figure 7.63 Percent Compliance Change Vs. Fatigue Cycles for (A1 – M – 2) 

 

Figure 7.64 Damage at 50K Cycles, 6.9%, Test Specimen 
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\      

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.   

 

Figure 7.66 Percent Compliance Change Vs. Fatigue Cycles for (A1 – M – 3) 
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Figure 7.67 Damage at 50K Cycles, 10.13%, Test 

 

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.  

 

 

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.   

 

 

Figure 7.70 Damage at 50K Cycles, 9.48%, Test Specimen 
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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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Figure 7.72 Percent Compliance Change Vs. Fatigue Cycles for B1 – M – 2 

 

Figure 7.73 Damage at 50K Cycles, 9.09%, Test Specimen 
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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. 

 

Figure 7.75 Percent Compliance Change Vs. Fatigue Cycles for (B1 – M – 3) 
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Figure 7.76 Damage at 50K Cycles, 9.69%, Test Specimen 

 

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.  

 

 

 

 

Figure 7.78 Summary Plot of AWJ Medium Load Percent Compliance Change Vs. Fatigues 

Cycles 



305 

 

 

Figure 7.79 Summary Plot of CVD Endmill Trimmed Medium Load Percent Compliance 

Change Vs. Fatigues Cycles 

 

 

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 ( )tK  

Surface finish profiles of all high load test specimens were used to calculate the stress 

concentration factor ( )tK  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 

 

 

Figure 7.81 Graphical Determination of radius (ρ) from surface profile of test specimen A1–M-1 
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Figure 7.82 Graphical Determination of radius (ρ) from surface profile of test specimen A1–M–2 
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Figure 7.83 Graphical Determination of radius (ρ) from surface profile of test specimen A1–M–3 
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Figure 7.84 Graphical Determination of radius (ρ) from surface profile of test specimen B1–M 1 
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Figure 7.85 Graphical Determination of radius (ρ) from surface profile of test specimen B1–M-2 
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Figure 7.86 Graphical Determination of radius (ρ) from surface profile of test specimen B1–M- 3 

 

 



312 

 

 

Table 7.12 shows the calculated surface integrity stress concentration factors for medium load 

test specimens. 

 

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. 

 

 

Figure 7.87 Surface Finish - Ra (longitudinal) Vs. Fatigue Cycles – AWJ Trimmed Medium 

Load Specimens 
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Figure 7.88 Surface Finish – Rz (longitudinal) Vs. Fatigue Cycles – AWJ Trimmed Medium 

Load Test Specimens 

 

Figure 7.89 Surface Finish – Rt (longitudinal) Vs. Fatigue Cycles – AWJ trimmed Medium Load 

Test Specimens 

 

Figure 7.90 Surface Finish – Rsk (longitudinal) Vs. Fatigue Cycles – AWJ Trimmed Medium 

Load Test Specimens 
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Figure 7.91 Surface Finish – Rku (longitudinal) Vs. Fatigue Cycles – AWJ Trimmed Medium 

Load Test Specimens 

 

Figure 7.92 Surface Finish – (Rt/Rz) (Longitudinal) Vs. Fatigue Cycles – AWJ Trimmed 

Medium Load Test Specimens 

 

Figure 7.93 Surface Integrity Stress Concentration Factor (Longitudinal) Vs. Fatigue Cycles – 

AWJ Trimmed Medium Load Test Specimens 
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Figure 7.94 Surface Finish - Ra (longitudinal) Vs. Fatigue Cycles – CVD Endmill Trimmed 

Medium Load Specimens 

 

Figure 7.95 Surface Finish – Rz (longitudinal) Vs. Fatigue Cycles – CVD Endmill Trimmed 

Medium Load Test Specimens 

 

Figure 7.96 Surface Finish – Rt (longitudinal) Vs. Fatigue Cycles – CVD Endmill trimmed 

Medium Load Test Specimens 
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Figure 7.97 Surface Finish – Rsk (longitudinal) Vs. Fatigue Cycles –CVD Endmill Trimmed 

Medium Load Test Specimens 

 

Figure 7.98 Surface Finish – Rku (longitudinal) Vs. Fatigue Cycles – CVD Endmill Trimmed 

Medium Load Test Specimens 

 

Figure 7.99 Surface Finish – (Rt/Rz) (Longitudinal) Vs. Fatigue Cycles – CVD Endmill Trimmed 

Medium Load Test Specimens 
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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 CVD 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. 

A1 – L – 1 

A1 – L – 2 

A1 – L – 3 

For CVD Diamond Coated Endmill Trimmed specimens, the following samples were tested. 
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B1 – L – 1 

B1 – L – 2 

B1 – L – 3 

B1 – L - 4 

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 7.13 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 

 

 

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 AWJ 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.  

 

 

 

Figure 7.101 Percent Compliance Change Vs. Fatigue Cycles for (A1 – L – 1) 
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Figure 7.102 Damage at 200K Cycles, 11.67%, Test 

 

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) 

 

 

Figure 7.105 Damage at 200K Cycles, 11.49%, Test 

-5

0

5

10

15

20

25

30

0 100000 200000 300000 400000 500000 600000%
 C

o
m

p
li

a
n

ce
 C

h
a

n
g

e

(N) Cycles

AWJ Trimmed - Unnotched Specimen -
A1 - L - 2 - Low Load



322 

 

 

Figure 7.106 Damage (26.43%) & Ultimate Failure at 487732 Cycles 

 

 

 

Figure 7.107  Percent Compliance Change Vs. Fatigue Cycles for (A1 – L – 3) 
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Figure 7.108 Damage at 200K Cycles, 11.22%, Test Specimen (A1 – L – 2) 

 

 

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.  

 

 

 

Figure 7.110  Percent Compliance Change Vs. Fatigue Cycles for (B1 – L – 1) 
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Figure 7.111 Damage at 200K Cycles, 11.53%, Test 

 

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) 

 

 

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 

 

 

 

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 

 

 

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.  

 

Figure 7.122 Summary Plot of AWJ Low Load Percent Compliance Change Vs. Fatigues Cycles 
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Figure 7.123 Summary Plot of CVD Endmill Trimmed Low Load Percent Compliance Change 

Vs. Fatigues Cycles 

 

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 ( )tK  

Surface finish profiles of all high load test specimens were used to calculate the stress 

concentration factor ( )tK  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 

 

 

 

Figure 7.125 Graphical Determination of radius (ρ) from surface profile of test specimen A1-L–1 
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Figure 7.126 Graphical Determination of radius (ρ) from surface profile of specimen A1–L–2 
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Figure 7.127 Graphical Determination of radius (ρ) from surface profile of specimen A1 – L – 3 
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Figure 7.128 Graphical Determination of radius (ρ) from surface profile of specimen B1 – L – 1 
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Figure 7.129 Graphical Determination of radius (ρ) from surface profile of specimen B1 – L – 3 
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Figure 7.130 Graphical Determination of radius (ρ) 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. 

 

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. 

 

Figure 7.131 Surface Finish - Ra (longitudinal) Vs. Fatigue Cycles – AWJ Trimmed Low Load 

Specimens 
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Figure 7.132 Surface Finish – Rz (longitudinal) Vs. Fatigue Cycles – AWJ Trimmed Low Load 

Test Specimens 

 

Figure 7.133 Surface Finish – Rt (longitudinal) Vs. Fatigue Cycles – AWJ trimmed Low Load 

Test Specimens 

 

Figure 7.134  Surface Finish – Rsk (longitudinal) Vs. Fatigue Cycles – AWJ Trimmed Low Load 

Test Specimens 
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Figure 7.135 Surface Finish – Rku (longitudinal) Vs. Fatigue Cycles – AWJ Trimmed Low Load 

Test Specimens 

 

Figure 7.136  Surface Finish – (Rt/Rz) (Longitudinal) Vs. Fatigue Cycles – AWJ Trimmed Low 

Load Test Specimens 

 

Figure 7.137 Surface Integrity Stress Concentration Factor (Longitudinal) Vs. Fatigue Cycles – 

AWJ Trimmed Low Load Test Specimens 
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Figure 7.138 Surface Finish - Ra (longitudinal) Vs. Fatigue Cycles – AWJ Trimmed Low Load 

Specimens 

 

Figure 7.139 Surface Finish – Rz (longitudinal) Vs. Fatigue Cycles – CVD Endmill Trimmed 

Low Load Test Specimens 

 

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 

 

Figure 7.142 Surface Finish – Rku (longitudinal) Vs. Fatigue Cycles –CVD Endmill Trimmed 

Low Load Test Specimens 

 

Figure 7.143 Surface Finish – (Rt/Rz) (Longitudinal) Vs. Fatigue Cycles –CVD Endmill 

Trimmed Low Load Test Specimens 
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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 CVD 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 

A1 – 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 -  4 

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 7.15 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. 

 

 

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. 

 

 

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 

 

 

Figure 7.148  Percent Compliance Change Vs. Fatigue Cycles for A2 – H – 4 
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Figure 7.149 Damage at 80K Cycles, 9.44%, Test Specimen A2 

 

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. 

 

Figure 7.151 Percent Compliance Change Vs. Fatigue Cycles for B2 – H – 1 

 

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 

 

 

Figure 7.154 Percent Compliance Change Vs. Fatigue Cycles for B2 – H – 2 
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Figure 7.155 Damage at 80K Cycles, 10.62%, Test Specimen B2 

 

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 

 

 

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 

 

 

Figure 7.160 Percent Compliance Change Vs. Fatigue Cycles for B2 – H – 4 
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Figure 7.161 Damage at 80K Cycles, 7.81%, Test Specimen B2 

 

 

Figure 7.162 Damage (26.24%) & Ultimate Failure at 111447 Cycles, Test 
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Figures 7.163 through 7.165 show the combined plots of % Compliance change Vs. Cycles for 

the AWJ trimmed and CVD endmill trimmed specimens. 

 

Figure 7.163 Summary Plot of % Compliance Change Vs. (N) Cycles for AWJ Trimmed Test 

Specimens – High Load 

 

Figure 7.164 Summary Plot of % Compliance Change Vs. (N) Cycles for CVD Endmill 

Trimmed Test Specimens – 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 ( )tK  

Surface finish profiles of all high load test specimens were used to calculate the stress 

concentration factor ( )tK  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 (ρ) from surface profile of specimen A2 – H – 3 
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Figure 7.167 Graphical Determination of radius (ρ) from surface profile of specimen A2 – H – 4 
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Figure 7.168 Graphical Determination of radius (ρ) from surface profile of specimen B2 – H – 1 
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Figure 7.169 Graphical Determination of radius (ρ) from surface profile of specimen B2 – H – 2 
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Figure 7.170 Graphical Determination of radius (ρ) from surface profile of specimen B2 – H – 3 
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Figure 7.171 Graphical Determination of radius (ρ) 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 

specimens high load testing. 

 

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. 

 

Figure 7.172  Surface Finish - Ra (longitudinal) Vs. Fatigue Cycles – AWJ Trimmed – Notched 

High Load Specimens 
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Figure 7.173 Surface Finish – Rz (longitudinal) Vs. Fatigue Cycles – AWJ Trimmed - Notched – 

High Load Test Specimens 

 

Figure 7.174 Surface Finish – Rt (longitudinal) Vs. Fatigue Cycles – AWJ trimmed – Notched - 

High Load Test Specimens 

 

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 – Rku (longitudinal) Vs. Fatigue Cycles – AWJ Trimmed – Notched 

High Load Test Specimens 

 

Figure 7.177 Surface Finish – (Rt/Rz) (Longitudinal) Vs. Fatigue Cycles – AWJ Trimmed – 

Notched High Load Test Specimens 

 

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 Finish - Ra (longitudinal) Vs. Fatigue Cycles – CVD Endmill Trimmed – 

Notched High Load Specimens 

 

Figure 7.180 Surface Finish – Rz (longitudinal) Vs. Fatigue Cycles – CVD Endmill Trimmed - 

Notched – High Load Test Specimens 

 

Figure 7.181  Surface Finish – Rt (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 

 

Figure 7.183 Surface Finish – Rku (longitudinal) Vs. Fatigue Cycles – CVD Endmill Trimmed – 

Notched High Load Test Specimens 

 

Figure 7.184 Surface Finish – (Rt/Rz) (Longitudinal) Vs. Fatigue Cycles – CVD Endmill 

Trimmed – Notched High Load Test Specimens 
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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  , Rsk , 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. 

