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Abstract

Investigating the Impacts of Processing Uncertainty and Variability on Residual Stresses and
Deformations in Aerospace Composites Manufacturing

Caleb Schoenholz

Chair of the Supervisory Committee:
Navid Zobeiry

Materials Science and Engineering Department

Despite significant advancements in materials formulation and manufacturing
technologies, high levels of uncertainty persist in the raw material and production of composite-
intensive aircraft. One such uncertainty source is the impact of material and processing variabilities
on residual stresses and deformations in composite parts, which negatively affects the assembly
process of aerostructures. This research investigates these phenomena, focusing on Toray
T800S/3900-2B, an aerospace-grade material used in the production of several aircraft such as the
Boeing 787. The initial research phase involves a comprehensive characterization of various
material properties, manufacturing phenomena, and processing variables that may significantly
impact process-induced deformations (PIDs) but are surrounded by high uncertainty.

Investigations include assessing the impact of release coating on tool surface properties, examining



the influence of processing conditions on T800S/3900-2B, and evaluating the role of processing
variabilities in tool-part interactions. Next, a novel machine learning (ML) method is developed
for accelerated composites characterization, which demonstrates substantial time and cost savings
compared to traditional methods. A parametric exploration into the effects of layup and cure cycle
procedures on PIDs is conducted, and potential mitigation strategies are proposed. Next, an
innovative methodology for efficiently predicting PIDs and analyzing composites using multi-
fidelity simulation and theory-guided machine learning (TGML) is devised. Lastly, a novel process
optimization approach for minimizing PIDs in composite parts without the use of any material
characterization or process simulation is introduced. This research aims to provide a
comprehensive framework for further exploration and potential mitigation of PIDs in aerospace

composites manufacturing.
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1. INTRODUCTION

1.1 AEROSPACE COMPOSITES MANUFACTURING

For decades, carbon fiber-reinforced polymer (CFRP) composites have been extensively
utilized in the construction of commercial and military aircraft. Composites possess exceptionally
high specific strength and stiffness properties, making them attractive candidates for replacing
legacy metals and reducing operational weights. Additionally, the ability of composites to be
manufactured to net-shape potentially offers significant gains in assembly time by consolidating
the number of parts and reducing the need for factory work, such as bolted bonding. The
development of interlayer-toughened composite materials such as Toray’s T800S/3900-2B system
has allowed manufacturers to integrate composites into primary aerostructures to reduce weights
further, enable longer flight ranges, improve lifecycle costs, and lower carbon emissions.!!

Several techniques may be used for processing thermoset composite parts, all of which
consist of four essential steps: combine the matrix and fibers, lay them onto a tool (i.e., mold),
apply compaction pressure, and cure the polymer matrix typically at elevated temperatures. Large
and complex-shaped aerospace components are typically processed using the autoclave method at
temperatures and pressures of approximately 180 °C and 0.7 MPa (~7 atm), respectively, to reduce
processing defects such as porosity within an acceptable threshold.[’l For most autoclave
processing, unidirectional (UD) sheets of fibers that have been “pre-impregnated” with a partially
cured polymer matrix (i.e., B-stage prepregs) are first shaped and stacked onto a tool. UD prepregs
have highly anisotropic properties, allowing manufacturers to optimize load paths and reduce
weight by stacking plies in tailored orientations and orders.

After the prepreg plies are stacked onto a tool, the layup is vacuum bagged, loaded into an

autoclave, and cured using a high-temperature/pressure cycle. At high temperatures, curing



kinetics accelerate and a cross-linking reaction propagates to the material’s boundaries, leading to
gelation, and eventually vitrification phase transformations.l®l External pressures are applied for
compaction purposes and to remove voids before gelation, which may otherwise negatively affect
the end-part quality. After curing, the composite part is removed from the autoclave, demolded

from the tool, and transferred to machining, finishing, and assembly steps.
1.2 PROCESS-INDUCED RESIDUAL STRESSES AND DEFORMATIONS

Although processing methods are generally well-established in the aerospace industry,
several challenges remain throughout production. One major challenge is minimizing process-
induced deformations (PIDs) in composite parts, without significantly affecting the final
structure’s performance and/or slowing down production rates. If PIDs exceed acceptable
thresholds, costly and time-consuming shimming steps are required during the assembly process,
resulting in slow production rates.“l

During autoclave processing, residual stresses form due to many complex, interdependent,
and multi-scale phenomena.[?! For example, at the micro-level, residual stresses are mainly
caused by a mismatch of free strains between the fibers and matrix due to differences in thermal
properties (i.e., coefficients of thermal expansion) and phase changes (i.e., cross-linking).
Macro-level stresses primarily arise from stress discontinuities and temperature/cure gradients
between plies.’] Residual stresses may also develop at the coupon- and component-levels due to
factors such as ply drop-off, part geometry, and tool-part interaction.>"1

Following processing, residual stresses may be partially released from the part through
bending and cause dimensional changes known as process-induced deformations (PIDs). Typically
for complex-shaped parts found in composite aerostructures, such as L-shaped wing spars, two

types of PIDs are observed, as illustrated in Figure 1-1: warpage of flat sections and spring-in,



involving the reduction or enlargement of angles at geometry transitions.[®2% Warpage is primarily
attributed to tool-part interaction effects, where elevated temperatures and pressures prompt the
formation of interfacial physicochemical bonds and free strain mismatches between the tool and
part due to thermal expansion differences and cure shrinkage in the composite. When combined
with interfacial bonds, free strain mismatches create a shear interaction at the tool-part interface
that transfers tensile stresses into the composite’s tool-adjacent plies. Several processing
variabilities, such as the age of release coating on the tool surface, layup techniques, and cure
pressure, directly impact the efficiency of the tool-to-part residual stress transfer.?*! While some
stresses are alleviated in plies furthest away from the tool surface through interlaminar shear,
others remain unrelieved and become locked in as curing progresses, resulting in a through-
thickness residual stress gradient in the composite part. During the demolding process following

the cure cycle, the locked-in stress gradient is partially released through bending deformation and

warpage.[6-9.11,13-16.22-25]

Processing

Warpage

Demold
—_>

Spring-in: 6 < 90° N

Figure 1-1. Schematic representation of autoclave processing and potential resulting PIDs in an
L-shaped composite part.



Spring-in in composite parts is commonly linked with the orthotropic development of free
strains, specifically through-thickness versus in-plane strains.[1317-2026-281 Ag an example,
consider the processing of an L-shaped composite part on a tool, as schematically shown in Figure
1-1. Throughout the curing process, a significant through-thickness strain emerges in the
composite due to a combination of cure shrinkage, thermal strains, and the Poisson effect. The
Poisson effect arises because in-plane and fiber-direction strains remain negligible compared to
the through-thickness changes. Additionally, in layups with minimal in-plane strain during
processing due to constraints of zero-degree plies in both in-plane directions (e.g., quasi-isotropic,
cross-ply), the Poisson effect also causes the transfer of in-plane strains to the through-thickness
direction. This mismatch of in-plane and through-thickness free strains creates geometrical
constraints on the outer layer of the L-shaped laminate as it cures. These constraints may be
neutralized through shear deformation and the book-end effect when the composite’s shear
modulus (i.e., Gi3 and Ggz3) is minimal during early stages of the cure cycle. However, in later
stages when the composite’s modulus has significantly evolved, these geometrical restrictions may
generate residual stresses in the composite material.[!

During cooldown, additional strains are generated in the composite due to thermal
shrinkage, while a secondary modulus evolution occurs from thermo-elastic effects. The
significant mismatches of thermally-generated free strains between the fibers and matrix give rise
to additional stresses in the part. Upon demolding, the locked-in residual stresses are partially
released through bending deformation and spring-in at the L-shaped part’s geometry transition

point (i.e., corner).B



1.3 MITIGATING PROCESS-INDUCED DEFORMATIONS IN MANUFACTURING

While the fundamental mechanisms of residual stresses and PIDs are generally accepted,
high uncertainty remains surrounding mitigation strategies. Consequently, aerospace
manufacturers often rely on tacit-based approaches such as shimming to minimize the impacts of
PIDs. The shimming technique involves using custom-made metal or composite inserts to fill gaps
between structural components during assembly which arise from geometry mismatches.l
Unfortunately, shimming is not only laborious and costly but also has the potential to introduce
further stresses and compromise the mechanical performance of the final aerostructure.

A more fundamental approach to PID mitigation involves optimizing process parameters,
such as tool geometry, layup techniques, or cure cycle, to minimize or compensate for residual
stress developments.[?! At the laboratory scale, optimization efforts may be conducted using trial-
and-error methods. However, as composite parts become larger, more complex, and expensive,
relying on trial-and-error becomes inefficient, and other methods, such as process simulation, must
be considered.

Given the multitude of complex contributing mechanisms, simulating PIDs requires
extensive material characterization efforts.*®%¥ For instance, a simplified workflow for a
“traditional” simulation-based process optimization scheme may likely include the following
steps. Initially, the cure kinetics and evolution of thermo-mechanical properties in the composite
which contribute to residual stresses are experimentally characterized. As previously mentioned,
the primary material-related parameters contributing to PIDs include the evolution of through-
thickness and in-plane free strains, bending modulus, shear modulus, and tool-part interfacial
adhesion/friction.l®! After sufficient characterization and validation of these properties, they are

utilized as inputs to construct numerical models. Subsequently, many simulations may be



conducted to systematically explore design spaces, assess the interrelationships between process
variabilities and material properties, and discover optimal parameters to minimize PIDs. Finally,
additional experiments may be employed to calibrate the numerical models, fine-tune simulation
predictions, and evaluate the overall effectiveness of the methodology.

While the previously described workflow is generally established and effective for many
optimization problems, its application in minimizing PIDs for modern-era aerospace composites
has encountered limited success due to several factors. As mentioned earlier, one key reason is the
necessity for robust material characterization techniques, including methods to quantify all
properties contributing to PIDs during composites processing cycles. Unfortunately, experimental
methods for quantifying some of the necessary properties are currently absent in the literature.
This shortcoming often leads to the simplification of material properties in process models,
inaccurate predictions of PIDs, and ineffective optimization efforts. As the fidelities and
complexities of material and process models increase (e.g., thermoviscoelastic versus pseudo-
viscoelastic constitutive models), these problems are further amplified.4

Another factor contributing to the deficiencies of current simulation capabilities is that the
vast majority of publicly available literature on PIDs is confined to the previous generation of
structural material systems with accessible properties, such as Hexcel AS4/8552.5%1 However, as
previously mentioned, more complex materials containing interply tougheners, such as the Toray
T800S/3900-2B system, have become increasingly prevalent in the manufacturing of primary
aerostructures.[*¢1 Unfortunately, numerous properties of these interply-toughened materials have
not been experimentally characterized. This lack of information further constrains process
simulation capabilities and boosts uncertainty levels surrounding PIDs in aerospace composites

manufacturing.



1.4 MOTIVATION, SCOPE, AND OVERVIEW OF WORK

Missing from existing literature and serving as the primary motivation of this work is an
exploration of residual stresses and PIDs in the current generation of aerospace composites. As
previously highlighted, much of the uncertainty surrounding PIDs stems from the high costs
associated with characterization and the absence of experimental techniques capable of measuring
potentially impactful properties. A lack of a reliable method to accurately quantify tool-part
interaction during composites processing cycles is especially evident. Developing such a method
is also vital for increasing the fidelity of numerical process simulation capabilities.

The demanding nature of experimental efforts required for “traditional” simulation-based
strategies also serves as a secondary motivation of this research: to investigate alternative methods
for more efficient material characterization and analysis of PIDs in composites. More broadly,
there is a need for a cost-effective and widely applicable framework to understand and improve
the design, development, and manufacturing of composite materials. Such a strategy would also
hold significant promise for reducing labor costs currently required for problem-solving in many
other fields of study.

Considering the aforementioned factors, this work aims to investigate the impacts of
processing variabilities and act as a framework to potentially mitigate residual stresses and
deformations in advanced aerospace composites. Specifically, this research focuses on a material
currently utilized in the production of the Boeing 787, known as Toray T800S/3900-2B. To
achieve this objective, several innovative methodologies are developed and compared throughout
this work. One approach involves utilizing traditional deterministic strategies with robust
experimental characterizations and numerical finite element (FE) simulations. Other investigative

strategies presented utilize machine learning (ML) to explore the potential of probabilistic tools in



improving the efficiency of composites characterization and analysis. The fundamental

understanding gained in this work will enable further innovation in the aerospace industry.

Furthermore, the novel methods and results developed will contribute to the discovery of next-

generation aerospace composite materials to address current demands, such as higher production

rates, and facilitate the expansion of emerging markets, such as urban air mobility. The remainder

of this thesis follows the subsequent workflow:

In Chapter 2, a comprehensive characterization of several material properties and
manufacturing phenomena surrounded by elevated levels of uncertainty is conducted. The
chapter aims to attain a fundamental understanding of T800S/3900-2B and other potential
PID sources, establishing a foundation for analyses in subsequent chapters.

In Chapter 3, a novel method for accelerated material characterization is introduced. A
generalizable strategy based on probabilistic machine learning (ML) is presented and
applied to characterize thermo-mechanical properties of T800S/3900-2B. Throughout the
chapter, the accuracy and speed of the ML method is compared with outcomes obtained
from traditional methods.

In Chapter 4, the impacts of layup and curing procedures on PIDs of L-shaped T800S/3900-
2B parts are explored using an efficient finite element (FE) simulation code that references
material property models developed earlier in this work. Throughout the investigation,
optimal processing conditions and recommendations for better understanding PIDs in
advanced composites are discussed.

In Chapter 5, a novel approach for the accurate and efficient prediction of PIDs and analysis

of composites is presented. The method combines theory-guided machine learning



(TGML) with data from multi-fidelity simulations and experiments to predict PIDs of L-
shaped T800S/3900-2B parts using minimal experimental efforts.

e In Chapter 6, an innovative approach for discovering process parameters to minimize PIDs
in composite parts is presented. The method aims to circumvent the need for material
characterization and process simulation, providing a cost-efficient alternative to traditional
strategies. The novel framework is applied to predict and validate optimal layups and cure
cycles for minimizing deformations in L-shaped T800S/3900-2B parts.

e In Chapter 7, a comprehensive summary and conclusion of this research is provided. Novel
findings and methods are revisited and recommendations for better understanding PIDs in

aerospace composites parts are shared.

2. MATERIAL AND PROCESS CHARACTERIZATION

This chapter contains a characterization effort on various material properties and
manufacturing phenomena that may significantly impact PIDs in aerospace composites. The
chapter is divided into three subsections, each focusing on topics where literature is lacking, and
uncertainty levels are high during manufacturing. The three primary points of emphasis include
characterizing the physicochemical behavior of aerospace release coating, thermo-mechanical
properties of T800S/3900-2B, and tool-part interaction. Each subsection commences with an
overview of the phenomenon under investigation and its relevance to PIDs in composites.
Subsequently, novel methods, findings, and discussions are shared.
2.1 B15/710-NC RELEASE COATING
2.1.1 Background

As discussed in the first chapter, one of the most significant factors contributing to PIDs in

composites is free strain mismatches at different scales in the laminate and manufacturing



environment.! In addition to these mechanisms, the interfacial physicochemical bonding (i.e.,
adhesion) and/or friction between the tool and composite part during processing (i.e., tool-part
interaction) also significantly contribute to residual stress formations.’?! Typically, production
tools (i.e., molds) are treated with release coatings to reduce the tool-part interaction and resulting
residual stresses and PIDs. Release coatings also facilitate the demolding of cured parts after
processing.37:28l

Aerospace manufacturers typically use a three-step process to prepare tool surfaces with
release coatings.*¥ First, the tool is treated with solvent-based mold cleaner to remove any residue
from previous processing/handling and create a clean lay-up surface for the uncured composite
material (Figure 2-1a). Tooling for high-performance aerostructures is typically made from a
durable metallic material with a low coefficient of thermal expansion (CTE), such as Invar, to
minimize thermal strains during processing. Depending on the severity of residue build-up on the
tool surface from previous usages, manufacturers may also use abrasive cleaning methods (e.g.,
coarse pads) or non-abrasive industrial methods (e.g., dry-ice blasting) to remove residues before
continuing with tool preparation. However, abrasive methods may roughen the tool surface and
consequently further promote tool-part interaction in subsequent cycles.

The next step of tool preparation involves applying a mold sealer directly on the cleaned
tool surface to fill micro-cavities, cover any scratches, and prevent mechanical interlocking (i.e.,
physical bonding) between the tool and part (Figure 2-1b). Afterward, several layers of release
agent (RA) are applied on top of the sealed surface to form a low-energy barrier and prevent the
formation of strong adhesive bonds (Figure 2-1c).*® The combination of mold sealer and RA
creates an abhesive (i.e., non-adhesive) and impermeable release coating between the tool and part

during lay-up and processing (Figure 2-1d).
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Figure 2-1. (a-d) Standard steps of tool preparation in composites manufacturing, and (e) potential
effects on a flat composite part.

The aerospace industry generally uses semi-permanent silicone-based release coatings due
to their low adhesion (i.e., high abhesion) and high thermochemical stabilities. For example,
Loctite® Frekote® B-15™ mold sealer® and 710-NC™ release agent*!] are two popular silicone
release products used by aerospace manufacturers. Polydimethylsiloxane (PDMS) acts as the
functioning silicone in both Frekote components, which allows for chemical compatibility, low
surface free energy, and excellent abhesive properties.[*® These products are either sprayed, wiped,
rolled, or brushed onto tool surfaces as liquids and cured through an evaporation reaction to form
low-energy coating layers on the tool surface.

As the thermoset composite undergoes a cross-linking reaction, some silicone molecules
in the release coating transfer from the tool to the part’s surface and become physically and
chemically integrated into its resin network.¥"4421 Upon demolding after the cure cycle is

completed, these molecules remain on the part’s surface as contaminations (Figure 2-1e). The



atomic concentration of silicone on cured composite parts may exist in the range of 5-20%,
depending on the age and type of release coating applied to the tool before processing.7]

In addition to the transfer of silicone molecules, while the resin is still in its viscous liquid
stage during the early steps of processing, high autoclave temperatures and pressures may force
the resin to bleed out from the composite onto the tool.[***51 As curing progresses, this resin
chemically and/or physically bonds to micro-cavities on the tool surface and cures as
contamination. Without tool cleaning or recoating steps, each successive processing cycle thus
results in a further reduction in the coating thickness and promotion of tool surface contamination.
This resultant change in physical and chemical tool surface properties due to processing can be
considered the “aging” of the release coating. !

While the aging of release coating is widely recognized, the physicochemical mechanisms
involved and their impacts on PIDs are not thoroughly understood. For instance, a common
industry practice involves spot cleaning contaminations and periodically reapplying fresh RA
layers over an aged coating between processing cycles to maintain effective tool-part abhesion.
Another approach might entail thoroughly cleaning the tool using abrasives, solvents, or dry-ice
blasting (DIB), then re-treating it with fresh layers of mold sealer and RA.[E%4748 However, these
practices are largely based on “know-how” and may inadvertently have impacts on residual
stresses and PIDs.[*°] Therefore, this section aims to characterize the behavior of aerospace release
coating to lower uncertainty levels and provide insights for more effective tool preparation and
PID mitigation.