 

 

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 

 

 

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 

 

 

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 

 

 

 

Figure 7.195 Percent Compliance Change Vs. Fatigue Cycles for A2 – M – 4 
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Figure 7.196 Damage at 200K Cycles, 16.39%, Test Specimen A2 – M - 4 

 

 

Figure 7.197 Damage (26.86%) & Ultimate Failure at 210389 Cycles, Test Specimen A2–M- 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 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. 

 

 

 

Figure 7.198 Percent Compliance Change Vs. Fatigue Cycles for B2 – M – 1 
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Figure 7.199 Damage at 300K Cycles, 18.49%, Test Specimen B2 – M - 1 

 

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 

 

 

 

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. 

 

Figure 7.207 Summary Plot of % Compliance Change Vs. (N) Cycles for AWJ Trimmed 

Notched Specimens – Medium Load 

 

Figure 7.208 Summary Plot of % Compliance Change Vs. (N) Cycles for 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 ( )tK  

Surface finish profiles of all high load test specimens were used to calculate the stress 

concentration factor ( )tK  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 
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Figure 7.210 Graphical Determination of radius (ρ) from surface profile of specimen A2 – M - 1 
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Figure 7.211 Graphical Determination of radius (ρ) from surface profile of specimen A2 – M - 2 
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Figure 7.212 Graphical Determination of radius (ρ) from surface profile of specimen A2 – M – 3 
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Figure 7.213 Graphical Determination of radius (ρ) from surface profile of specimen A2 – M – 4 
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Figure 7.214 Graphical Determination of radius (ρ) from surface profile of specimen B2 – M - 1 
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Figure 7.215 Graphical Determination of radius (ρ) from surface profile of specimen B2 – M - 2 
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Figure 7.216 Graphical Determination of radius (ρ) 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.  

 

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 

 

Figure 7.217 Surface Finish - Ra (longitudinal) Vs. Fatigue Cycles – AWJ Trimmed – Notched 

Medium Load Specimens 
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Figure 7.218  Surface Finish – Rz (longitudinal) Vs. Fatigue Cycles – AWJ Trimmed - Notched – 

Medium Load Test Specimens 

 

Figure 7.219 Surface Finish – Rt (longitudinal) Vs. Fatigue Cycles – AWJ trimmed – Notched - 

Medium Load Test Specimens 

 

Figure 7.220 Surface Finish – Rsk (longitudinal) Vs. Fatigue Cycles – AWJ Trimmed – Notched 

Medium Load Test Specimens 
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Figure 7.221 Surface Finish – Rku (longitudinal) Vs. Fatigue Cycles – AWJ Trimmed – Notched 

Medium Load Test Specimens 

 

Figure 7.222 Surface Finish – (Rt/Rz) (Longitudinal) Vs. Fatigue Cycles – AWJ Trimmed – 

Notched Medium Load Test Specimens 

 

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 

 

Figure 7.225 Surface Finish – Rz (longitudinal) Vs. Fatigue Cycles –CVD Endmill Trimmed - 

Notched – Medium Load Test Specimens 

 

Figure 7.226 Surface Finish – Rt (longitudinal) Vs. Fatigue Cycles – CVD Endmill trimmed – 

Notched - Medium Load Test Specimens 
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Figure 7.227 Surface Finish – Rsk (longitudinal) Vs. Fatigue Cycles – CVD Endmill Trimmed – 

Notched Medium Load Test Specimens 

 

Figure 7.228 Surface Finish – Rku (longitudinal) Vs. Fatigue Cycles –CVD Endmill Trimmed – 

Notched Medium Load Test Specimens 

 

Figure 7.229 Surface Finish – (Rt/Rz) (Longitudinal) Vs. Fatigue Cycles – CVD Endmill 

Trimmed – Notched Medium Load Test Specimens 
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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  , Rsk , 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. 

 

 

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. 

 

Figure 7.231 Percent Compliance Change Vs. Fatigue Cycles for A2 – L – 1 

 

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 

 

 

Figure 7.234 Percent Compliance Change Vs. Fatigue Cycles for A2 – L – 2 
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Figure 7.235 Damage at 500K Cycles, 12.61%, Test Specimen 

 

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 

 

 

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 

 

 

 

Figure 7.240 Percent Compliance Change Vs. Fatigue Cycles for A2 – L – 4 
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Figure 7.241 Damage at 500K Cycles, 15.84%, Test Specimen 

 

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. 

 

 

 

Figure 7.243 Percent Compliance Change Vs. Fatigue Cycles for B2 – L – 1 

 

 

 

 

 

-5

0

5

10

15

20

25

0 200000 400000 600000 800000 1000000 1200000

%
 C

o
m

p
li

a
n

ce
 C

h
a

n
g

e

(N) Cycles

CVD Diamond Coated Endmill Trimmed -
Notched Specimen - L1 - Low Load



403 

 

 

Figure 7.244 Damage at 500K Cycles, 8.98%, Test Specimen B2-L-1 

 

 

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 

 

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 

 

 

 

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. 

 

Figure 7.252 Summary Plot of % Compliance Change Vs. (N) Cycles for AWJ Trimmed 

Notched Specimens – Low Load 

 

Figure 7.253 Summary Plot of % Compliance Change Vs. (N) Cycles for CVD Endmill 

Trimmed Notched Specimens – Low Load 
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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 ( )tK  

Surface finish profiles of all high load test specimens were used to calculate the stress 

concentration factor ( )tK  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 (ρ) from surface profile of specimen A2 – L – 1 
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Figure 7.256 Graphical Determination of radius (ρ) from surface profile of specimen A2 – L – 2 
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Figure 7.257 Graphical Determination of radius (ρ) from surface profile of specimen A2 – L – 3 
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Figure 7.258 Graphical Determination of radius (ρ) from surface profile of specimen A2 – L – 4 
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Figure 7.259 Graphical Determination of radius (ρ) from surface profile of specimen B2 – L – 1 
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Figure 7.260 Graphical Determination of radius (ρ) from surface profile of specimen B2 – L – 2 
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Figure 7.261 Graphical Determination of radius (ρ) from surface profile of specimen B2 – L – 3 
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Table 7.20 shows the calculated surface integrity stress concentration factor for Notched 

specimens low load testing. 

 

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 

 

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 – Rz (longitudinal) Vs. Fatigue Cycles – AWJ Trimmed - Notched – 

Low Load Test Specimens 

 

Figure 7.264 Surface Finish – Rt (longitudinal) Vs. Fatigue Cycles – AWJ trimmed – Notched – 

Low Load Test Specimens 

 

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 – Rku (longitudinal) Vs. Fatigue Cycles – AWJ Trimmed – Notched 

Low Load Test Specimens 

 

Figure 7.267 Surface Finish – (Rt/Rz) (Longitudinal) Vs. Fatigue Cycles – AWJ Trimmed – 

Notched Low Load Test Specimens 

 

Figure 7.268 Surface Integrity Stress Concentration Factor (Longitudinal) Vs. Fatigue Cycles – 

AWJ Trimmed - Notched Low Load Test Specimens 
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Figure 7.269 Surface Finish - Ra (longitudinal) Vs. Fatigue Cycles – CVD Endmill Trimmed – 

Notched Low Load Specimens 

 

Figure 7.270 Surface Finish – Rz (longitudinal) Vs. Fatigue Cycles – CVD Endmill Trimmed - 

Notched – Low Load Test Specimens 

 

Figure 7.271 Surface Finish – Rt (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 

 

Figure 7.273 Surface Finish – Rku (longitudinal) Vs. Fatigue Cycles – CVD Endmill Trimmed – 

Notched Low Load Test Specimens 

 

Figure 7.274 Surface Finish – (Rt/Rz) (Longitudinal) Vs. Fatigue Cycles – CVD Endmill 

Trimmed – Notched Low Load Test Specimens 
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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 II Testing - Damage Progression & Fatigue Life Modeling  

 

8.1 Phase II 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 II 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 

 

 

Figure 8.1 AWJ Trimmed – Unnotched Test Specimens – Stress Vs. Log (N) cycles 
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Figure 8.2 CVD Endmill Trimmed – Unnotched Test Specimens – Stress Vs. Log (N) cycles 

 

 

 

Figure 8.3 AWJ Trimmed – Notched Test 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 II 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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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 ( )tK .  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 (Gxy). 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
% Change in Compliance = x 100

Baseline Compliance

 
 
 

                            8.1 

Where  

Compliance = Compliance recoded at n cycles 

Baseline Compliance = Compliance recorded at the application of minimum tensile stress 
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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 

 
As observed from the testing and data collected the progress of damage is a function of many 

variables as shown below. 

 

  , , ,tDamage f R k K n =  
                                                                                          8.2    

Where    

    
min

minR



=  = ratio of maximum stress to minimum stress      

                                                                                                     

   
app

u

k



=  = ratio of applied stress to ultimate tensile stress 

  

  tK  = surface integrity stress concentration factor  

 

  n  = number of applied fatigue cycles 

 

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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Table 8.1 Unnotched Test Specimens, Test Variables 
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Figure 8.6 Damage curve for AWJ Unnotched High Load Test Specimen 

 

 

 

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 

 

 

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 
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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 4th 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  

 
2( ) ( )Damage n n = +                                            8.3                                                         

Where  

1/3 8

4

{( )( )} (10)

{ }(10)t

k R

K





−

−

=

=  

 

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 A1 – H - 2 

 

Figure 8.11 Damage Vs. Fatigue Cycles – (Test Specimen – A1 – 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 A1 – H - 3 
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Figure 8.12 Damage Vs. Fatigue Cycles – (Test Specimen – A1 – 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 A1 – H - 4 

 

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 

 

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 

 
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 

 

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. 

4 3 2Damage N N N N   = + − +                                                                    8.4 

 

Where  

 
20

16

10

4

{(2)( )( )}(10)

(2){ }(10)

(3.5){ }(10)

{ }(10)

t

t

t

k R

K

K

K








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=
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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 A1 – M - 1 

 

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 A1 – M - 2 

 
 

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 A1 – M - 3 

 

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 

 

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 

 

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 

 

Figure 8.22 Damage Vs. Fatigue Cycles – (Test Specimen – B1 – M – 3) Testing Vs. Analytical 

Modeling  
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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. 

4 3 2Damage N N N N   = + − +                                                                     8.5 

 
Where 

 
21

15

10

4

{(7)( )( )}(10)

( ){ }(10)

(4.5){ }(10)

{ }( 1.0)(10)

t

t

t

k R

k K

K

K R








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=
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=
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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 A1 – L – 1 

 
 

Figure 8.23 Damage Vs. Fatigue Cycles – (Test Specimen – A1 – 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 A1 – L – 2 

 

Figure 8.24  Damage Vs. Fatigue Cycles – (Test Specimen – A1 – 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 A1 – L – 3 

 

Figure 8.25 Damage Vs. Fatigue Cycles – (Test Specimen – A1 – 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 

 

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 

 

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 

 

Figure 8.28 Damage Vs. Fatigue Cycles – (Test Specimen – A1 – 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 tK 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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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. 

2Damage N N C = + +                                                                              8.6 
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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 
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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 

 

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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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 

 

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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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 

 

Figure 8.34 Damage Vs. Fatigue Cycles – (Test Specimen – B2 – H – 4) Testing Vs. Analytical 

Modeling  
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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 

 

3 2Damage N N N  = − +                                                                                 8.7 
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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 

 

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 

 

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 

 

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 

 

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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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 

 
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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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. 

4 3 2Damage N N N N   = − + +                                                                    8.8 

 

Where 
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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 

 

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 

 

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 

 

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 

 

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 

 
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 

 

Figure 8.47 Damage Vs. Fatigue Cycles – (Test Specimen – B2 – L – 2) Testing Vs. Analytical 

Modeling  

 



459 

 

Figure 8.48 shows the Damage Vs. Fatigue Cycles Curve from Testing Vs. Analytical Modeled 

Curve for Test specimen B2 – L – 3 

 

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 (Kt). The variation in surface integrity between AWJ trimmed and CVD 

Endmill trimmed specimens is represented by the surface integrity stress concentration factor 

( )tK  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. 



460 

 

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.  

 

, , ,tDamage f R k K n =  
                                                                                          8.9 

, , , ,t tDamage f R k K K n =  
                                                                                                   8.10 

Where    

    
min

minR



=  = ratio of maximum stress to minimum stress      

                                                                                                   

   
app

u

k



=  = ratio of applied stress to ultimate tensile stress 

  

  tK  = 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 2nd degree 

polynomial with the coefficients being function of the factors listed above. The primary 

coefficients are a function of 
min

minR



= , 

app

u

k



= ,  Kt   while the secondary coefficients and 

constant are a function of tK and Kt .  