2.1.2 Materials and Methods
The release coating evaluated throughout this research comprised two aerospace-grade

products: Loctite® Frekote® B-15™ mold sealer and 710-NC™ release agent. While the exact

12



formulations of the Frekote products are proprietary, basic information is listed on publicly
accessible datasheets.[***¢] To investigate the behaviors of these products, a multi-component
testing campaign was conducted, involving physicochemical assessments of release-coated tool
surfaces in simulated manufacturing environments. The campaign consisted of tool preparations,
autoclave processing cycles, dry-ice blasting (DIB), and physicochemical surface analyses. The
methodologies for each of these experimental components are described in the following
subsections.

2.1.2.1 Tool Preparations

To begin release coating investigations, a series of laboratory-scale tools was prepared
similarly as in industrial settings. A batch of 26 flat coupon-sized tools was first prepared by
sectioning 25 mm (w) x 25 mm (I) square portions from a 0.25 mm (t) Invar sheet. Given the
selection of flat geometries for the tools, any influences from geometry transition points (e.g.,
sharp corners) on release coating behavior were disregarded in this investigation. The lab-scale
tools exhibited 1SO 1302 roughness grades of N2 with Ra values of approximately 0.08 um,
resembling surfaces of industrial tools."!

Following the cutting of specimens, the tools were prepared to serve as mold surfaces for
autoclave composites processing cycles. Initially, all tools were cleaned with Loctite® Frekote®
PMC™ mold cleaner and a lint-free wiping cloth to remove any surface residues from previous
cutting or handling.[“8! Then, the samples were subjected to various surface treatments, as detailed
in Table 2-1. The release coating products were applied to the lay-up surfaces of the tools by
dipping lint-free wiping cloths into cups containing liquid coating, allowing excess coating to drip
back into the cups, then using the cloth to apply the coating to the tool in a circular motion. A fresh

cloth was utilized for each coating application. Each coat of B-15 was left to cure in a convection
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oven for 60 minutes at 95 °C, while each coat of 710-NC cured for 15 minutes at room temperature
before the application of the next coat.[***!l The two tools left untreated and covered with
fluorinated ethylene propylene (FEP) release film were prepared as controlled reference samples.

Table 2-1. Specimens prepared for release coating investigations.

Tool Surface Condition Number of Specimens

Tool (Untreated)

FEP

1 Coat 710-NC

2 Coats 710-NC

3 Coats 710-NC

4 Coats 710-NC

2 Coats B-15

2 Coats B-15 + 1 Coat 710-NC
2 Coats B-15 + 3 Coats 710-NC
2 Coats B-15 + 5 Coats 710-NC

AR BN DNDDNDDNDDN

2.1.2.2 Autoclave Processing Cycles

Once all the tools were prepared, they were utilized as mold surfaces for autoclave
processing cycles of composites throughout an extensive testing campaign. Before the cycles, the
coupons treated with release coating or covered with FEP were adhered to a 3 mm (t) x 300 mm
(w) x 600 mm (I) Invar plate using Flashbreaker® tape for support. Subsequently, one ply of
T800S/3900-2B UD prepreg with nominal dimensions of 20 mm (w) x 20 mm (I) was laid-up to
cover the tool surfaces. Since single-ply composite parts were used for all the processing cycles,
the impacts of part thickness were disregarded in this investigation. The Invar plate and lab-scale
tools were then covered with one sheet of FEP, followed by one layer of breather cloth. The tools
and lay-ups were placed and sealed in separate vacuum envelope bags produced by Torr
Technologies (Auburn, WA, USA), loaded into an autoclave, and subjected to the Manufacturer’s
Recommended Cure Cycle (MRCC).B®1 The MRCC consists of a heating ramp from room

temperature to 180 °C at 2 °C/min, a temperature hold at 180 °C for 120 minutes, then a cool down
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back to room temperature. A combined autoclave and vacuum pressure of approximately 0.7 MPa
(~7 atm) was applied throughout processing.

After the cure cycle was completed, the envelope bags were removed from the autoclave,
and all composite parts were demolded from the tools. The tools were then stored in sealed bags
until the next processing cycle or surface analysis tests were conducted. The processing procedures
and cycles were repeated five times for the tools treated only with 710-NC release agent and twenty
times for tools treated with both B-15 mold sealer and 710-NC to investigate aging effects. Surface
analysis tests, as detailed in the following subsections, were conducted after each processing cycle
for the first five cycles, then every five cycles throughout the remainder of the campaign. Before
each cycle, tools were wiped with a dry lint-free cloth to remove any surface residue from previous
usages. Half of the B-15/710-NC tools were treated with one fresh layer of 710-NC every three
cycles, while the other tools underwent twenty autoclave cures without receiving any
reapplications. This approach was used to investigate the effects of release agent touch-ups on the
aging process.

After the processing campaign, the surfaces of the B-15/710-NC tools were dry-ice blasted
using a ColdJet® Aero, Particle Control System™ (PCS®) 60.55% The PCS 60 propels recycled
solid carbon dioxide (CO2) pellets at supersonic speeds, causing them to sublimate upon impact
with a solid surface and remove any contaminates present. Aerospace manufacturers commonly
use the ColdJet system to clean various materials for tooling, maintenance, surface preparation,
and other production purposes. The PCS 60 allows users to adjust blasting parameters and machine
settings for each unique cleaning application.® In this study, a feed rate of 1.0 Ib/min, blast
pressure of 100 psi, and applicator size of 1”7 was chosen for tool cleaning based on

recommendations provided by a ColdJet technician.
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2.1.2.3 Surface Analysis Tests

As mentioned earlier, the surfaces of laboratory tools underwent analyses after every
autoclave cycle for the initial five cycles, then every five cycles throughout the rest of the
campaign. The first component of each surface analysis test involved examining the physical
morphology of the coatings using laser scanning digital microscopy. For each test, an Olympus
OLS4100 instrument was utilized to generate three absorbance and height micrographs of the
release-coated tools with varying amounts and ages of release coating. The tool-side surface of a
cured laminate fabricated on a freshly coated tool was also imaged using the OLS4100 microscope
for investigative purposes.

After conducting microscopy, Fourier-transform Infrared Spectroscopy (FTIR) analyses
were performed on the tools using a Bruker Vertex 70 on the basis of attenuated total reflectance
(ATR). Three ATR-FTIR spectra were scanned on each tool in a spectral range of 400 — 4000
cm!. These spectra were then normalized based on each test’s maximum peak height, which
remained consistent throughout the campaign.

The final stage of the tool assessments was performing contact angle goniometry
measurements with an AST Optima Video Contact Angle (VCA) System. Five 1-ul droplets of
deionized (DI) water and diiodomethane (DIM) were dispensed on each tool using the VCA’s
motorized syringe. Side-view images and contact angles of each droplet were then obtained
immediately after solid-liquid contact using the VCA system. The five DI water and DIM contact
angles were used in conjunction to create 25 polar-dispersive contact angle pairs for each surface
condition. Next, the contact angle pairs were used to calculate surface free energy (SFE) using the

Owens—Wendt equation:[5?

FEyHOS + EyP)*5 = 0.5y,(1 + cosh) (2-1)
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where y is the solid surface’s dispersive SFE component, )/5? is the solid surface’s polar SFE
component, y2 is the dispensed liquid’s dispersive tension, ylp is the dispensed liquid’s polar
tension, y; is the dispensed liquid’s overall tension equal to the sum of its dispersive and polar
components, and 8 is the dispensed liquid’s contact angle immediately after solid—liquid contact
with the solid surface. The dispersive and polar tensions of DI water were assumed to be 22.1
dyne/cm and 50.7 dyne/cm, respectively. The dispersive and polar tensions of DIM were assumed
to be 48.5 dyne/cm and 2.3 dyne/cm, respectively.®?l From the liquid tension properties and
measured contact angles of two liquids, a system of two equations was established, then y¢ and
¥¥ were solved for. Finally, the total SFE of the tool surface was calculated by summing y¢ and
Y together.
2.1.3 Results and Discussions
2.1.3.1 Morphology

Figure 2-2a—c exhibits three-dimensional micrographs of pre-production Invar tools with
different surface treatments: untreated (i.e., no release coating), treated with two coats of B-15
mold sealer, and treated with two coats B-15 mold sealer plus three coats of 710-NC release agent.
The micrographs illustrate that upon the application of recommended amounts of mold sealer and
release agent, the coating products form agglomerations (i.e., bumps) rather than smooth layers.
This phenomenon occurs due to the low SFE properties of B-15 and 710-NC.[%!

Figure 2-2d portrays the fully coated B-15/710-NC tool surface after autoclave processing,
revealing that the elevated pressures and temperatures (i.e., 7 atm and 180 °C) applied caused the
release coating to flow and spread. This is because the processing temperatures were well above

the glass transition temperature (Tg) of the coating’s active silicone component (~130 °C),
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polydimethylsiloxane (PDMS), causing the agglomerations to behave rubbery.® Consequently,
this behavior created a relatively smooth barrier between the tool and the part during processing.

Finally, Figure 2-2e demonstrates that autoclave conditions also caused some silicone
molecules in the release coating to transfer from the tool and contaminate the composite part’s
surface. These findings confirm additional negative impacts of release coating, such as influencing
the bonding quality of composite parts, and emphasize the necessity for surface pre-treatments
during the assembly process. 74254551

(a) Mold Cleaner (b) B-15 Mold Sealer (c) B-15 Mold Sealer +
710-NC Release Agent
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Figure 2-2. Micrographs of Frekote B-15/710-NC release coating’s behavior during tool
preparation and composites processing.