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 3rd or 4th 

degree polynomial with the coefficients being function of the factors listed in equations 8.9 and 

8.10. The primary coefficients are a function of 
min

minR



= , 

app

u

k



= ,  Kt   while the secondary 

coefficients and constant are a function of tK and Kt .  

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 4th degree 

polynomial with the coefficients being function of the factors listed in equations 8.9 and 8.10. 

The primary coefficients are a function of 
min

minR



= , 

app

u

k



= ,  Kt   while the secondary 

coefficients and constant are a function of, k, tK and Kt .  

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.  

 

 

Figure 8.49 Unnotched AWJ Trimmed Specimens, Damage Vs. Log (N) Cycles 

 



463 

 

 

 

 

 

 
 

Figure 8.50 Unnotched CVD Endmill Trimmed Specimens, Damage Vs. Log (N) Cycles 
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Figure 8.51 Notched AWJ Trimmed Specimens, Damage Vs. Log (N) Cycles 
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Figure 8.52 Notched CVD Endmill Trimmed Specimens, Damage Vs. Log (N) Cycles 
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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 µm) in width and ½ ply in depth (100 µm). 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, a10 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 

observations: 

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

lower for specimens with a rougher surface finish.  

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

finish. 

3) 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).  

4) 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 

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 
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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 (Kt). The variation in surface integrity between AWJ trimmed and CVD 

Endmill trimmed specimens is represented by the surface integrity stress concentration factor 

( )tK  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.  

 

, , ,tDamage f R k K n =  
                                                                                          9.1 

, , , ,t tDamage f R k K K n =  
                                                                                                    9.2 

Where    

    
min

minR



=  = ratio of maximum stress to minimum stress      
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app

u

k



=  = ratio of applied stress to ultimate tensile stress 

  

  tK  = 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 tK . 

 

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 

 

A1.1 Surface Profiles of Static Tension Testing Specimens 
 

 

 

Figure A1. 1 Surface Profile (longitudinal) of Tension Test Specimen # 1 – AWJ (80 Grit) 
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Figure A1. 2  Surface Profile (transverse) of Tension Test Specimen # 2 – AWJ (80 Grit) 
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Figure A1. 3 Surface Profile (transverse) of Tension Test Specimen # 3 – AWJ (80 Grit) 
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Figure A1. 4 Surface Profile (longitudinal) of Tension Test Specimen # 4 – AWJ (80 Grit) 
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Figure A1. 5 Surface Profile (transverse) of Tension Test Specimen # 4 – AWJ (80 Grit) 
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Figure A1. 6 Surface Profile (longitudinal) of Tension Test Specimen # 5 – AWJ (80 Grit) 
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Figure A1. 7 Surface Profile (transverse) of Tension Test Specimen # 5 – AWJ (80 Grit) 
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Figure A1. 8 Surface Profile (longitudinal) of Tension Test Specimen # 1 – AWJ (120 Grit) 
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Figure A1. 9 Surface Profile (transverse) of Tension Test Specimen # 1 – AWJ (120 Grit) 
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Figure A1. 10 Surface Profile (longitudinal) of Tension Test Specimen # 2 – AWJ (120 Grit) 
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Figure A1. 11 Surface Profile (transverse) of Tension Test Specimen # 2 – AWJ (120 Grit) 

 

 

 

 

 

 



491 

 

 

Figure A1. 12 Surface Profile (longitudinal) of Tension Test Specimen # 3 – AWJ (120 Grit) 
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Figure A1. 13 Surface Profile (transverse) of Tension Test Specimen # 3 – AWJ (120 Grit) 
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Figure A1. 14 Surface Profile (longitudinal) of Tension Test Specimen # 4 – AWJ (120 Grit) 
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Figure A1. 15 Surface Profile (transverse) of Tension Test Specimen # 4 – AWJ (120 Grit) 
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Figure A1. 16 Surface Profile (longitudinal) of CVD Endmill Trimmed Tension Test Specimen # 

2 
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Figure A1. 17 Surface Profile (transverse) of CVD Endmill Trimmed Tension Test Specimen # 2 
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Figure A1. 18 Surface Profile (longitudinal) of CVD Endmill Trimmed Tension Test Specimen # 

3 
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Figure A1. 19 Surface Profile (transverse) of CVD Endmill Trimmed Tension Test Specimen # 3 
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Figure A1. 20 Surface Profile (longitudinal) of CVD Endmill Trimmed Tension Test Specimen # 

4 
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Figure A1. 21 Surface Profile (transverse) of CVD Endmill Trimmed Tension Test Specimen # 4 
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Figure A1. 22 Surface Profile (longitudinal) of PCD Endmill Trimmed Tension Test Specimen # 

1 
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Figure A1. 23 Surface Profile (transverse) of  PCD Endmill Trimmed Tension Test Specimen # 1 
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Figure A1. 24 Surface Profile (longitudinal) of PCD Endmill Trimmed Tension Test Specimen # 

2 
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Figure A1. 25 Surface Profile (transverse) of  PCD Endmill Trimmed Tension Test Specimen # 2 
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Figure A1. 26 Surface Profile (longitudinal) of PCD Endmill Trimmed Tension Test Specimen # 

3 
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Figure A1. 27 Surface Profile (transverse) of  PCD Endmill Trimmed Tension Test Specimen # 3 
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Figure A1. 28 Surface Profile (longitudinal) of PCD Endmill Trimmed Tension Test Specimen # 

4 
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Figure A1. 29 Surface Profile (transverse) of  PCD Endmill Trimmed Tension Test Specimen # 4 
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Figure A1. 30 Surface Profile (longitudinal) of PCD Endmill Trimmed Compression Test 

Specimen # 1 
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Figure A1. 31 Surface Profile (transverse) of PCD Endmill Trimmed Compression Test 

Specimen # 1 
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Figure A1. 32 Surface Profile (longitudinal) of PCD Endmill Trimmed Compression Test 

Specimen # 2 
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Figure A1. 33 Surface Profile (transverse) of PCD Endmill Trimmed Compression Test 

Specimen # 2 
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Figure A1. 34 Surface Profile (longitudinal) of PCD Endmill Trimmed Compression Test 

Specimen # 3 
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Figure A1. 35 Surface Profile (transverse) of PCD Endmill Trimmed Compression Test 

Specimen # 3 
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Figure A1. 36 Surface Profile (longitudinal) of PCD Endmill Trimmed Compression Test 

Specimen # 4 
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Figure A1. 37 Surface Profile (transverse) of PCD Endmill Trimmed Compression Test 

Specimen # 4 
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Figure A1. 38 Surface Profile of CVD Drilled Hole, Feedrate 305 mm/min, Open Hole Tension 

Test Specimen # 1 
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Figure A1. 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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Figure A1. 40 Surface Profile of CVD Drilled Hole, Feedrate 305 mm/min, PCD Endmill 

Trimmed Edge (transverse) of Open Hole Tension Test Specimen # 1 
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Figure A1. 41 Surface Profile of CVD Drilled Hole, Feedrate 305 mm/min, Open Hole Tension 

Test Specimen # 2 
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Figure A1. 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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Figure A1. 43 Surface Profile of CVD Drilled Hole, Feedrate 305 mm/min, PCD Endmill 

Trimmed Edge (transverse) of Open Hole Tension Test Specimen # 2 
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Figure A1. 44 Surface Profile of CVD Drilled Hole, Feedrate 305 mm/min, Open Hole Tension 

Test Specimen # 3 
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Figure A1. 45 Surface Profile of CVD Drilled Hole, Feedrate 305 mm/min, PCD Endmill 

Trimmed Edge (longitudinal) of Open Hole Tension Test Specimen # 3 
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Figure A1. 46 Surface Profile of CVD Drilled Hole, Feedrate 305 mm/min, PCD Endmill 

Trimmed Edge (transverse) of Open Hole Tension Test Specimen # 3 
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Figure A1. 47 Surface Profile of CVD Drilled Hole, Feedrate 305 mm/min, Open Hole Tension 

Test Specimen # 4 
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Figure A1. 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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Figure A1. 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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Figure A1. 50 Surface Profile of PCD Drilled Hole, Feedrate 305 mm/min, Open Hole Tension 

Test Specimen # 1 
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Figure A1. 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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Figure A1. 52 Surface Profile of PCD Drilled Hole, Feedrate 305 mm/min, PCD Endmill 

Trimmed Edge (transverse) of Open Hole Tension Test Specimen # 1 
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Figure A1. 53 Surface Profile of PCD Drilled Hole, Feedrate 305 mm/min, Open Hole Tension 

Test Specimen # 2 
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Figure A1. 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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Figure A1. 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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Figure A1. 56 Surface Profile of PCD Drilled Hole, Feedrate 305 mm/min, Open Hole Tension 

Test Specimen # 3 
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Figure A1. 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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Figure A1. 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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Figure A1. 59 Surface Profile of PCD Drilled Hole, Feedrate 305 mm/min, Open Hole Tension 

Test Specimen # 4 
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Figure A1. 60 Surface Profile of PCD Drilled Hole, Feedrate 305 mm/min, PCD Endmill 

Trimmed Edge (longitudinal) of Open Hole Tension Test Specimen # 4 
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Figure A1. 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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Figure A1. 62 Surface Profile of CVD Drilled Hole, Feedrate 508 mm/min, Open Hole Tension 

Test Specimen # 1 
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Figure A1. 63 Surface Profile of CVD Drilled Hole, Feedrate 508 mm/min, PCD Endmill 

Trimmed Edge (longitudinal) of Open Hole Tension Test Specimen # 1 
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Figure A1. 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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Figure A1. 65 Surface Profile of CVD Drilled Hole, Feedrate 508 mm/min, Open Hole Tension 

Test Specimen # 2 
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Figure A1. 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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Figure A1. 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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Figure A1. 68 Surface Profile of CVD Drilled Hole, Feedrate 508 mm/min, Open Hole Tension 

Test Specimen # 3 
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Figure A1. 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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Figure A1. 70 Surface Profile of CVD Drilled Hole, Feedrate 508 mm/min, PCD Endmill 

Trimmed Edge (transverse) of Open Hole Tension Test Specimen # 3 
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Figure A1. 71 Surface Profile of CVD Drilled Hole, Feedrate 508 mm/min, Open Hole Tension 

Test Specimen # 4 
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Figure A1. 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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Figure A1. 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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Figure A1. 74 Surface Profile of PCD Drilled Hole, Feedrate 508 mm/min, Open Hole Tension 

Test Specimen # 1 
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Figure A1. 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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Figure A1. 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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Figure A1. 77 Surface Profile of PCD Drilled Hole, Feedrate 508 mm/min, Open Hole Tension 

Test Specimen # 2 
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Figure A1. 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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Figure A1. 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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Figure A1. 80 Surface Profile of PCD Drilled Hole, Feedrate 508 mm/min, Open Hole Tension 

Test Specimen # 3 
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Figure A1. 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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Figure A1. 82 Surface Profile of PCD Drilled Hole, Feedrate 508 mm/min, PCD Endmill 

Trimmed Edge (transverse) of Open Hole Tension Test Specimen # 3 
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Figure A1. 83 Surface Profile of PCD Drilled Hole, Feedrate 508 mm/min, Open Hole Tension 

Test Specimen # 4 
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Figure A1. 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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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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Appendix B 

 

B1.1 Surface Profiles of Fatigue Testing Specimens as recorded by profilometer 

 

 

 
 

Figure B 1.53 Surface Profile (Longitudinal) of AWJ Trimmed Fatigue Test  

Specimen A1-H-1 

 

 
 

Figure B 1.54 Surface Profile (Longitudinal) of AWJ Trimmed Fatigue Test  
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Specimen A1-H-2 

 

 

 
 

Figure B 1.55 Surface Profile (Longitudinal) of AWJ Trimmed Fatigue Test 

Specimen A1-H-3 

 

 
 

Figure B 1.56 Surface Profile (Longitudinal) of AWJ Trimmed Fatigue Test  
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Specimen A1-H-4 

 
 

Figure B 1.57 Surface Profile (Longitudinal) of CVD Trimmed Fatigue Test  

Specimen B1-H-1 

 

 
 

Figure B 1.58 Surface Profile (Longitudinal) of CVD Trimmed Fatigue Test  
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Specimen B1-H-2 

 
 

Figure B 1.59 Surface Profile (Longitudinal) of CVD Trimmed Fatigue Test  

Specimen B1-H-3 

 

 
Figure B 1.60 Surface Profile (Longitudinal) of CVD Trimmed Fatigue Test  

Specimen B1-H-4 
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Figure B 1.61 Surface Profile (Longitudinal) of AWJ Trimmed Fatigue Test  

Specimen A1-M-1 

 

 
Figure B 1.62 Surface Profile (Longitudinal) of AWJ Trimmed Fatigue Test  

Specimen A1-M-2 
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Figure B 1.63 Surface Profile (Longitudinal) of AWJ Trimmed Fatigue Test  

Specimen A1-M-3 

 

 
 

Figure B 1.64 Surface Profile (Longitudinal) of AWJ Trimmed Fatigue Test  

Specimen A1-M-4 
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Figure B 1.65 Surface Profile (Longitudinal) of CVD Trimmed Fatigue Test  

Specimen B1-M-1 

 

 
 

Figure B 1.66 Surface Profile (Longitudinal) of CVD Trimmed Fatigue Test  

Specimen B1-M-2 
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Figure B 1.67 Surface Profile (Longitudinal) of CVD Trimmed Fatigue Test  

Specimen B1-M-3 

 

 
Figure B 1.16 Surface Profile (Longitudinal) of CVD Trimmed Fatigue Test  

Specimen B1-M-4 
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Figure B 1.68 Surface Profile (Longitudinal) of AWJ Trimmed Fatigue Test  

Specimen A1-L-1 

 

 
Figure B 1.69 Surface Profile (Longitudinal) of AWJ Trimmed Fatigue Test  

Specimen A1-L-2 
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Figure B 1.70 Surface Profile (Longitudinal) of AWJ Trimmed Fatigue Test  

Specimen A1-L-3 

 

 
 

Figure B 1.71 Surface Profile (Longitudinal) of CVD Trimmed Fatigue Test  

Specimen B1-L-1 
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Figure B 1.72 Surface Profile (Longitudinal) of CVD Trimmed Fatigue Test  

Specimen B1-L-2 

 

 
 

Figure B 1.73 Surface Profile (Longitudinal) of CVD Trimmed Fatigue Test  

Specimen B1-L-3 
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Figure B 1.74 Surface Profile (Longitudinal) of CVD Trimmed Fatigue Test  

Specimen B1-L-4 

 

 
 

Figure B 1.75 Surface Profile (Longitudinal) of AWJ Trimmed Fatigue Test  

Specimen A2-H-1 
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Figure B 1.76 Surface Profile (Longitudinal) of AWJ Trimmed Fatigue Test  

Specimen A2-H-2 

 

 
 

Figure B 1.77 Surface Profile (Longitudinal) of AWJ Trimmed Fatigue Test  

Specimen A2-H-3 
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Figure B 1.78 Surface Profile (Longitudinal) of AWJ Trimmed Fatigue Test  

Specimen A2-H-4 

 

 
 

Figure B 1.79 Surface Profile (Longitudinal) of CVD Trimmed Fatigue Test  

Specimen B2-H-1 
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Figure B 1.80 Surface Profile (Longitudinal) of CVD Trimmed Fatigue Test  

Specimen B2-H-2 

 

 
 

Figure B 1.81 Surface Profile (Longitudinal) of CVD Trimmed Fatigue Test  

Specimen B2-H-3 
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Figure B 1.82 Surface Profile (Longitudinal) of CVD Trimmed Fatigue Test  

Specimen B2-H-4 

 

 
 

Figure B 1.83 Surface Profile (Longitudinal) of AWJ Trimmed Fatigue Test  

Specimen A2-M-1 
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Figure B 1.84 Surface Profile (Longitudinal) of AWJ Trimmed Fatigue Test  

Specimen A2-M-2 

 

 
 

Figure B 1.85 Surface Profile (Longitudinal) of AWJ Trimmed Fatigue Test  

Specimen A2-M-3 
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Figure B 1.86 Surface Profile (Longitudinal) of AWJ Trimmed Fatigue Test  

Specimen A2-M-4 

 

 
 

Figure B 1.87 Surface Profile (Longitudinal) of CVD Trimmed Fatigue Test  

Specimen B2-M-1 
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Figure B 1.88 Surface Profile (Longitudinal) of CVD Trimmed Fatigue Test  

Specimen B2-M-2 

 

 
 

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 

 

 
 

Figure B 1.91 Surface Profile (Longitudinal) of AWJ Trimmed Fatigue Test  

Specimen A2-L-1 
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Figure B 1.92 Surface Profile (Longitudinal) of AWJ Trimmed Fatigue Test  

Specimen A2-L-2 

 
 

Figure B 1.93 Surface Profile (Longitudinal) of AWJ Trimmed Fatigue Test  

Specimen A2-L-3 
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Figure B 1.94 Surface Profile (Longitudinal) of AWJ Trimmed Fatigue Test  

Specimen A2-L-4 

 
 

Figure B 1.95 Surface Profile (Longitudinal) of CVD Trimmed Fatigue Test  

Specimen B2-L-1 
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Figure B 1.96 Surface Profile (Longitudinal) of CVD Trimmed Fatigue Test  

Specimen B2-L-2 

 
 

Figure B 1.97 Surface Profile (Longitudinal) of CVD Trimmed Fatigue Test  

Specimen B2-L-3 
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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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(A1-H-1) at 1 cycles    (A1-H-1) at 100 cycles  

   

(A1-H-1) at 1K Cycles   (A1-H-1) at 5K cycles 

Figure C1.1 Damage Progression in (A1-H-1) Test Specimen to 5K cycles 

\ 
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 (A1-H-1) at 10K cycles          (A1-H-1) at 20K cycles 

 (A1-H-1) at Failure      (A1-H-1) at Failure 

 

 Figure C1.2 Damage Progression in (A1-H-1) Test Specimen at Failure 
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(A1-H-2) at 1 cycles          (A1-H-2) at 100 cycles 

 

(A1-H-2) at 1K cycles          (A1-H-2) at 5K cycles 

Figure C1.3 Damage Progression in (A1-H-2) Test Specimen at 5K cycles 
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(A1-H-2) at 10K cycles            (A1-H-2) at 20K cycles 

 

 

(A1-H-2) at 30K cycles      (A1-H-2) at Failure 

 

Figure C1.4 Damage Progression in (A1-H-2) Test Specimen at Failure 
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(A1-H-3) at 1 cycle        (A1-H-3) at 100 cycles 

 

(A1-H-3) at 1K cycles       (A1-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 10K cycles      (A3-H-3) at 20K cycles 

(A3-H-3) at 25K cycles        (A3-H-3) at Failure 

 

Figure C1.6 Damage Progression in (A1-H-3) Test Specimen at Failure 
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(A1-H-4) at 1 cycle            (A1-H-4) at 100 cycles 

 

(A1-H-4) at 1K cycles              (A1-H-4) at 5K cycles 

 

Figure C1.7 Damage Progression in (A1-H-4) Test Specimen at 5K cycles 
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(A1-H-4) at 10K cycles                           (A1-H-4) at 15K cycles 

 

 

(A1-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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(A1-H-4) at 30K cycles                   (A1-H-4) at Failure 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C1.9 Damage Progression in (A1-H-4) Test Specimen at Failure 
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(B1-H-1) at 1 cycle                            (B1-H-1) at 100 cycles 

(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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(B1-H-1) at 10K cycles     (B1-H-1) at 15K cycles 

 

(B1-H-1) at 20K cycles   (B1-H-1) at 25K cycles 

 

Figure C1.11 Damage Progression in (B1-H-1) Test Specimen at 25K cycles 
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(B1-H-1) at 30K cycles                       (B1-H-1) at 35K 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 1 cycle                                 (B1-H-2) at 100 cycles 

 

(B1-H-2) at 1K cycles                             (B1-H-2) at 5K cycles 

 

Figure C1.13 Damage Progression in (B1-H-2) Test Specimen at 5K cycles 
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(B1-H-2) at 10K cycles                         (B1-H-2) at 15K cycles 

(B1-H-2) at 20K cycles                           (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 30K cycles                     (B1-H-2) at 35K cycles 

(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 
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(B1-H-3) at 1 cycle                               (B1-H-3) at 100 cycles 

 

(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 10K cycles                      (B1-H-3) at 15K cycles 

(B1-H-3) at 20K cycles                       (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 
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(A1-M-1) at 1 cycle                                 (A1-M-1) at 100 cycles 

(A1-M-1) at 1K 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 

 

(A1-M-1) at 30K cycles                     (A1-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                        (A1-M-1) at 60K cycles 

(A1-M-1) at 70K cycles                        (A1-M-1) at 80K cycles 

 

Figure C1.22 Damage Progression in (A1-M-1) Test Specimen at 80K cycles 



612 

 

(A1-M-1) at 90K cycles                      (A1-M-1) at 100K cycles 

(A1-M-1) at 125K cycles                  (A1-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 1 cycle                         (A1-M-2) at 100 cycles 

(A1-M-2) at 1K cycles                     (A1-M-2) at 5K cycles 

 

Figure C1.25 Damage Progression in (A1-M-2) Test Specimen at 5K cycles 
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(A1-M-2) at 10K cycles                   (A1-M-2) at 20K cycles 

(A1-M-2) at 30K cycles                   (A1-M-2) at 40K cycles 

 

Figure C1.26 Damage Progression in (A1-M-2) Test Specimen at 40K cycles 
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(A1-M-2) at 50K cycles                    (A1-M-2) at 60K cycles 

(A1-M-2) at 70K cycles                    (A1-M-2) 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 90K cycles                        (A1-M-2) at 100K cycles 

 

(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 
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(A1-M-2) at 175K cycles                   (A1-M-2) at 200K 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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(A1-M-2) at 275K cycles                    (A1-M-2) at 300K cycles 

(A1-M-2) at 325K cycles                     (A1-M-2) at 350K cycles 

 

Figure C1.30 Damage Progression in (A1-M-2) Test Specimen at 350K cycles 
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(A1-M-2) at 375K cycles                    (A1-M-2) at 400K cycles 

(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 1 cycle                             (A1-M-3) at 100 cycle 

(A1-M-3) at 1K cycles                         (A1-M-3) at 5K cycles 

 

Figure C1.32 Damage Progression in (A1-M-3) Test Specimen at 5K cycles 
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(A1-M-3) at 10K cycles                       (A1-M-3) at 20K cycles 

 

(A1-M-3) at 30K cycles                        (A1-M-3) at 40K cycles 

 

Figure C1.33 Damage Progression in (A1-M-3) Test Specimen at 40K cycles 
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(A1-M-3) at 50K cycles                      (A1-M-3) at 60K cycles 

(A1-M-3) at 70K cycles                      (A1-M-3) at 80K cycles 

 

Figure C1.34 Damage Progression in (A1-M-3) Test Specimen at 80K cycles 
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(A1-M-3) at Failure 

 

 

 

 

 

 

 

 

 

 

 

Figure C1.35 Damage Progression in (A1-M-3) Test Specimen at Failure 
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(B1-M-1) at 1 cycle                           (B1-M-1) at 100 cycles 

 

(B1-M-1) at 1K cycles                      (B1-M-1) at 5K cycles 

 

Figure C1.36 Damage Progression in (B1-M-1) Test Specimen at 5K cycles 
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(B1-M-1) at 10K cycles                      (B1-M-1) at 20K cycles 

 

(B1-M-1) at 30K cycles                       (B1-M-1) at 40K cycles 

 

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 

(B1-M-1) at Failure 

 

Figure C1.38 Damage Progression in (B1-M-1) Test Specimen at Failure 
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(B1-M-2) at 1 cycle                            (B1-M-2) at 100 cycle 

 

(B1-M-2) at 1K cycles                         (B1-M-2) at 5K cycles 

 

Figure C1.39 Damage Progression in (B1-M-2) Test Specimen at 5K cycles 
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(B1-M-2) at 10K cycles                      (B1-M-2) at 20K cycles 

(B1-M-2) at 30K cycles                       (B1-M-2) at 40K cycles 

 

Figure C1.40 Damage Progression in (B1-M-2) Test Specimen at 40K cycles 
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(B1-M-2) at 50K cycles                     (B1-M-2) at 60K cycles 

 

(B1-M-2) at 70K cycles                      (B1-M-2) at 80K cycles 

 

Figure C1.41 Damage Progression in (B1-M-2) Test Specimen at 80K cycles 
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(B1-M-2) at 90K cycles                     (B1-M-2) at 100K cycles 

 

(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 



632 

 

 

(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 1 cycle                            (B1-M-3) at 100 cycles 

 

(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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(B1-M-3) at 10K cycles                   (B1-M-3) at 20K cycles 

 

(B1-M-3) at 30K cycles                   (B1-M-3) at 40K cycles 

 

Figure C1.45 Damage Progression in (B1-M-3) Test Specimen at 40K cycles 
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(B1-M-3) at 50K cycles                     (B1-M-3) at 60K cycles 

 