Figure 2-3 presents three-dimensional height maps of tools coated with one to four Frekote
710-NC layers compared with the untreated and FEP-covered tools. The figure reveals distinct
surface characteristics on tools treated with different release agent quantities. For instance, the tool
treated with one release coat has a similar height profile and grain visibility to the untreated tool.
This suggests that a single application of 710-NC may not adequately cover significant tool surface

irregularities (e.g., grains, cavities, scratches) that would otherwise promote tool-part interaction. !
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On the other hand, the tools treated with two, three, and four release coats demonstrate a mitigation
of most surface irregularities.

1 Release Coat
Y (pm)

128

Z (um)

128 ™ X (um)

2 Release Coats 4 Release Coats
Y (pm)

128

Z (um)

128X (um) X (pm)
0.0 - 7.0 um
I -

Figure 2-3. Height maps of tools treated with different numbers of Frekote 710-NC release coats
compared with untreated and FEP-covered tools.

In addition to an increase in overall coating thickness, the two-, three-, and four-coat
micrographs show that each additional application of release agent leads to a greater number and
larger size of agglomerations (i.e., bumps) on the tool surfaces, thereby directly increasing
roughness (Figure 2-4). As previously mentioned, these micro-agglomerations form when a fresh
coat of 710-NC is applied to a surface with low SFE, such as another cured release coating layer.5®!
Such variations in surface topography may significantly impact the tool’s physicochemical

properties, tool-part interaction, and PI1Ds during processing.[®¢!
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Figure 2-4. Surface roughness of tools treated with different numbers of Frekote 710-NC release
coats compared with untreated and FEP-covered tools.

Figure 2-5 and Figure 2-6 display height maps and surface roughness values of a tool
treated with two coats of B-15 mold sealer and three coats of 710-NC release agent after
undergoing successive composites processing cycles. A first notable observation from these
figures is that applying both B-15 and 710-NC products results in a comparitively smooth barrier,
in contrast to the rougher surface observed when using 710-NC (Figure 2-3). This suggests the
advantageous use of both products together in attempting to minimize tool-part interaction and
PIDs. Figure 2-5 also demonstrates a clear reduction in B-15/710-NC coating thickness with each
processing cycle, supporting the industrial basis of reapplying release agent layers between
processing cycles to maintain a thick coating on the tool. Lastly, Figure 2-6 depicts a generally
increasing trend in roughness as the release-coated tool underwent processing cycles, despite some
standard deviation overlaps. This trend is also evident in the micrographs, where aged tools

exhibted higher levels of agglomeration compared to fresh ones.
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Figure 2-5. Height maps of a tool treated with B-15/710-NC release coating as it underwent six
successive composites processing cycles.

0.200 1

0.175 1

—

0.167

Tool Surface Roughness, Sq (um)
o
>
o

Tool 0 12 3 4 5 6
710-NC Release Coating Age (Cycles)

Figure 2-6. Surface roughness of a tool treated with B-15/710-NC release coating as it underwent
Six successive composites processing cycles.
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2.1.3.2 Surface Chemistry

Figure 2-7 compares ATR-FTIR spectra for industry-recommended quantities of B-15
mold sealer (i.e., two coats), 710-NC release agent (i.e., three coats), and B-15/710-NC release
coating (i.e., two coats + three coats). In the plots, darker colors represent the average of three
spectra for each surface condition, while lighter colors include regions within the standard
deviations. Prior to plotting, all absorbance spectra were normalized using asymmetric least

squares (ALS) baseline subtraction in OriginPro analysis software. 7]
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Figure 2-7. ATR-FTIR spectra of a tool treated with B-15 mold sealer, 710-NC release agent, and
B-15/710-NC release coating.

All three spectra exhibit similar general peaks at wavenumbers around 2920 cm™, 2850
cm!, 2365 cm™!, 2085 cm™!, 1470 cm!, 1265 cm™!, 1105 cm™!, 1000 cm™!, and 780 cm™!. The
four peaks at 780 cm™!, 1000 cm™!, 1105 cm™!, and 1265 cm™! are characteristic of silicone
materials, specifically, a polydimethylsiloxane (PDMS) polymer network. The peak at 780 cm™'
represents Si-CHs bond stretching. The peaks at 1000 cm™' and 1105 cm™' represent the

asymmetric stretching of Si-O-Si bonds. The peak at 1265 cm™! is characteristic of the symmetrical
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deformation of the C-H bond in the Si-(CHz)2 groups (i.e., Si-CHz bending). The weaker peaks at
1470 cm™! and 2365 cm™! represent C-H scissoring and O=C=0 stretching, respectively. The
strong cluster around 3000 cm™! signifies asymmetric C-H stretching. Finally, the relatively noisy
peaks around 2000 cm™! suggest the presence of water molecules on the sample.[584258

Figure 2-7 reveals that B-15 mold sealer and 710-NC release agent share similar chemical
characteristics with some distinctions. Most notably, the 710-NC spectrum shows split peaks at
1105 and 1000 cm™, while the B-15 tool displays a single peak at 1000 cm™, and B-15/710-NC
shows a minor peak at 1105 cm™. Furthermore, the 710-NC sample presents indistinct peaks
around 2085 cm™, indicative of water molecules on the tool surface. This discrepancy arises
because the 710-NC coats were cured at room temperature in an ambient environment, whereas
the B-15-treated samples underwent curing in a convection oven at elevated temperatures,
effectively removing the water molecules. Overall, the spectra in Figure 2-7 underscore the similar
PDMS-based chemical structures of Frekote mold sealer and release agent, which forms the basis
of their chemical compatibilities. It should also be noted that the same trends were observed for
samples treated with all investigated amounts of B-15 and 710-NC (Table 2-1).

Figure 2-8 illustrates ATR-FTIR spectra for a tool treated with three coats of 710-NC
release agent after undergoing varying numbers of composites processing cycles. The figure
highlights significant chemical contrasts between the fresh and aged samples. Specifically, the
split peaks at 1000 cm™ and 1105 cm™ were notably short with high deviation in the unaged
sample. The fresh sample also exhibited clustered water peaks around 2000 cm™. After one cycle,
the 1000 cm™ and 1105 cm™ peaks elongated and showed lower deviation, while the water cluster
almost entirely disappeared. This chemical structure then remained relatively constant throughout

the subsequent cycles.
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Figure 2-8. ATR-FTIR spectra of a tool treated with 710-NC release agent subjected to different
numbers of composites processing cycles.

The distinctions between the fresh and aged samples can be attributed to the tool becoming
“conditioned” to the release agent, a consequence of using a new and freshly coated tool. During
a production tool’s first few processing cycles, external temperatures and pressures cause non-
silicone components, including solvent carriers, water, and other molecules, to flash off or transfer
to the part, while silicone molecules are “baked” into the mold."** These conditioning mechanisms
cause variations in the release agent’s chemical composition (i.e., silicone levels), as captured in
the spectra of Figure 2-8. Once the tool becomes conditioned, the release agent properties are
considered “locked-in” and remain stable until significant aging effects may cause silicone levels
and tool abhesion to decline. The absence of chemical distinctions between the one- to five-cycle
samples suggests that such chemical aging effects, including transfers of resin molecules to the
tool surface, do not occur in the 710-NC release coating within five cycles. Therefore, conducting

more processing cycles would likely be necessary to observe such effects.
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Figure 2-9 depicts chemical differences between freshly coated and aged tool surfaces
treated with two coats of B-15 mold sealer and three coats of 710-NC release agent. Similar to the
710-NC findings, these spectra also reveal conditioning effects. However, these effects are
demonstrated to manifest after one cycle for the B-15/710-NC, whereas differences in 710-NC
were observed only for the fresh cycle. This observation may imply that more processing cycles
are needed to adequately condition a tool with B-15/710-NC release coating. Furthermore, Figure
2-9 indicates that the B-15/710-NC coating remains chemically stable through twenty processing
cycles, suggesting that frequent reapplications of release agent in industrial settings are likely
unnecessary to maintain chemical performance. Lastly, it should be noted that the same trends
were observed for samples treated with B-15 mold sealer plus one and five layers of 710-NC

release agent.
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Figure 2-9. ATR-FTIR spectra of a tool treated with B-15/710-NC release coating subjected to
different numbers of composites processing cycles.

Figure 2-10 presents a chemical comparison between various conditions of a B-15/710-

NC-treated tool: freshly coated, aged twenty cycles with and without reapplications every three
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cycles, and following dry-ice blasting (DIB). Firstly, the figure reaffirms that aged B-15/710-NC
remains chemically similar to fresh release coating through twenty processing cycles. However,
the figure also illustrates that the periodic reapplication of 710-NC release agent may introduce
some chemical revitalizations in the coating. The addition of 710-NC causes the split peaks around
1000 cm™ to merge and resemble the 710-NC release agent spectra (Figure 2-7). Finally, the low
absorbance measurements observed on the tool after undergoing DIB cleaning indicate a lack of
silicone on the tool surface, validating the ColdJet equipment as an effective method for removing
release coating. It should be noted that the trends discussed were observed for samples treated with

all different amounts of B-15 and 710-NC considered.
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Figure 2-10. ATR-FTIR spectra of a tool treated with B-15/710-NC release coating subjected to
different numbers of composites processing cycles, reapplications, and dry-ice blasting (DIB).

2.1.3.3 Surface Free Energy

Figure 2-11 displays surface free energy (SFE) values measured on tool surfaces treated
with different amounts of B-15 mold sealer and 710-NC release agent. The reported SFE values

represent the average of 25 measurements, while error bars include the corresponding standard
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deviations within each measurement set. The plot demonstrates several distinct physicochemical

variations between the surface conditions.
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Figure 2-11. Surface free energy of a tool treated with different amounts of Frekote B15 mold
sealer and 710-NC release agent.