(B1-M-3) at 70K cycles                     (B1-M-3) at 80K cycles 

 

Figure C1.46 Damage Progression in (B1-M-3) Test Specimen at 80K cycles 
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(B1-M-3) at 90K cycles                      (B1-M-3) at 100K cycles 

 

(B1-M-3) at 125K cycles                   (B1-M-3) at 150K cycles 

 

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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(A1-L-1) at 1 cycle                              (A1-L-1) at 100 cycles 

 

(A1-L-1) at 1K cycles                         (A1-L-1) at 5K cycles 

 

Figure C1.49 Damage Progression in (A1-L-1) Test Specimen at 5K cycles 
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(A1-L-1) at 10K cycles                      (A1-L-1) at 20K cycles 

 

(A1-L-1) at 30K cycles                      (A1-L-1) at 40K cycles 

 

Figure C1.50 Damage Progression in (A1-L-1) Test Specimen at 40K cycles 
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(A1-L-1) at 50K cycles                       (A1-L-1) at 60K cycles 

 

(A1-L-1) at 70K cycles                       (A1-L-1) at 80K cycles 

 

Figure C1.51 Damage Progression in (A1-L-1) Test Specimen at 80K cycles 
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(A1-L-1) at 90K cycles                        (A1-L-1) at 100K cycles 

 

(A1-L-1) at 125K cycles                      (A1-L-1) at 150K cycles 

 

Figure C1.52 Damage Progression in (A1-L-1) Test Specimen at 150K cycles 
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(A1-L-1) at 175K cycles                     (A1-L-1) at 200K cycles 

(A1-L-1) at 225K cycles                     (A1-L-1) at 250K cycles 

 

Figure C1.53 Damage Progression in (A1-L-1) Test Specimen at 250K cycles 
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(A1-L-1) at 275K cycles                       (A1-L-1) at 300K cycles 

(A1-L-1) at 325K cycles                       (A1-L-1) at 350K cycles 

 

Figure C1.54 Damage Progression in (A1-L-1) Test Specimen at 350K cycles 
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(A1-L-1) at 375K cycles                     (A1-L-1) at 400K cycles 

(A1-L-1) at 425K cycles                     (A1-L-1) at 450K cycles 

 

Figure C1.55 Damage Progression in (A1-L-1) Test Specimen at 450K cycles 
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(A1-L-1) at 475K cycles                     (A1-L-1) at 500K cycles 

(A1-L-1) at 525K cycles                     (A1-L-1) at 556680 cycles 

 

Figure C1.56 Damage Progression in (A1-L-1) Test Specimen at 556680 cycles 
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(A1-L-1) at Failure 

 

 

Figure C1.57 Damage Progression in (A1-L-1) Test Specimen at Failure 
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(A1-L-2) at 1 cycle                               (A1-L-2) at 100 cycles 

(A1-L-2) at 1K cycles                          (A1-L-2) at 5K cycles 

 

Figure C1.58 Damage Progression in (A1-L-2) Test Specimen at 5K cycles 
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(A1-L-2) at 10K cycles                         (A1-L-2) at 20K cycles 

(A1-L-2) at 30K cycles                         (A1-L-2) at 40K cycles 

 

Figure C1.59 Damage Progression in (A1-L-2) Test Specimen at 40K cycles 
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(A1-L-2) at 50K cycles                       (A1-L-2) at 60K cycles 

(A1-L-2) at 70K cycles                      (A1-L-2) at 80K cycles 

 

Figure C1.60 Damage Progression in (A1-L-2) Test Specimen at 80K cycles 
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(A1-L-2) at 90K cycles                      (A1-L-2) at 100K cycles 

(A1-L-2) at 125K cycles                     (A1-L-2) at 150K cycles 

 

Figure C1.61 Damage Progression in (A1-L-2) Test Specimen at 150K cycles 
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(A1-L-2) at 175K cycles                    (A1-L-2) at 200K cycles 

(A1-L-2) at 225K cycles                     (A1-L-2) at 250K cycles 

 

Figure C1.62 Damage Progression in (A1-L-2) Test Specimen at 250K cycles 
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(A1-L-2) at 275K cycles                   (A1-L-2) at 300K cycles 

(A1-L-2) at 325K cycles                   (A1-L-2) at 350K cycles 

 

Figure C1.63 Damage Progression in (A1-L-2) Test Specimen at 350K cycles 
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(A1-L-2) at 375K cycles                   (A1-L-2) at 400K cycles 

(A1-L-2) at 425K cycles                    (A1-L-2) at 450K cycles 

 

Figure C1.64 Damage Progression in (A1-L-2) Test Specimen at 450K cycles 



654 

 

(A1-L-2) at 475K cycles                          (A1-L-2) at Failure 

 

 

 

 

 

 

 

 

 

 

 

Figure C1.65 Damage Progression in (A1-L-2) Test Specimen Failure 
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(A1-L-3) at 1 cycle                             (A1-L-3) at 100 cycles 

(A1-L-3) at 1K cycles                         (A1-L-3) at 5K cycles 

 

Figure C1.66 Damage Progression in (A1-L-3) Test Specimen at 5K cycles 
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(A1-L-3) at 10K cycles                      (A1-L-3) at 20K cycles 

(A1-L-3) at 30K cycles                     (A1-L-3) at 40K cycles 

 

Figure C1.67 Damage Progression in (A1-L-3) Test Specimen at 40K cycles 
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(A1-L-3) at 50K cycles                        (A1-L-3) at 60K cycles 

(A1-L-3) at 70K cycles                        (A1-L-3) at 80K cycles 

 

Figure C1.68 Damage Progression in (A1-L-3) Test Specimen at 80K cycles 
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(A1-L-3) at 90K cycles                      (A1-L-3) at 100K cycles 

(A1-L-3) at 125K cycles                    (A1-L-3) at 150K cycles 

 

Figure C1.69 Damage Progression in (A1-L-3) Test Specimen at 150K cycles 
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(A1-L-3) at 175K cycles                     (A1-L-3) at 200K cycles 

(A1-L-3) at 225K cycles                     (A1-L-3) at 250K cycles 

 

 

Figure C1.70 Damage Progression in (A1-L-3) Test Specimen at 250K cycles 



660 

 

(A1-L-3) at 275K cycles                   (A1-L-3) at 300K cycles 

(A1-L-3) at 325K cycles                    (A1-L-3) at 350K cycles 

 

Figure C1.71 Damage Progression in (A1-L-3) Test Specimen at 350K cycles 
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(A1-L-3) at 375K cycles                    (A1-L-3) at 400K cycles 

(A1-L-3) at 425K cycles                     (A1-L-3) at 450K cycles 

 

Figure C1.72 Damage Progression in (A1-L-3) Test Specimen at 450K cycles 
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(A1-L-3) at 475K cycles                    (A1-L-3) at 500K cycles 

(A1-L-3) at 525K cycles                    (A1-L-3) at 550K cycles 

 

Figure C1.73 Damage Progression in (A1-L-3) Test Specimen at 550K cycles 
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(A1-L-3) at 575K cycles                     (A1-L-3) at 600K cycles 

(A1-L-3) at 625K cycles                     (A1-L-3) at 650K cycles 

 

Figure C1.74 Damage Progression in (A1-L-3) Test Specimen at 650K cycles 
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(A1-L-3) at 675K cycles                    (A1-L-3) at 700K cycles 

 

(A1-L-3) at Failure 

 

 

Figure C1.75 Damage Progression in (A1-L-3) Test Specimen at Failure 
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(B1-L-1) at 1 cycle                                       (B1-L-1) at 100 cycles 

 

(B1-L-1) at 1K cycles                                   (B1-L-1) at 5K cycles 

 

Figure C1.76 Damage Progression in (B1-L-1) Test Specimen at 5K cycles 
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(B1-L-1) at 10K cycles                                 (B1-L-1) at 20K cycles 

(B1-L-1) at 30K cycles                                (B1-L-1) at 40K cycles 

 

Figure C1.77 Damage Progression in (B1-L-1) Test Specimen at 40K cycles 
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(B1-L-1) at 50K cycles                              (B1-L-1) at 60K cycles 

(B1-L-1) at 70K cycles                              (B1-L-1) at 80K cycles 

 

Figure C1.78 Damage Progression in (B1-L-1) Test Specimen at 80K cycles 
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(B1-L-1) at 90K cycles                                 (B1-L-1) at 100K cycles 

(B1-L-1) at 125K cycles                               (B1-L-1) at 150K cycles 

 

Figure C1.79 Damage Progression in (B1-L-1) Test Specimen at 150K cycles 
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(B1-L-1) at 1750K cycles                              (B1-L-1) at 200K cycles 

 

(B1-L-1) at 225K cycles                             (B1-L-1) at 250K cycles 

 

Figure C1.80 Damage Progression in (B1-L-1) Test Specimen at 250K cycles 
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(B1-L-1) at 275K cycles 

(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 1 cycle                             (B1-L-2) at 100 cycles 

(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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(B1-L-2) at 10K cycles                          (B1-L-2) at 20K cycles 

(B1-L-2) at 30K cycles                        (B1-L-2) at 40K cycles 

 

Figure C1.83 Damage Progression in (B1-L-2) Test Specimen at 40K cycles 
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(B1-L-2) at 50K cycles                      (B1-L-2) at 60K cycles 

(B1-L-2) at 70K cycles                       (B1-L-2) at Failure 

 

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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(B1-L-3) at 1 cycle                            (B1-L-3) at 100 cycles 

(B1-L-3) at 1K cycles                       (B1-L-3) at 5K cycles 

 

Figure C1.86 Damage Progression in (B1-L-3) Test Specimen at 5K cycles 
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(B1-L-3) at 10K cycles                        (B1-L-3) at 20K cycles 

(B1-L-3) at 30K cycles                        (B1-L-3) at 40K cycles 

 

Figure C1.87 Damage Progression in (B1-L-3) Test Specimen at 40K cycles 
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(B1-L-3) at 50K cycles                    (B1-L-3) at 60K cycles 

(B1-L-3) at 70K cycles                    (B1-L-3) at 80K cycles 

 

Figure C1.88 Damage Progression in (B1-L-3) Test Specimen at 80K cycles 
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(B1-L-3) at 90K cycles                        (B1-L-3) at 100K cycles 

(B1-L-3) at 125K cycles                      (B1-L-3) at 150K cycles 

 

Figure C1.89 Damage Progression in (B1-L-3) Test Specimen at 150K cycles 
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(B1-L-3) at 175K cycles                       (B1-L-3) at 200K cycles 

(B1-L-3) at 225K cycles                      (B1-L-3) at 250K cycles 

 

Figure C1.90 Damage Progression in (B1-L-3) Test Specimen at 250K cycles 
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(B1-L-3) at 275K cycles                   (B1-L-3) at 300K cycles 

(B1-L-3) at 325K cycles                    (B1-L-3) at 350K cycles 

 

Figure C1.91 Damage Progression in (B1-L-3) Test Specimen at 350K cycles 
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(B1-L-3) at 375K cycles                      (B1-L-3) at 400K cycles 

(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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(B1-L-3) at 475K cycles                     (B1-L-3) at 500K cycles 

(B1-L-3) at 525K cycles                     (B1-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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(B1-L-4) at 1 cycle                            (B1-L-4) at 100 cycles 

(B1-L-4) at 1K cycles                        (B1-L-4) at 5K cycles 

 

Figure C1.95 Damage Progression in (B1-L-4) Test Specimen at 5K cycles 
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(B1-L-4) at 10K cycles                      (B1-L-4) at 20K cycles 

(B1-L-4) at 30K cycles                      (B1-L-4) at 40K cycles 

 

Figure C1.96 Damage Progression in (B1-L-4) Test Specimen at 40K cycles 
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(B1-L-4) at 50K cycles                      (B1-L-4) at 60K cycles 

(B1-L-4) at 70K cycles                     (B1-L-4) at 80K cycles 

 

Figure C1.97 Damage Progression in (B1-L-4) Test Specimen at 80K cycles 
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(B1-L-4) at 90K cycles                         (B1-L-4) at 100K cycles 

(B1-L-4) at 125K cycles                         (B1-L-4) at 150K cycles 

 

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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(B1-L-4) at 275K cycles                      (B1-L-4) at 300K cycles 

(B1-L-4) at 325K cycles                      (B1-L-4) at 350K cycles 

 

Figure C1.100 Damage Progression in (B1-L-4) Test Specimen at 350K cycles 
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(B1-L-4) at 375K cycles                     (B1-L-4) at 400K cycles 

(B1-L-4) at 425K cycles                      (B1-L-4) at 450K cycles 

 

Figure C1.101 Damage Progression in (B1-L-4) Test Specimen at 450K cycles 
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(B1-L-4) at 475K cycles                       (B1-L-4) at 500K cycles 

(B1-L-4) at 525K cycles                      (B1-L-4) at 550K cycles 

 

Figure C1.102 Damage Progression in (B1-L-4) Test Specimen at 550K cycles 
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(B1-L-4) at 575K cycles                       (B1-L-4) at 600K cycles 

(B1-L-4) at 625K cycles                       (B1-L-4) at 650K cycles 

 

Figure C1.103 Damage Progression in (B1-L-4) Test Specimen at 650K cycles 
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(B1-L-4) at 675K cycles                    (B1-L-4) at 700K cycles 

(B1-L-4) at 725K cycles                     (B1-L-4) at 750K cycles 

 

Figure C1.104 Damage Progression in (B1-L-4) Test Specimen at 750K cycles 
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(B1-L-4) at 775K cycles                      (B1-L-4) at 800K cycles 

(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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                 (A2-H-1) at 1 Cycle                                (A2-H-1) at 100 Cycles             

                  (A2-H-1) at 1k Cycles                           (A2-H-1) at 2k Cycles             

 

 

Figure C 2-1 Damage Progression in (A2-H-1) Test specimen to 2k Cycles 
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            (A2-H-1) at 3k Cycles                                 (A2-H-1) at 4k Cycles   

                  (A2-H-1) at 5k Cycles                           (A2-H-1) at 6k Cycles 

 
 

Figure C 2-2 Damage Progression in (A2-H-1) Test specimen to 6k Cycles 
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                 (A2-H-1) at 7k Cycles                            (A2-H-1) at 8k Cycles    

                 

       (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 15k Cycles                         (A2-H-1) at 20k Cycles 

                  

       (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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                (A2-H-1) at 35k Cycles                       (A2-H-1) at 40k Cycles 

                 

       (A2-H-1) at 45k Cycles                          (A2-H-1) at 50k Cycles 

 
 

 

Figure C 2-5 Damage Progression in (A2-H-1) Test specimen to 50k Cycles 
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                  (A2-H-1) at 55k Cycles                       (A2-H-1) at 60k Cycles 

                  (A2-H-1) at 65k Cycles                       (A2-H-1) at 70k Cycles 

 
 

Figure C 2-6 Damage Progression in (A2-H-1) Test specimen to 70k Cycles 
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                  (A2-H-1) at 75k Cycles                       (A2-H-1) at 80k Cycles 

                   

                 (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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                (A2-H-1) at 95k Cycles                        (A2-H-1) at 100k Cycles  

               

                 (A2-H-1) at 150k Cycles                      (A2-H-1) at 200k Cycles 

 
 

Figure C 2-8 Damage Progression in (A2-H-1) Test specimen to 200k Cycles 
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                (A2-H-1) at 250k Cycles                      (A2-H-1) at 300k Cycles 

                 

                (A2-H-1) at 350k Cycles                      (A2-H-1) at 400k Cycles 

 
 

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                        (A2-H-1) at 500k Cycles 

                   

                (A2-H-1) at 550k Cycles                     (A2-H-1) at 600k Cycles 

 
 

Figure C 2-10 Damage Progression in (A2-H-1) Test specimen to 600k Cycles 
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               (A2-H-1) at 650k Cycles                        (A2-H-1) at 700k Cycles 

               

               (A2-H-1) at 750k Cycles                      (A2-H-1) at 800k Cycles 

 

Figure C 2-11 Damage Progression in (A2-H-1) Test specimen to 800k Cycles 
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                (A2-H-1) at 850k Cycles                       (A2-H-1) at 900k Cycles 

              

                (A2-H-1) at 950k Cycles                       (A2-H-1) at 1000k Cycles 

 
 

Figure C 2-12 Damage Progression in (A2-H-1) Test specimen to 1000k Cycles 
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                      (A2-H-2) at 1 Cycle                           (A2-H-2) at 100 Cycles 

             

                (A2-H-2) at 1k Cycles                         (A2-H-2) at 2k Cycles 

 
 

 

Figure C 2-13 Damage Progression in (A2-H-2) Test specimen to 2k Cycles 
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               (A2-H-2) at 3k Cycles                            (A2-H-2) at 4k Cycles 

               

                  (A2-H-2) at 5k Cycles                            (A2-H-2) at 6k Cycles 

 
 

 

Figure C 2-14 Damage Progression in (A2-H-2) Test specimen to 6k Cycles 
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                (A2-H-2) at 7k Cycles                          (A2-H-2) at 8k Cycles 

                

                (A2-H-2) at 9k Cycles                          (A2-H-2) at 10k Cycles 

 
 

Figure C 2-15 Damage Progression in (A2-H-2) Test specimen to 10k Cycles 
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              (A2-H-2) at 15k Cycles                            (A2-H-2) at 20k Cycles 

               

                (A2-H-2) at 25k Cycles                         (A2-H-2) at 30k Cycles 

 
 

 

Figure C 2-16 Damage Progression in (A2-H-2) Test specimen to 30k Cycles 
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                 (A2-H-2) at 35k Cycles                            (A2-H-2) at 40k Cycles 

                 

                (A2-H-2) at 45k Cycles                        (A2-H-2) at 50k Cycles 

 
 

Figure C 2-17 Damage Progression in (A2-H-2) Test specimen to 50k Cycles 
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                (A2-H-2) at 55k Cycles                        (A2-H-2) at 60k Cycles 

               

                (A2-H-2) at 65k Cycles                         (A2-H-2) at 70k Cycles 

 
 

Figure C 2-18 Damage Progression in (A2-H-2) Test specimen to 70k Cycles 
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               (A2-H-2) at 75k Cycles                         (A2-H-2) at 80k Cycles 

               

               (A2-H-2) at 85k Cycles                         (A2-H-2) at 90k Cycles 

 
 

 

Figure C 2-19 Damage Progression in (A2-H-2) Test specimen to 90k Cycles 
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               (A2-H-2) at 95k Cycles                            (A2-H-2) at 100k Cycles 

               

               (A2-H-2) at 150k Cycles                       (A2-H-2) at 200k Cycles 

 
 

Figure C 2-20 Damage Progression in (A2-H-2) Test specimen to 200k Cycles 
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              (A2-H-2) at 250k Cycles                        (A2-H-2) at 300k Cycles 

              

                 (A2-H-2) at 350k Cycles                      (A2-H-2) at 400k Cycles 

 
 

Figure C 2-21 Damage Progression in (A2-H-2) Test specimen to 400k Cycles 
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                (A2-H-2) at 450k Cycles                     (A2-H-2) at 500k Cycles 

                

              (A2-H-2) at 550k Cycles                      (A2-H-2) at 600k Cycles 

 
 

Figure C 2-22 Damage Progression in (A2-H-2) Test specimen to 600k Cycles 
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               (A2-H-2) at 650k Cycles                        (A2-H-2) at 700k Cycles 

                

               (A2-H-2) at 750k Cycles                     (A2-H-2) at 800k Cycles 

 
 

Figure C 2-23 Damage Progression in (A2-H-2) Test specimen to 800k Cycles 
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             (A2-H-2) at 850k Cycles                       (A2-H-2) at 900k Cycles 

              

               (A2-H-2) at 950k Cycles                       (A2-H-2) at 1000k Cycles 

 
 

Figure C 2-24 Damage Progression in (A2-H-2) Test specimen to 1000k Cycles 
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                  (A2-H-2) at Pre RS                                (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 1 Cycle                            (A2-H-3) at 100 Cycles 

                 

                (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-H-3) at 10k Cycles                           (A2-H-3) at 20k Cycles 

                 

               (A2-H-3) at 30k Cycles                       (A2-H-3) at 40k Cycles 

 
 

 

Figure C 2-27 Damage Progression in (A2-H-3) Test specimen to 40k Cycles 
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                (A2-H-3) at 50k Cycles                       (A2-H-3) at 60k Cycles 

                 

                (A2-H-3) at 70k Cycles                      (A2-H-3) at 80k Cycles 

 
 

Figure C 2-28 Damage Progression in (A2-H-3) Test specimen to 80k Cycles 



724 

 

               (A2-H-3) at 90k Cycles                        (A2-H-3) at 100k Cycles 

               

               (A2-H-3) at 150k Cycles                          (A2-H-3) at Failure 

 

  

Figure C 2-29 Damage Progression in (A2-H-3) Test specimen to Failure 
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                       (A2-H-4) at 1 Cycle                            (A2-H-4) at 100 Cycles 
                    

                    (A2-H-4) at 1k Cycles                           (A2-H-4) at 5k Cycles 
 

 

 

 

Figure C 2-30 Damage Progression in (A2-H-4) Test specimen to 2k Cycles 
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                     (A2-H-4) at 10k Cycles                         (A2-H-4) at 20k Cycles 
                  

                    (A2-H-4) at 30k Cycles                         (A2-H-4) at 40k Cycles 

 
 

 

 

Figure C 2-31 Damage Progression in (A2-H-4) Test specimen to 40k Cycles 



727 

 

 

                     (A2-H-4) at 50k Cycles                         (A2-H-4) at 60k Cycles 
                  

                     (A2-H-4) at 70k Cycles                         (A2-H-4) at 80k Cycles 

 
 

 

Figure C 2-32 Damage Progression in (A2-H-4) Test specimen to 80k Cycles 
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                        (A2-H-4) at 90k Cycles                       (A2-H-4) at 100k Cycles 
                 

                  (A2-H-4) at 125k Cycles                       (A2-H-4) at 150k Cycles 

 
 

 

 

Figure C 2-33 Damage Progression in (A2-H-4) Test specimen to 150k Cycles 
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                         (A2-H-4) at Failure 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

Figure C 2-34 Damage Progression in (A2-H-4) Test specimen to Failure 
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                         (B2-H-1) at 1 Cycle                            (B2-H-1) at 100 Cycles 
                      

                      (B2-H-1) at 1k Cycles                          (B2-H-1) at 5k Cycles 
 

 

Figure C 2-35 Damage Progression in (B2-H-1) Test specimen to 5k Cycles 
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                       (B2-H-1) at 10k Cycles                         (B2-H-1) at 20k Cycles 
                       

                     (B2-H-1) at 30k Cycles                      (B2-H-1) at 40k Cycles 
 

 

 

Figure C 2-36 Damage Progression in (B2-H-1) Test specimen to 40k Cycles 
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                     (B2-H-1) at 50k Cycles                        (B2-H-1) at 60k Cycles 
                     

                      (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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                        (B2-H-1) at 90k Cycles                      (B2-H-1) at 100k Cycles 
                   

                     (B2-H-1) at 125k Cycles                      (B2-H-1) at 150k Cycles 
 

 

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 1 Cycle                           (B2-H-2) at 100 Cycles 
                     

                        (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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                       (B2-H-2) at 10k Cycles                       (B2-H-2) at 20k Cycles 
                        

                (B2-H-2) at 30k Cycles                       (B2-H-2) at 40k Cycles 
 

 

 

 

Figure C 2-41 Damage Progression in (B2-H-2) Test specimen to 40k Cycles 
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                       (B2-H-2) at 50k Cycles                        (B2-H-2) at 60k Cycles 

                     (B2-H-2) at 70k Cycles                         (B2-H-2) at 80k Cycles 
 

 

 

Figure C 2-42 Damage Progression in (B2-H-2) Test specimen to 80k Cycles 
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                        (B2-H-2) at 90k Cycles                      (B2-H-2) at 100k Cycles 
                          

                (B2-H-2) at Failure 
 

 

 

Figure C 2-43 Damage Progression in (B2-H-2) Test specimen to Failure 
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                          (B2-H-3) at 1 Cycle                          (B2-H-3) at 100 Cycles 

                       (B2-H-3) at 1k Cycles                         (B2-H-3) at 5k Cycles 
 

 

 

Figure C 2-44 Damage Progression in (B2-H-3) Test specimen to 5k Cycles 
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                      (B2-H-3) at 10k Cycles                          (B2-H-3) at 20k Cycles  

  

                         (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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                     (B2-H-3) at 50k Cycles                         (B2-H-3) at 60k Cycles 

 

                      (B2-H-3) at 70k Cycles                        (B2-H-3) at 80k Cycles 
 

 

Figure C 2-46 Damage Progression in (B2-H-3) Test specimen to 80k Cycles 
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                     (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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                          (B2-H-4) at 1 Cycle                           (B2-H-4) at 100 Cycles 
                       

                    (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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                      (B2-H-4) at 3k Cycles                            (B2-H-4) at 4k Cycles 
                        