For instance, the introduction of 710-NC release agent reduced the tool’s SFE from
approximately 32 to 19 mJ/m?, while the application of both B-15 and 710-NC further lowered the
SFE. The lowest SFE value was observed for a tool treated with two coats of B-15 and one coat
of 710-NC, while the highest was for a tool treated with four 710-NC coats. In both cases, these
exceptionally low SFE values indicate Frekote B-15 and 710-NC are highly abhesive (i.e., non-
adhesive), with the most favorable configuration for reducing tool-part chemical bonding being
two coats of B-15 and one coat of 710-NC.

Another noteworthy observation from Figure 2-11 is the slight increase in average SFE
values and deviations with each applied 710-NC coat. The trends observed in average
measurements suggest that the degree of chemical bonding between a composite part and a tool

surface treated solely with 710-NC may be slightly sensitive to the number of coats applied before
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processing. The larger scatter in measurements on tools treated with higher numbers of 710-NC
coats is likely attributable to a greater presence of non-uniform agglomerations (Figure 2-3),
which affects the repeatability of tests.[535]

Figure 2-12 illustrates the SFE progression of a tool surface treated with two coats of B-
15 mold sealer and three coats of 710-NC after twenty successive autoclave processing cycles. The
measurements reveal that initially, the release-coated tool exhibited an SFE of 13.7 mJ/m?. This
value then declined to a minimum of 8.3 mJ/m? during the first two processing cycles, then
generally increased throughout the remainder of the campaign. The initial SFE reduction during
the first two cycles is likely due to conditioning effects causing non-silicone components to
evaporate during the initial processing cycles. This process leaves the active low-energy silicones

exposed on the tool surface, resulting in reduced SFE properties.

T Uncoated
30 - . Release-coated

32.5
15 1

—_
(=)
1

Surface Free Energy (mJ/rnz)

W
1

Tool 0 1 2 3 4 5 10 15 20
B-15/710-NC Release Coating Age (Cycles)

Figure 2-12. Surface free energy of a tool treated with B-15/710-NC release coating subjected to
different amounts of composites processing cycles.

The subsequent general increase in SFE after the first two cycles can be attributed to the

transfer of silicone molecules from the tool to the part (Figure 2-2), leaving spots on the tool
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surface devoid of silicone and with higher SFE. These same overall trends were observed for all
tools treated with B-15 and varying amounts of 710-NC. Overall, the findings in Figure 2-12
suggest that tools treated with Frekote B-15/710-NC should undergo two processing cycles for
adequate conditioning and minimizing tool-part interaction during processing.

Figure 2-13 presents a comparison in SFE between various conditions of a B-15/710-NC-
coated tool: aged twenty cycles with and without reapplications every three cycles, and following
dry-ice blasting (DIB). Throughout the twenty processing cycles, all tools remained highly
abhesive, with SFEs of approximately 11 — 12 mJ/m?, regardless of the initial number of 710-NC
release agent layers applied. The figure also demonstrates that periodic reapplications of 710-NC
have marginal effects on SFE properties, resulting in only slightly lower SFE values over the

twenty-cycle campaign.
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Figure 2-13. Surface free energy of a tool treated with B-15 mold sealer plus different numbers of
710-NC release coats subjected to twenty composites processing cycles, with and without
reapplications, and dry-ice blasting (DIB).

After DIB cleaning, SFEs of approximately 29 mJ/m? were measured for all conditions

with minimal variations. These intermediate values reinforce the ColdJet machine’s ability to

29



effectively remove release coating from tool surfaces. However, the values were slightly lower
than those of the untreated tool, suggesting that trace amounts of release coating molecules may
persist on the tool surface after DIB cleaning. Consequently, additional methods such as solvent
or abrasive cleaning may be necessary for complete removal of the coating.

2.2 T800S/3900-2B PREPREG

2.2.1 Background

Achieving high dimensional accuracy in composites manufacturing heavily relies on
comprehending correlations between processing parameters and the composite’s thermo-
mechanical properties.! Since characterizing many of these relationships demands significant
time, labor, and financial investments, several potentially impactful phenomena remain poorly
understood, particularly for current-generation aerospace materials. This sub-chapter aims to
reduce uncertainty levels by investigating and characterizing T800S/3900-2B from a physico-
mechanical perspective, hoping to serve as a foundation for more effective mitigation of PIDs.
2.2.2 Materials and Methods
2.2.2.1 Morphology Tests

The initial phase of T800S/3900-2B analyses involved investigating the physical
morphology of the prepreg and cured laminates in various manufacturing conditions. One primary
goal was to explore the impacts of cure pressure on the physical attributes of thermoplastic
tougheners, which have been largely overlooked in existing literature. To accomplish this, a
laminate preparation stage was initiated to fabricate a series of laboratory-scale composite parts,
reflective of those encountered in industrial settings. Initially, a batch of 24 UD prepreg plies, each
with dimensions of 25 mm (w) x 25 mm (1), was sectioned using an X-ACTO knife. Subsequently,

an Invar tool was covered with a single layer of FEP release film to serve as a mold surface for
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autoclave composites processing cycles. Two UD laminates with two plies each were then laid up
on the mold surface and cured in an autoclave under varying pressures. A total of five curing
pressures were tested in separate processing rounds: 101, 222, 347, 555, and 763 kPa. During each
cycle, full vacuum pressure was maintained on the laminates, while the autoclave pressure was
adjusted. The final four remaining prepreg plies were stacked into two UD laminates and were left
uncured in a freezer until subsequent analyses were conducted.

After each autoclave cycle, an Olympus OLS4100 microscope was utilized to capture three
micrographs of the laminates’ tool-side surfaces cured under different pressures. The composite
parts were then embedded in EpoxiCure™ 2 mounting compound following recommended
procedures, cross-sectioned using an Allied High Tech Products TechCut 4™ precision slow-
speed saw, and examined under an Olympus BX-50 digital light microscope. Lastly, the uncured
laminates were analyzed using a Phenom ProX scanning electron microscope (SEM) with a 10 kV
beam voltage.
2.2.2.2 Viscoelasticity Tests

The second analysis phase involved investigating the viscoelastic (VE) properties of a
T800S/3900-2B laminate cured according to the manufacturer’s guidelines. First, twelve prepreg
plies were cut into dimensions of 12.54 mm (w) x 60 mm (I) with fibers orientated transversely.
These plies were then layered onto a tool covered with FEP to form a [90]12 laminate. The laminate
was then covered with another FEP layer, a caul plate, breather cloth, and vacuum sealed before
undergoing autoclave curing according to MRCC procedures.[8 After curing, the laminate was
demolded from the tool and cooled to room temperature.

Subsequently, the laminate underwent dynamic 3-point bend testing using a TA

Instruments® Discovery Dynamic Mechanical Analyzer (DMA) 850. The experimental setup for
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the DMA tests is shown in Figure 2-14. The testing protocol involved heating from -100 °C to
250 °C at 5 °C/min while applying a 150-um dynamic displacement to the beam through the
instrument’s moveable clamp. Three tests were conducted using this procedure, with the frequency
of the dynamic load set to different values: 0.1, 1, and 10 Hz. Following the tests, loss and storage

moduli throughout the temperature sweeps were directly extracted from the DMA.

Moveable clamp
Support

T800S/3900-2B
laminate

Figure 2-14. DMA 3-point bend testing setup for investigating viscoelastic behaviors of cured
T800S/3900-2B laminates.

2.2.2.3 Thermo-mechanical Tests

The next phase of investigation involved characterizing the evolution of T800S/3900-2B’s
dynamic modulus and free strains (i.e. cure shrinkage and thermal strains) during cure. This task
was achieved by slightly modifying a previously developed technique.®®! The experimental setup,
shown in Figure 2-15, consisted of a bi-material beam (BMB) supported by a 3-point bend fixture
within the DMA 850. Each BMB consisted of four layers of 90-degree prepreg bonded together
on top of a steel shim. During each DMA test, the steel shim is an essential component of each
sample as it supports the prepreg in early stages of a cure cycle (i.e., prior to gelation) when it has

insufficient modulus to support itself.

32



Screw

Steel ball

Bi-material beam:
- Prepreg

- Steel shim ‘

T
v aQ WLl
Figure 2-15. DMA bi-material beam (BMB) testing setup for characterizing modulus and free
strain developments during composites processing cycles.

To prepare BMB specimens for DMA testing, first, 18 shims with nominal dimensions of
12.7 mm (w) x 60 mm (I) x 0.127 mm (t) were cut from Precision Brand® steel feeler gauge blades
using a manual shear/brake machine.[5 Then, one side of each shim underwent light abrasion
using 400 grit sandpaper to remove any oxidation and residue from previous cutting or handling.
Sanding was conducted along each shim’s longitudinal direction for 20 seconds, then transversely
for another 20 seconds, with light pressure applied to ensure the thickness of each shim was not
significantly altered. After cleaning the sanded shims with acetone and a lint-free cloth, the prepreg
was prepared by cutting four 150 mm (w) x 300 mm (I) T800S/3900-2B plies with the fibers
aligned longitudinally, stacking them to create a four-ply UD laminate, then debulking for five
minutes at room temperature using a standing vacuum bagging procedure.

After completing the initial prepreg debulking, the shims were placed abraded-sides down
onto the prepreg at a 90° angle with respect to the fibers, leaving several millimeters of space
between each shim. The shim/prepreg configuration then underwent another round of room-
temperature debulking for two hours using standard vacuum bagging procedures. Upon finishing
the second debulking phase, individual BMB specimens were sectioned using an X-ACTO knife.