                    (B2-H-4) at 5k Cycles                        (B2-H-4) at 6k Cycles 
 

 

 

 

Figure C 2-49 Damage Progression in (B2-H-4) Test specimen to 6k Cycles 
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                       (B2-H-4) at 7k Cycles                                      (B2-H-4) at 8k Cycles      
                          

                (B2-H-4) at 9k Cycles                          (B2-H-4) at 10k Cycles 
 

 

Figure C 2-50 Damage Progression in (B2-H-4) Test specimen to 10k Cycles 
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                      (B2-H-4) at 15k Cycles                        (B2-H-4) at 20k Cycles 
                        

                      (B2-H-4) at Failure  

 

 

 

 

 

Figure C 2-51 Damage Progression in (B2-H-4) Test specimen to Failure 
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                    (A2-M-1) at 1 Cycle                           (A2-M-1) at 100 Cycles 

                    

                    (A2-M-1) at 1k Cycles                         (A2-M-1) at 5k Cycles 

 
 

 

Figure C 2-52 Damage Progression in (A2-M-1) Test specimen to 5k Cycles 
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                    (A2-M-1) at 10k Cycles                        (A2-M-1) at 20k Cycles 
                    

                   (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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                      (A2-M-1) at 50k Cycles                        (A2-M-1) at 60k Cycles 
                   

                   (A2-M-1) at 70k Cycles                         (A2-M-1) at 80k Cycles 

 
 

 

Figure C 2-54 Damage Progression in (A2-M-1) Test specimen to 80k Cycles 
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                   (A2-M-1) at 90k Cycles                        (A2-M-1) at 100k Cycles 
                

                    (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 175k Cycles                        (A2-M-1) at 200k Cycles 
                    

                  (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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                    (A2-M-1) at 275k Cycles                      (A2-M-1) at 300k Cycles 
                  

                   (A2-M-1) at 325k Cycles                       (A2-M-1) at 350k Cycles 

 
 

 

Figure C 2-57 Damage Progression in (A2-M-1) Test specimen to 350k Cycles 
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                   (A2-M-1) at 375k Cycles                       (A2-M-1) at 400k Cycles 
                   

                  (A2-M-1) at 425k Cycles                     (A2-M-1) at 450k Cycles 

 
 

 

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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                    (A2-M-2) at 1 Cycle                           (A2-M-2) at 100 Cycles 
                  

                   (A2-M-2) at 1k Cycles                         (A2-M-2) at 5k Cycles 

 
 

 

Figure C 2-60 Damage Progression in (A2-M-2) Test specimen to 5k cycles 
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                (A2-M-2) at 10k Cycles                          (A2-M-2) at 20k Cycles 
               

                 (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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                 (A2-M-2) at 50k Cycles                         (A2-M-2) at 60k Cycles 
            

                  (A2-M-2) at 70k Cycles                           (A2-M-2) at 80k Cycles 

 
 

 

Figure C 2-62 Damage Progression in (A2-M-2) Test specimen to 80k cycles 
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                (A2-M-2) at 90k Cycles                           (A2-M-2) at 100k Cycles 
             

                (A2-M-2) at 125k Cycles                       (A2-M-2) at 150k Cycles 

 
 

 

Figure C 2-63 Damage Progression in (A2-M-2) Test specimen to 150k cycles 
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               (A2-M-2) at 175k Cycles                      (A2-M-2) at 200k Cycles 
                

                (A2-M-2) at 225k Cycles                      (A2-M-2) at 250k Cycles 

 
 

 

Figure C 2-64 Damage Progression in (A2-M-2) Test specimen to 250k cycles 
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               (A2-M-2) at 275k Cycles                      (A2-M-2) at 300k Cycles 
              

                (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 375k Cycles                     (A2-M-2) at 400k Cycles 
                      

                   (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 1 Cycle                            (A2-M-3) at 100 Cycles 

                  

                     (A2-M-3) at 1k Cycles                         (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 10k Cycles                          (A2-M-3) at 20k Cycles 
                 

                   (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 60k 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 90k Cycles                       (A2-M-3) at 100k Cycles 
                

                 (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 



766 

 

                 (A2-M-3) at 175k Cycles                      (A2-M-3) at 200k Cycles 
                  

                (A2-M-3) at 225k Cycles                     (A2-M-3) at 250k Cycles 

 
 

 

Figure C 2-71 Damage Progression in (A2-M-3) Test specimen to 250k cycles 
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                (A2-M-3) at 275k Cycles                      (A2-M-3) at 300k Cycles 
               

                 (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 



769 

 

                    (A2-M-4) at 1 Cycle                           (A2-M-4) at 100 Cycles 
                   

                  (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 



770 

 

                  (A2-M-4) at 10k Cycles                       (A2-M-4) at 20k Cycles  
                   

               (A2-M-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-M-4) at 50k Cycles                       (A2-M-4) at 60k Cycles 
                 

                  (A2-M-4) at 70k Cycles                        (A2-M-4) at 80k Cycles 

 

 

 

Figure C 2-76 Damage Progression in (A2-M-4) Test specimen to 80k cycles 
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                 (A2-M-4) at 90k Cycles                        (A2-M-4) at 100k Cycles 
                

                 (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 
                     

                     (A2-M-4) at Failure 
 

 

 

 

Figure C 2-78 Damage Progression in (A2-M-4) Test specimen to Failure 
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                       (B2-M-1) at 1 Cycle                             (B2-M-1) at 100 Cycles 
                    

                     (B2-M-1) at 1k Cycles                           (B2-M-1) at 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 10k Cycles                       (B2-M-1) at 20k Cycles     

 

                  (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 
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                    (B2-M-1) at 50k Cycles                         (B2-M-1) at 60k Cycles 
                    

                   (B2-M-1) at 70k Cycles                          (B2-M-1) at 80k Cycles 
 

 

 

Figure C 2-81 Damage Progression in (B2-M-1) Test specimen to 80k Cycles 
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                     (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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                    (B2-M-1) at 175k Cycles                      (B2-M-1) at 200k Cycles 
               

                     (B2-M-1) at 225k Cycles                       (B2-M-1) at 250k Cycles 
 

  
 

  

Figure C 2-83 Damage Progression in (B2-M-1) Test specimen to 250k Cycles 
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        (B2-M-1) at 275k Cycles                    (B2-M-1) at 300k Cycles 
                  

                  (B2-M-1) at 325k Cycles                      (B2-M-1) at 350k Cycles 
 

 

 

 

Figure C 2-84 Damage Progression in (B2-M-1) Test specimen to 350k Cycles 



781 

 

 

                     (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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                    (B2-M-2) at 1 Cycle                           (B2-M-2) at 100 Cycles 

                   

                    (B2-M-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 20k Cycles                      (B2-M-2) at 30k Cycles 
               

                    (B2-M-2) at 40k Cycles                           (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 60k Cycles                       (B2-M-2) at 70k Cycles 
                    

                    (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 



786 

 

                     (B2-M-2) at 100k Cycles                      (B2-M-2) at 125k Cycles 

                     (B2-M-2) at 150k Cycles                      (B2-M-2) at 175k Cycles 
 

 

 

 

Figure C 2-89 Damage Progression in (B2-M-2) Test specimen to 175k Cycles 
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                     (B2-M-2) at 200k Cycles                      (B2-M-2) at 225k Cycles 
               

                    (B2-M-2) at 250k Cycles                     (B2-M-2) at 275k Cycles 
  

 

 

Figure C 2-90 Damage Progression in (B2-M-2) Test specimen to 275k Cycles 
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                      (B2-M-2) at 300k Cycles                     (B2-M-2) at 325k Cycles 
                   

                    (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 400k Cycles                     (B2-M-2) at 425k Cycles 

                          (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 1 Cycle                            (B2-M-3) at 100 Cycles           
 

                       (B2-M-3) at 1k Cycles                        (B2-M-3) at 5k Cycles 

Figure C 2-93 Damage Progression in (B2-M-3) Test specimen to 5k Cycles 
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                      (B2-M-3) at 10k Cycles                       (B2-M-3) at 20k Cycles 
                   

                    (B2-M-3) at 30k Cycles                        (B2-M-3) at 40k Cycles 
 

 

 

 

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 60k 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) at 90k Cycles                       (B2-M-3) at 100k Cycles 
               

                    (B2-M-3) at 125k Cycles                     (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 200k 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 
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                    (B2-M-3) at 275k Cycles                      (B2-M-3) at 300k Cycles 
                   

                  (B2-M-3) at 325k Cycles                      (B2-M-3) at 350k Cycles 
 

 

 

 

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                   (B2-M-3) at 400k Cycles 

                    (B2-M-3) at 425k Cycles                      (B2-M-3) at 450k Cycles 
 

 

 

 

Figure C 2-99 Damage Progression in (B2-M-3) Test specimen to 450k Cycles 
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                    (B2-M-3) at 475k Cycles                     (B2-M-3) at 500k Cycles 

                    (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 



798 

 

 

 

                     (A2-L-1) at 1 Cycle                              (A2-L-1) at 100 Cycles 
                      

                    (A2-L-1) at 1k Cycles                            (A2-L-1) at 5k Cycles 

 
 

Figure C 2-101 Damage Progression in (A2-L-1) Test specimen to 5k Cycles 
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                      (A2-L-1) at 10k Cycles                         (A2-L-1) at 20k Cycles 
              

                     (A2-L-1) at 30k Cycles                         (A2-L-1) at 40k Cycles 

 
 

 

Figure C 2-102 Damage Progression in (A2-L-1) Test specimen to 40k Cycles 
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                       (A2-L-1) at 50k Cycles                         (A2-L-1) at 60k Cycles 
                  

                     (A2-L-1) at 70k Cycles                        (A2-L-1) at 80k Cycles 

 

Figure C 2-103 Damage Progression in (A2-L-1) Test specimen to 80k Cycles 



801 

 

                     (A2-L-1) at 90k Cycles                         (A2-L-1) at 100k Cycles 
                   

                      (A2-L-1) at 125k Cycles                        (A2-L-1) at 150k Cycles 

 

 

Figure C 2-104 Damage Progression in (A2-L-1) Test specimen to 150k Cycles 
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                     (A2-L-1) at 175k Cycles                       (A2-L-1) at 200k Cycles 
                  

                     (A2-L-1) at 225k Cycles                       (A2-L-1) at 250k Cycles 

 

 

Figure C 2-105 Damage Progression in (A2-L-1) Test specimen to 250k Cycles 
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                     (A2-L-1) at 275k Cycles                        (A2-L-1) at 300k 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 
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                      (A2-L-1) at 375k Cycles                      (A2-L-1) at 400k Cycles 
                   

                     (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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                    (A2-L-1) at 475k Cycles                        (A2-L-1) at 500k Cycles 
                    

                    (A2-L-1) at 525k Cycles                           (A2-L-1) at Failure 
 
 
  

Figure C 2-108 Damage Progression in (A2-L-1) Test specimen to Failure 
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                         (A2-L-2) at 1 Cycle                            (A2-L-2) at 100 Cycles 
                        

                     (A2-L-2) at 1k Cycles                          (A2-L-2) at 5k Cycles 

 

 

Figure C 2-109 Damage Progression in (A2-L-2) Test specimen to 5k Cycles 
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                      (A2-L-2) at 10k Cycles                         (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 50k Cycles                         (A2-L-2) at 60k Cycles 
                    

                    (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 90k Cycles                          (A2-L-2) at 100k Cycles 
                    

                   (A2-L-2) at 125k Cycles                       (A2-L-2) at 150k Cycles 

 

 

Figure C 2-112 Damage Progression in (A2-L-2) Test specimen to 150k Cycles 
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                     (A2-L-2) at 175k Cycles                        (A2-L-2) at 200k Cycles 
                   

                   (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 



811 

 

                     (A2-L-2) at 275k Cycles                      (A2-L-2) at 300k Cycles 
                    

                  (A2-L-2) at 325k Cycles                        (A2-L-2) at 350k Cycles 

 

 

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 400k 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 500k Cycles 
                   

                   (A2-L-2) at 525k Cycles                        (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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                     (A2-L-2) at 575k Cycles                      (A2-L-2) at 600k Cycles 
                    

                   (A2-L-2) at 625k Cycles                        (A2-L-2) at 650k Cycles 

 

 

Figure C 2-117 Damage Progression in (A2-L-2) Test specimen to 650k Cycles 
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                     (A2-L-2) at 675k Cycles                        (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 
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                    (A2-L-2) at 775k Cycles                          (A2-L-2) at 800k 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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                    (A2-L-2) at 875k Cycles                        (A2-L-2) at 900k Cycles 
                     