A two-millimeter biopsy punch was then employed to create a hole through the entire four prepreg
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layers in the center of each sample, leaving a small circle of shim exposed. A two-millimeter steel
ball was then placed into the hole of each beam and compressed using a hand press, creating a
small indentation on the shim’s underside. The steel ball is essential to each BMB to prevent creep
during the tests, as applying load directly on the prepreg would lead to undesired deformation of
the beam. The indentation ensures that the ball remains stationary during DMA testing. Finally,
each BMB sample was sealed in a bag with a moisture-absorbing desiccant pack and stored in a
freezer until required for DMA testing.

Before each DMA test, one bag containing a BMB sample was retrieved from the freezer
and allowed to ambiently thaw to room temperature. Subsequently, the bag was unsealed, and the
BMB specimen underwent hot-debulking at 60 °C for 30 minutes using a hot plate and standard
vacuum bagging procedures. This step aimed to enhance the adhesion between the steel shim and
prepreg before initiating each DMA test. Following the completion of the hot debulking, the BMB
sample was extracted from the vacuum bag and ambiently cooled to room temperature.

The BMB testing procedure involved loading each sample into the DMA’s 3-point bend
fixture and subjecting it to a temperature cycle. Nine cure cycles were used to characterize
T800S/3900-2B’s mechanical properties under different thermal loading conditions inducing
gelation and vitrification at diverse temperatures. Each cycle was repeated to account for material
and process variabilities during the subsequent analyses. The generalized profile of each cycle is
schematically shown in Figure 2-16. Each cycle began with heating to an elevated temperature
(T,) at a rate of 2 °C/min and holding at this temperature until the material reached full vitrification
(T, > T +28°C).%l The holding temperatures and times required for vitrification were
determined using Dykeman’s cure kinetics model and are listed in Table 2-2.11 Following

vitrification, the specimens were cooled to room temperature at 2 °C/min and held for 10 minutes,
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then heated to 200 °C at 2 °C/min and held for an additional 10 minutes before undergoing a final
cooldown. The final temperature ramp and hold at 200 °C were implemented to ensure the material

reached a final degree of cure of approximately 90% across all cycles.
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Figure 2-16. Generalized profile of temperature cycles used for bi-material beam (BMB) tests.

Table 2-2. Intermediate hold temperatures and times used throughout bi-material beam (BMB)
testing campaign.

Hold Temperature, T1 (°C)  Hold Time, t1 (min)

120 900
130 600
140 420
150 300
160 240
170 180
180 120
190 120
200 120

Throughout each cure cycle, the BMB specimens were also subjected to a continuous
sinusoidal displacement with an amplitude and frequency of 150 pm and 0.1 Hz, respectively. A
static force of 0.1 N was also applied on the beam to ensure continuous contact between the screw

and steel ball throughout the cycle. The dynamic amplitude of 150 um was chosen to ensure that
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modulus measurements were accurate, based on previous studies.[5% The relatively low frequency
of the dynamic force was chosen such that the storage modulus measured using this method could
be considered the approximate elastic modulus in the Cure Hardening Instantaneously Linear
Elastic (CHILE) pseudo viscoelastic (PVE) model for calculating residual stresses.[3*64¢¢1 The
CHILE framework is well-established and widely used in the aerospace industry as a cost- and
computationally-efficient alternative to full viscoelastic (VE) calculations.[54 In this approach,

PVE stresses are calculated in the material as a function of storage modulus and free strains:

t
de —de
o(t) = fE'(T,a)Tf’"”

0

dt (2-2)

where o is the stress, t is the time, E' is the material’s instantaneous storage modulus evaluated as
a function of temperature (T) and degree of cure (a), ¢ is the total strain, &¢,., is the free thermo-
chemical strain, and 7 is a dummy time-integration variable.

Throughout each BMB test, the DMA measured the applied force necessary to displace the
beam and the load-displacement phase angle at discrete time-steps. After each cycle, the measured
displacement (4 ynamic): force (Faynamic), and phase angle (&) values were used to calculate the
evolution of the beam’s effective stiffness (El.sf). Since the loading is dynamic during BMB

testing, El. s computations are modified to account only for the storage component:

3
denamicL

Eleff = Cosd (2'3)

484 dynamic

where L is the length of the BMB specimen. Using the beam’s known dimensions, the prepreg’s

storage modulus throughout the cure cycle was then decoupled using the following equation:[¢°!

bt3t .E.E t t\> E./t.\*> E.t
Elys = S 4+6—C+4(—C) +—C(—C) +— (2-4)
12(tsEg + t.E.) ts ts E, \t, E.t.
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where b is the BMB’s width (12.7 mm), t, is the steel shim’s thickness (0.127 mm), t. is the
prepreg’s thickness (4 x 0.191 mm)E®l E_ is the steel shim’s modulus extracted from DMA
measurements prior to the composite’s gelation point, and E, is the prepreg’s modulus (only
unknown).

During BMB testing, the initially flat beam develops concave-down curvature and deflects

downwards due to a mismatch of free strains from cure shrinkage and thermal effects:

L 1—Cos(Lk/2
Acsith = R — RCos (ﬁ) = K( /2) (2-5)

where 4,5 is the BMB’s out-of-plane deflection, R is the BMB’s radius of curvature, and k is
the BMB’s curvature. After obtaining k, through-thickness free strains in the composite (gfr¢e_)

throughout the DMA cycle were computed using PVE Laminated Plate Theory (LPT), known

thermal properties of steel, and the composite’s modulus:[26:6567]
Ectcderee + EStSanT A" B'1(de
Hardening Material: — ¢ _ = 0 (2-6)
g {ECtCZCdsfreec + Bt ZsadT 5 ol
Ectcgfree + EstsanT A" B'1(€
Softening Material: — ¢ _ = 0 2.7
: {Ectczcefreec +EeZaar) =g ol (7)

where a is the steel’s coefficient of thermal expansion (1.25 x 10°/°C) and the remaining terms

are calculated as follows:

Z.=—tg/2 (2-8)
Zs = t./2 (2-9)
A" = E t. + Et, (2-10)
B' = E.t.Z, + Est,Z (2-11)
tZ, +t3 tZy 13
D' = E————+E———0 (2-12)
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During analysis, cure shrinkage and thermal expansion of the prepreg may then be
decoupled from free strain values by assuming strains generated during a temperature hold are
entirely attributed to cure shrinkage, while strains caused by a cooldown are a combination of
thermal expansion effects and accumulated cure shrinkage from the temperature hold.
2.2.2.4 Asymmetric Beam Tests

To validate modulus and free strains obtained from BMB testing, the measured properties
were shaped into numerical models, which were then used as inputs to predict experimental
deflections of short asymmetric T800S/3900-2B beams. The prediction scheme followed the

subsequent analytical solutions to compute the beams’ out-of-plane deflections (4,):[26.6567]

_ 1 —"Cos(Lyky/2)

Ay P (2-13)

where L, is the beam’s length (101.6 mm), k,, is the beam’s curvature equal to:
o = 20— 2% (2-14)

and the remaining terms are calculated as follows:
Z; =nt,/2 (2-15)
Zy = —t,/2 (2-16)
t, = nt, (2-17)
A=Et, +Ect, (2-18)
B = Eit,Z, + E.t,Z, (2-19)
D=E %Z_lz—+tg+5tzz—22—+t§ (2-20)
St 12 <12

deg = Ectar&rree. /A (2-21)
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where n is the beam’s number of ninety-degree plies, ¢, is the thickness of a composite ply (0.191

mm)B8l and E; is the room-temperature zero-degree modulus of T800S/3900-2B cured according
to manufacturer’s recommended procedures (148 GPa).[*!

The setup utilized to manufacture short asymmetric T800S/3900-2B beams is shown in
Figure 2-17. Standard prepreg lay-up and vacuum bagging procedures were used to fabricate the
composite parts. The tool used for processing was a flat plate made of A2 tool steel. Before each
test, the tool surface was cleaned with isopropyl alcohol (IPA) to remove residue from previous
usages. Half of the tool was then treated with three coats of 710-NC using a lint-free wiping cloth,
allowing fifteen minutes between coats as recommended on the product’s datasheet.[*] The tool’s
other half was covered with one layer of fluorinated ethylene propylene (FEP) release film. Next,
three laminates with ply dimensions of 25.4 mm (w) x 101.6 mm (I) were laid-up equally spaced
across the width of each surface condition. Three layups were utilized for asymmetric beam
fabrication: [0/902], [0/903], and [0/904]. The tool and composite laminates were then covered with
another sheet of FEP release film and one layer of breather cloth. The system was then sealed in
vacuum bagging, loaded into a convection oven, and subjected to one of the cure cycles shown in

Figure 2-18 with approximately 0.1 MPa of vacuum pressure applied throughout processing.

T800S/3900-2B plies: [0/90,]

90°

Release coating

Figure 2-17. Layup configuration for asymmetric beam tests employed to validate T800S/3900-
2B modulus and free strain measurements.
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The 180-Hold cycle corresponded to the Manufacturer’s Recommended Cure Cycle
(MRCC) of heating to 180 °C at 2 °C/min, holding at 180 °C for 120 minutes, then cooling the
system down. The 140/180-Hold and 160/180-Hold cycles consisted of heating to 140 °C or 160
°C at 2 °C/min, holding for 180 minutes, heating to 180 °C at 2 °C/min, holding at 180 °C for 120
minutes, then cooling the system down. The simulated degree of cure (DoC) and glass transition

temperature (T, ) of the prepreg throughout these cycles are illustrated in the Figure 2-18.[631
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Figure 2-18. Cure cycles for asymmetric beam tests employed to validate T800S/3900-2B
modulus and free strain measurements.