                  (A2-L-2) at 925k Cycles                       (A2-L-2) at 950k Cycles 

 

 

Figure C 2-120 Damage Progression in (A2-L-2) Test specimen to 950k Cycles 
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                   (A2-L-2) at 975k Cycles                      (A2-L-2) at 1000k Cycles 
                       

         (A2-L-2) at Pre RS                                  (A2-L-2) at Failure 
 
 
  

Figure C 2-121 Damage Progression in (A2-L-2) Test specimen to Failure 
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                        (A2-L-3) at 1 Cycle                              (A2-L-3) at 100 Cycles 
                       

                           (A2-L-3) at 1k Cycles                          (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-3) at 10k Cycles                         (A2-L-3) at 20k Cycles 
                       

                   (A2-L-3) at 30k Cycles                         (A2-L-3) at 40k Cycles 

 

 

Figure C 2-123 Damage Progression in (A2-L-3) Test specimen to 40k Cycles 
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                    (A2-L-3) at 50k Cycles                           (A2-L-3) at 60k Cycles 
                     

                     (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-3) at 90k Cycles                         (A2-L-3) at 100k Cycles 
                    

                   (A2-L-3) at 125k Cycles                       (A2-L-3) at 150k Cycles 

 

 

Figure C 2-125 Damage Progression in (A2-L-3) Test specimen to 150k Cycles 



823 

 

                      (A2-L-3) at 175k Cycles                       (A2-L-3) at 200k Cycles 
                        

                   (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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                     (A2-L-3) at 275k Cycles                         (A2-L-3) at 300k Cycles 
                   

                  (A2-L-3) at 325k Cycles                        (A2-L-3) at 350k Cycles 

 

 

Figure C 2-127 Damage Progression in (A2-L-3) Test specimen to 350k Cycles 
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                      (A2-L-3) at 375k Cycles                       (A2-L-3) at 400k Cycles 
                   

                    (A2-L-3) at 425k Cycles                         (A2-L-3) at 450k Cycles 

 

 

Figure C 2-128 Damage Progression in (A2-L-3) Test specimen to 450k Cycles 
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                    (A2-L-3) at 475k Cycles                         (A2-L-3) at 500k Cycles 
                      

                   (A2-L-3) at 525k Cycles                      (A2-L-3) at 550k Cycles 

 

 

Figure C 2-129 Damage Progression in (A2-L-3) Test specimen to 550k Cycles 
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                     (A2-L-3) at 575k Cycles                       (A2-L-3) at 600k Cycles 
                    

                     (A2-L-3) at 625k Cycles                        (A2-L-3) at 650k Cycles 

 

 

Figure C 2-130 Damage Progression in (A2-L-3) Test specimen to 650k Cycles 
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                   (A2-L-3) at 675k Cycles                       (A2-L-3) at 700k Cycles 
                     

                   (A2-L-3) at 725k Cycles                      (A2-L-3) at 750k Cycles 

 

 

Figure C 2-131 Damage Progression in (A2-L-3) Test specimen to 750k Cycles 
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                    (A2-L-3) at 775k Cycles                       (A2-L-3) at 800k Cycles 
                   

                     (A2-L-3) at 825k Cycles                      (A2-L-3) at 850k Cycles 

 

 

Figure C 2-132 Damage Progression in (A2-L-3) Test specimen to 850k Cycles 
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                    (A2-L-3) at 875k Cycles                        (A2-L-3) at 900k Cycles 
                     

                (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 975k Cycles                       (A2-L-3) at 1000k Cycles 
                         

                       (A2-L-3) at Pre RS                                (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 1 Cycle                                 (A2-L-4) at 100 Cycles 
                  

                   (A2-L-4) at 1k Cycles                         (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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                   (A2-L-4) at 10k Cycles                        (A2-L-4) at 20k Cycles 
               

                     (A2-L-4) at 30k Cycles                          (A2-L-4) at 40k Cycles 

 

 

Figure C 2-136 Damage Progression in (A2-L-4) Test specimen to 40k Cycles 
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                    (A2-L-4) at 50k Cycles                      (A2-L-4) at 60k Cycles 
                

                 (A2-L-4) at 70k Cycles                         (A2-L-4) at 80k Cycles 

 

 

Figure C 2-137 Damage Progression in (A2-L-4) Test specimen to 80k Cycles 
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                   (A2-L-4) at 90k Cycles                        (A2-L-4) at 100k Cycles 
              

                  (A2-L-4) at 125k Cycles                      (A2-L-4) at 150k Cycles 

 

 

Figure C 2-138 Damage Progression in (A2-L-4) Test specimen to 150k Cycles 
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                 (A2-L-4) at 175k Cycles                       (A2-L-4) at 200k Cycles 
                   

               (A2-L-4) at 225k Cycles                       (A2-L-4) at 250k Cycles 

 

 

Figure C 2-139 Damage Progression in (A2-L-4) Test specimen to 250k Cycles 
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                 (A2-L-4) at 275k Cycles                        (A2-L-4) at 300k Cycles 
               

                   (A2-L-4) at 325k Cycles                     (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 375k Cycles                     (A2-L-4) at 400k Cycles 
                

                (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 475k Cycles                       (A2-L-4) at 500k Cycles 
                 

                 (A2-L-4) at 525k Cycles                       (A2-L-4) at 550k 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                         (A2-L-4) at Failure 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

Figure C 2-143 Damage Progression in (A2-L-4) Test specimen to Failure 
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                          (B2-L-1) at 1 Cycle                            (B2-L-1) at 100 Cycles 
                      

                     (B2-L-1) at 1k Cycles                            (B2-L-1) at 5k Cycles 
 
 
  

Figure C 2-144 Damage Progression in (B2-L-1) Test specimen to 5k Cycles 
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                      (B2-L-1) at 10k Cycles                         (B2-L-1) at 20k Cycles 

                       (B2-L-1) at 30k Cycles                        (B2-L-1) at 40k Cycles 
 

Figure C 2-145 Damage Progression in (B2-L-1) Test specimen to 40k Cycles 
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                     (B2-L-1) at 50k Cycles                           (B2-L-1) at 60k Cycles 

                       (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 90k Cycles                       (B2-L-1) at 100k Cycles 
                      

                    (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 175k Cycles                        (B2-L-1) at 200k Cycles 

                    (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                       (B2-L-1) at 300k Cycles 

                    (B2-L-1) at 325k Cycles                       (B2-L-1) at 350k Cycles 
 

 

Figure C 2-149 Damage Progression in (B2-L-1) Test specimen to 350k Cycles 
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                       (B2-L-1) at 375k Cycles                     (B2-L-1) at 400k Cycles 

                     (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 475k Cycles                        (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 



849 

 

                       (B2-L-1) at 575k Cycles                     (B2-L-1) at 600k Cycles 

                   (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 
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                     (B2-L-1) at 675k Cycles                       (B2-L-1) at 700k Cycles 

                     (B2-L-1) at 725k Cycles                      (B2-L-1) at 750k Cycles 
 

 

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 
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                      (B2-L-1) at 875k Cycles                      (B2-L-1) at 900k Cycles 

                     (B2-L-1) at 925k Cycles                        (B2-L-1) at 950k Cycles 
 
 

Figure C 2-155 Damage Progression in (B2-L-1) Test specimen to 950k Cycles 
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                   (B2-L-1) at 975k Cycles                        (B2-L-1) at 1000k Cycles 
                           

                  (B2-L-1) at Pre RS                                (B2-L-1) at Failure 
 
 
  

Figure C 2-156 Damage Progression in (B2-L-1) Test specimen to Failure 



854 

 

                         (B2-L-2) at 1 Cycle                            (B2-L-2) at 100 Cycles 
                        

                 (B2-L-2) at 1k Cycles                           (B2-L-2) at 5k Cycles 
 

Figure C 2-157 Damage Progression in (B2-L-2) Test specimen to 5k Cycles 
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          (B2-L-2) at 10k Cycles                      (B2-L-2) at 20k Cycles 

                      (B2-L-2) at 30k Cycles                         (B2-L-2) at 40k Cycles 
 
 

Figure C 2-158 Damage Progression in (B2-L-2) Test specimen to 40k Cycles 
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                     (B2-L-2) at 50k Cycles                         (B2-L-2) at 60k Cycles 

                      (B2-L-2) at 70k Cycles                         (B2-L-2) at 80k Cycles 
 

Figure C 2-159 Damage Progression in (B2-L-2) Test specimen to 80k Cycles 
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                     (B2-L-2) at 90k Cycles                         (B2-L-2) at 100k Cycles 
                     

                    (B2-L-2) at 125k Cycles                        (B2-L-2) at 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 175k Cycles                         (B2-L-2) at 200k Cycles 

                     (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 275k Cycles                      (B2-L-2) at 300k Cycles 

                        (B2-L-2) at 325k Cycles                     (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 375k Cycles                        (B2-L-2) at 400k Cycles 
                    

                    (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 475k Cycles                       (B2-L-2) at 500k Cycles 
                    

                   (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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                    (B2-L-2) at 575k Cycles                        (B2-L-2) at 600k Cycles 
                      

                    (B2-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 675k Cycles                       (B2-L-2) at 700k Cycles 
                     

                  (B2-L-2) at 725k Cycles                       (B2-L-2) at 750k Cycles 
 
  

Figure C 2-166 Damage Progression in (B2-L-2) Test specimen to 750k Cycles 
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          (B2-L-2) at 775k Cycles                     (B2-L-2) at 800k Cycles 
                   

                    (B2-L-2) at 825k Cycles                        (B2-L-2) at 850k Cycles 
 
 
 

Figure C 2-167 Damage Progression in (B2-L-2) Test specimen to 850k Cycles 
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                     (B2-L-2) at 875k Cycles                      (B2-L-2) at 900k Cycles 
                   

                  (B2-L-2) at 925k Cycles                      (B2-L-2) at 950k Cycles 
 
  

Figure C 2-168 Damage Progression in (B2-L-2) Test specimen to 950k Cycles 
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                    (B2-L-2) at 975k Cycles                      (B2-L-2) at 1000k Cycles 
                      

                       (B2-L-2) at Pre RS                               (B2-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 1 Cycle                            (B2-L-3) at 100 Cycles 
                        

                     (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                       (B2-L-3) at 20k Cycles 

                     (B2-L-3) at 30k Cycles                          (B2-L-3) at 40k 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 

                     (B2-L-3) at 70k Cycles                         (B2-L-3) at 80k Cycles 
 

Figure C 2-172 Damage Progression in (B2-L-3) Test specimen to 80k Cycles 
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                     (B2-L-3) at 90k Cycles                         (B2-L-3) at 100k 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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                   (B2-L-3) at 175k Cycles                         (B2-L-3) at 200k Cycles 

                   (B2-L-3) at 225k Cycles                       (B2-L-3) at 250k Cycles 
 
 

Figure C 2-174 Damage Progression in (B2-L-3) Test specimen to 250k Cycles 
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                     (B2-L-3) at 275k Cycles                     (B2-L-3) at 300k Cycles 

                    (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 375k Cycles                   (B2-L-3) at 400k Cycles 
                       

                      (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 475k Cycles                      (B2-L-3) at 500k Cycles 

                     (B2-L-3) at 525k Cycles                      (B2-L-3) at 550k Cycles 
 

 

Figure C 2-177 Damage Progression in (B2-L-3) Test specimen to 550k Cycles 
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                     (B2-L-3) at 575k Cycles                       (B2-L-3) at 600k Cycles 

                   (B2-L-3) at 625k Cycles                        (B2-L-3) at 650k Cycles 
 

Figure C 2-178 Damage Progression in (B2-L-3) Test specimen to 650k Cycles 
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                  (B2-L-3) at 675k Cycles                         (B2-L-3) at 700k Cycles 
                   

                    (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 

 

                    (B2-L-3) at 775k Cycles                       (B2-L-3) at 800k Cycles 
                      

              (B2-L-3) at 825k Cycles                      (B2-L-3) at 850k Cycles 
 
 
 

Figure C 2-180 Damage Progression in (B2-L-3) Test specimen to 850k Cycles 
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                      (B2-L-3) at 875k Cycles                       (B2-L-3) at 900k Cycles 

                    (B2-L-3) at 925k Cycles                      (B2-L-3) at 950k Cycles 
 

Figure C  2-181 Damage Progression in (B2-L-3) Test specimen to 950k Cycles  
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                    (B2-L-3) at 975k Cycles                      (B2-L-3) at 1000k Cycles 
                          

                      (B2-L-3) at Pre RS                                 (B2-L-3) at Failure 
 
 
 

Figure C 2-182 Damage Progression in (B2-L-3) Test specimen to Failure 