After a cure cycle was completed, the composite parts were demolded, placed on their
longitudinal sides, and the maximum deflections were measured using a Keyence LJ-X8400 2D
laser profiler. Two experiments were conducted for each layup, tool surface condition, and cure
cycle to account for and evaluate the effects of material and process variabilities on beam
deflections. Lastly, analytical predictions of asymmetric beam deflections were compared to

experimental results to validate thermo-mechanical properties measured during the BMB testing

campaign.
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2.2.3 Results and Discussions
2.2.3.1 Morphology

Figure 2-19a-b display SEM micrographs of various regions within an uncured
T800S/3900-2B laminate. The figures illustrate the prepreg’s three primary constituents: carbon
fibers, a base resin, and spherical thermoplastic particles.[**46861 The carbon fibers, commonly
referred to as “T800S” throughout the aerospace industry, are comprised of polyacrylonitrile
(PAN)-based filaments.l”" The uncured base resin exhibits a homogenous structure with an epoxy-
derived thermoset component and a thermoplastic component that is miscible with the
thermoset.[%8! The thermoplastic particles could be made from amorphous polyamide. 636

The micrographs of Figure 2-19a-b reveal that the majority of the base resin and
thermoplastic particles are concentrated near the prepreg’s surfaces, resulting in resin-poor
intralayer regions in the uncured plies. Upon exposure to elevated temperatures and pressures (i.e.,
180 °C and 0.7 MPa), the base resin’s viscosity drops, facilitating its flow and permitting it to
thoroughly wet-out the fibers.[?61 Before gelation of the thermoset, the thermoplastic particles
become rubbery and may deform under the applied pressure.l’*l Upon gelation, polymer chains in
the epoxy begin to form cross-links, unique VE changes occur, and the base resin’s morphology
transforms from homogeneous to phase-inverted or co-continuous.®®727% This process yields a
solid structure with intralayer regions containing a multi-phase base resin and carbon fibers, and
interlayer regions filled with thermoplastic particles dispersed in base resin, as depicted in the
micrographs of Figure 2-19c-d. Furthermore, Figure 2-19c-d reveals that after curing, the
thermoplastic particles in the intralayer regions may exhibit a wide range of deformed spherical

shapes, with diameters spanning from approximately 2 to 25 pm.
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Figure 2-19. (a-b) SEM micrographs of an uncured T800S/3900-2B laminate and (c-d) light
micrographs of a cured T800S/3900-2B laminate.

Figure 2-20 presents the tool-side surface morphology of T800S/3900-2B laminates cured
according to the MRCC under five distinct autoclave pressures. Meanwhile, Figure 2-21 provides
a quantitative analysis of these surfaces, including the percentage of thermoset and thermoplastic
components present and the root mean square roughness (Sq). The percent of thermoset and
thermoplastic constituents on the surfaces was estimated using color segmentation in ImageJ
processing software.[’ The values reported in Figure 2-21 were obtained from an average of six
laser scans for each cure pressure. The figures demonstrate that higher cure pressure applied to the
laminates leads to greater particle deformation, increased thermoplastic surface fraction, and
reduced base resin on the tool-side surface. Conversely, the increase in pressure can be observed
to have minimal effects on the surface roughness of laminates. These phenomena may significantly

impact tool-part interaction during processing and will be revisited in subsequent sections.
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Figure 2-20. Micrographs of T800S/3900-2B laminate tool-side surfaces cured under different
pressures.
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Figure 2-21. Tool-side surface morphology of T800S/3900-2B laminates cured under different
autoclave pressures.

2.2.3.2 Post-processing Viscoelasticity
Figure 2-22 depicts the storage modulus, loss modulus, and tan(d) of a 90% cured [90]12
T800S/3900-2B beam across various temperatures and dynamic loading frequencies. At the onset

of each temperature sweep (~100 °C), the storage and loss moduli measured approximately 10*

43



and 10> MPa, respectively. As the temperature increased, storage moduli declined with similar
behaviors due to thermoelastic effects, eventually reaching values of approximately 7.5 x 10° MPa
at 150 °C. The increase in temperature simultaneously induced significant transitions in the loss
modulus, first leading to frequency-dependent peaks in tan() between -65 and -35 °C, then
between 40 and 60 °C. These transitions indicate the presence of viscoelastic behaviors in cured
T800S/3900-2B at low temperatures. While these effects may offer potential for mitigating
residual stresses through relaxation and alleviating PIDs, further exploration of these phenomena

lies beyond the scope of this study.
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Figure 2-22. Viscoelastic behavior of 90% cured T800S/3900-2B at different temperatures and
dynamic loading frequencies.

Upon reaching 150 °C, a shift in storage modulus behavior occurs, resulting in accelerated
decays until approximately 6 x 102 MPa at 190 °C. Concurrently, there is a pronounced transition
in loss modulus, with frequency-dependent tan(é) peaks occurring between 150 and 165 °C. These
phenomena represent the material surpassing the glass transition temperature of the thermoplastic

particles, causing their transition into a rubbery state.”*! Subsequently, another transition in storage
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and loss moduli initiated around 200 °C, with tan(d) peaks occurring between 215 and 240 °C.
This final conversion can be attributed to the glass transition of the base resin, signifying that all
matrix constituents in the cured material have shifted into the rubbery state.

2.2.3.3 Modulus and Free Strains

Figure 2-23 — 2-31 show storage modulus and free strain evolutions in T800S/3900-2B
prepreg throughout various cure cycles. Each plot presents results from two tests, with darker and
lighter colors representing the first and second tests, respectively. The prepreg’s simulated DoC
and T, throughout each cycle are also included in the plots.® Throughout all cycles, the modulus
and free strain curves remain zeroed until gelation occurs, beyond which the BMB test method can
measure the composite’s thermo-mechanical response.®% Following gelation in each cycle, the
modulus sharply rises while free strains decrease before gradually reaching plateaus near the ends
of the isothermal hold and vitrification periods. These thermo-mechanical developments indicate
the composite’s matrix underwent a cross-linking reaction starting at gelation. During this reaction,
the formation of a cross-linked network increases the composite’s bending stiffness, while a
reduction in free space occupied by the polymer molecules results in chemical shrinkage and thus
negative free strain.r!

The modulus values at vitrification points, ranging from approximately 6 to 8 GPa, exhibit
temperature-dependent variations, with the highest values observed at the lowest temperatures and
vice versa. Free strain magnitudes at vitrification range from approximately -0.7 to -0.8% and
show similar trends, with the largest absolute values occurring at lower temperatures. The greatest
vitrified modulus values occur at the lowest temperatures, specifically below 140 — 150 °C,
because the thermoplastic tougheners are in their glassy state (Figure 2-22). The composite’s

increased stiffness at lower temperatures also correlates to greater chemical strain. Conversely,
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during isothermal periods above 140 — 150 °C, the tougheners transition to a rubbery (i.e., viscous)

state, causing vitrified storage modulus and absolute free strain values to decline.
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Figure 2-23. Development of dynamic storage modulus and free strains for T800S/3900-2B
prepreg throughout a temperature cycle inducing gelation and vitrification at 120 °C.
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Figure 2-24. Development of dynamic storage modulus and free strains for T800S/3900-2B
prepreg throughout a temperature cycle inducing gelation and vitrification at 130 °C.
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Figure 2-25. Development of dynamic storage modulus and free strains for T800S/3900-2B
prepreg throughout a temperature cycle inducing gelation and vitrification at 140 °C.
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Figure 2-26. Development of dynamic storage modulus and free strains for T800S/3900-2B
prepreg throughout a temperature cycle inducing gelation and vitrification at 150 °C.
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Figure 2-27. Development of dynamic storage modulus and free strains for T800S/3900-2B
prepreg throughout a temperature cycle inducing gelation and vitrification at 160 °C.
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Figure 2-28. Development of dynamic storage modulus and free strains for T800S/3900-2B
prepreg throughout a temperature cycle inducing gelation and vitrification at 170 °C.
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Figure 2-29. Development of dynamic storage modulus and free strains for T800S/3900-2B
prepreg throughout a temperature cycle inducing gelation and vitrification at 180 °C.
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Figure 2-30. Development of dynamic storage modulus and free strains for T800S/3900-2B
prepreg throughout a temperature cycle inducing gelation and vitrification at 190 °C.
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Figure 2-31. Development of dynamic storage modulus and free strains for T800S/3900-2B
prepreg throughout a temperature cycle inducing gelation and vitrification at 200 °C.

During the initial cooldown phase, storage moduli sharply rise due to thermoelastic effects,
while free strains drop linearly from thermal contraction.[”! In cycles featuring high isothermal
hold temperatures, moduli exhibit complex behaviors during cooldown, with secondary transitions
around 140 to 150 °C, indicating the thermoplastic tougheners are reverting to their glassy state.
Conversely, cooldowns from temperatures below 150 °C exhibit relatively uniform contractions
since the thermoplastics remained glassy throughout the prior isothermal hold period.

Upon reaching room temperature, storage modulus values stabilize within a range of
approximately 9 — 11 GPa, remaining inversely correlated with the temperature at which
vitrification occurred in the composite. Free strain values span from approximately -1.2 to -1.4%,
with the largest absolute values stemming from the most significant temperature changes.
Subsequently, the second heating phase induces reductions in storage moduli, with more
pronounced drops observed in cycles with lower initial vitrification temperatures, as the processing

temperature approaches or exceeds T, and results in devitrification. The second heat-up also causes
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a reduction in absolute free strains due to thermal expansion and some cure progression in cycles
with a low first isothermal hold temperature. During this phase, the thermoplastic tougheners
regain their rubbery characteristics when processing temperatures exceed 150 °C. Lastly, during
the final cooldown period, modulus values increase to approximately 10 GPa due to thermoelastic
effects, with all cycles demonstrating secondary transition behaviors upon surpassing the glass
transition of the thermoplastics. Free strains evolve linearly to -1.2 to -1.4% due to another induced
thermal contraction in the composite material.

Figure 2-32 illustrates the unique evolutions of T800S/3900-2B’s storage modulus across
the initial heating, isothermal hold, and cooling phases of the BMB cycles. In the graph, the
modulus is shown against the difference between the processing temperature and the composite’s
instantaneous glass transition temperature. Each line in the plot is colored to denote the isothermal
hold and vitrification temperature of the material, with two tests reported for each cycle. The
curves demonstrate that upon gelation, moduli initially exhibit exponential-like increases with
relatively rapid growth rates, which gradually slow down as the composite approaches
vitrification. The absolute magnitudes of moduli at vitrification exhibit strong inverse correlations
with the processing temperature. Following vitrification, moduli continue to progress with
parabolic-like behaviors for low processing temperatures and exhibit additional secondary

transitions in the higher-temperature tests.
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Figure 2-32. Evolution of T800S/3900-2B’s dynamic storage modulus while curing at and cooling
from different temperatures.

The behaviors of T800S/3900-2B’s storage modulus illustrated in Figure 2-32 can be

mathematically described using a piece-wise function defined across three zones in T — T,space:

_ !

min a< agel 1
d+ a—d T* > T*
T(T*) — " « b\ Y9 = ‘it (2-22)
ENT") = 1+(T —Tm.t)
c
| T+ kT 4+ m T* < Tp, ]

where a is the composite’s instantaneous degree of cure, a4, is the degree of cure at gelation, T~
is the difference between the processing temperature and the composite’s instantaneous glass
transition temperature, T,;, is the difference between the processing temperature and the
composite’s glass transition temperature at vitrification, and Ej,;,, is the composite’s storage
modulus before gelation. In the initial segment of (2-22), the modulus is held constant until the

material’s gelation point (@ = agye; = 0.48), which was determined from DMA tests. Following
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gelation, the modulus can be modeled as a five-parameter asymmetric logisticl’®], while a second-
order polynomial is employed to describe the cooldown behavior.

During the interval between gelation and vitrification, the primary temperature-dependent
differences in modulus evolutions are in the maximum values and the horizontal positioning of the
transition regions (Figure 2-32). Temperature dependency in the cooldown phase is evident in the
magnitudes and eccentricities of the parabolas. To accommodate these temperature dependencies
in the model, parameters a, c, j, k, and m can be assumed to follow second-order relationships

with the processing temperature:

a=a;T*+ a,T +a; (2-23)
c=c;T?+ ;T + ¢4 (2-24)

J = i1 + j2Toie +J3 (2-25)

k = kiTpe + koTyir + k3 (2-26)
m = mTZ + myTy +my (2-27)

where T is the temperature, and all other parameters are to be determined. By employing non-
linear least squares, (2-22) — (2-27) can be fitted to the data presented in Figure 2-32, optimal
parameters can be determined (Table 2-3) and a mathematical model describing T800S/3900-2B’s
modulus behavior during processing can be generated. Figure 2-33 superposes the fitted model
and testing data, with each datapoint representing the average values obtained from two BMB tests
at each temperature. The model yields highly accurate predictions of the test data, with a root mean

squared error (RMSE) of 2.8%.
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Table 2-3. Parameters for modeling the evolution of T800S/3900-2B’s dynamic storage modulus
during cure.

Parameter Value
E in 1000 Pa
Agel 0.48
Tyt -28 °C
a;,a, a; 1.91x10° -9.50 x 107, 1.76 x 10*°
b 2.59 x 10°
c1,C5,C3  5.66 %103 -1.98 x 10°, 1.96 x 102
d 2.77 x 10*
g 1.79 x 10°

jiJjarjs  1.66 x 10, -4.03 x 103, 6.10 x 10*
ki, ky ks 3.54 x 103 -1.02 x 10°, 2.40 x 107
my,m,,ms  2.32 x 10° -1.08 x 108, 1.73 x 10%
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Figure 2-33. Comparison between developed model and test data for T800S/3900-2B’s storage
modulus evolution throughout cure.

Figure 2-34 depicts free strain progressions in T800S/3900-2B across the initial heat-up,
isothermal hold, and cooldown phases of the BMB cycles. In the graph, strains are plotted against
the difference between the processing temperature and the composite’s instantaneous glass
transition temperature. Figure 2-35 provides an alternative view of free strain evolutions focused

solely on cure shrinkage behaviors versus the composite’s degree of cure. Each line in Figure 2-34
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and Figure 2-35 is colored according to an isothermal hold and vitrification temperature, with two

tests reported for each cycle.
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Figure 2-34. Evolution of T800S/3900-2B’s cure shrinkage- and thermal-induced free strains
while curing at different temperatures.
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Figure 2-35. Evolution of T800S/3900-2B’s cure shrinkage-induced free strains while curing at
different temperatures.
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Upon gelation, free strains display complex patterns, with initially rapid exponential-like
behaviors that gradually decelerate near vitrification. Throughout the curing process, the absolute
magnitudes of free strains also demonstrate to be generally correlated with the processing
temperature. These material behaviors can be mathematically described using the following
function in T — T, space:

defroe(T") = depree,es(T) + defreeen(T™) (2-28)

where degr, is the derivative of free strains, de, s is the derivative of cure shrinkage-induced

free strains, degyq p, i the derivative of thermal-induced free strains, and where:

0 a< Agel
de T*) = _(r-p)? . -
free,cs( ) v <ne 22 4+ ge™(T +T)> a > age (2-29)
CTEg14ssy T <T,
dsfree,th(T*) = (2-30)
CTErubbery T> Tg

where CTE 45y and CTEyppery are the glassy and rubbery coefficients of thermal expansion and
n, p, q, r, s, and v are variables to be optimized. In (2-29), the derivative of cure shrinkage is
assumed to be negligible until gelation occurs (@ = a4, = 0.48), then follow a summation of
Gaussian and exponential behavior. During the shrinkage process, the primary temperature-
dependent differences between curves include the rapidity of decays after gelation and the
horizontal positioning of the transition regions in T — T, space (Figure 2-34). To integrate these
temperature dependencies into the model, parameters n, g, and r are assumed constant, while p,

s, and v are assumed to adhere to the following relationships with the processing temperature:

p=pT+p; (2-31)
s =5T? + s,T + s5 (2-32)
v=uv,T" (2-33)
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where T is the processing temperature and all other parameters are to be determined. By employing
non-linear least squares, optimal parameters in (2-29) — (2-33) can be solved for (Table 2-4) and
a mathematical model describing T800S/3900-2B’s free strain behavior during processing can be
generated. Note that CTE,s, Was obtained directly from BMB testing data, while CTE,ppery
was assumed to equal three times the glassy value.! Figure 2-36 and Figure 2-37 superpose the
fitted model and testing data in different spaces, with each datapoint representing the average
values obtained from two BMB tests at each temperature. The model yields accurate predictions
with an RMSE of 0.06 strain %.

Table 2-4. Parameters and values for modeling the evolution of T800S/3900-2B’s cure shrinkage
during cure.

Parameter Value
agel 0.48
n 1.30 x 10
D1, P2 -3.13 x 10%, 5.25 x 10*
q 1.10 x 10?
T 2.50 x 1072
S1,S2,S3 1.27 x 100 -5.06 x 108, 5.10 x 10°®
vy, Uy 3.33 x 103, -1.57 x 10°
CTEg14ssy 38 x 10
CTErubbery 114 x 10
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Figure 2-36. Comparison between developed model and test data for T800S/3900-2B’s free strain
evolution in T — T, space.
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Figure 2-37. Comparison between developed model and test data for T800S/3900-2B’s cure
shrinkage-induced free strain evolution.

2.2.3.4 Model Validation

Figure 2-38 — 2-40 compare experimental deflections of [0/90,] asymmetric beams to
numerical predictions derived from modulus and free strain models. The lighter bars represent the

average of two experiments for each cycle and layup, while the darker bars are the corresponding
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numerical predictions. It is important to note that predictions were computed using the CHILE
model, which is an approximate approach.!®¥ Error bars in the plots represent standard deviations
within each measurement set. Overall, the experiments and predictions correspond closely, with
less than 10% error observed for all layups and cure cycles, except for one instance. In essence,
the properties and models generated through BMB testing offered agreeable predictions of trends

in residual stresses and P1Ds, rendering them adequte for subsequent analyses.
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Figure 2-38. Comparison between experimental and predicted deflections of asymmetric
T800S/3900-2B beams for the 140/180-Hold validation cure cycle.
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Figure 2-39. Comparison between experimental and predicted deflections of asymmetric
T800S/3900-2B beams for the 160/180-Hold validation cure cycle.
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Figure 2-40. Comparison between experimental and predicted deflections of asymmetric
T800S/3900-2B beams for the 180-Hold validation cure cycle.
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2.3 ToOL-PART INTERACTION

2.3.1 Background

During autoclave processing, elevated pressures and temperatures promote interfacial
physicochemical bonds and free strain mismatches between the tool and part. When coupled, these
phenomena create a shear interaction at the tool-part interface that transfers stresses through the
release coating and into the tool-adjacent plies. These interactions and their contributions to
residual stresses and PIDs are surrounded by high levels of uncertainty for advanced aerospace
composites.

Several studies have explored tool-part interactions during composites processing.[®
8.14.15.21-2577-791 Twjgg et al. used an instrumented tool setup to measure in-plane strains and deduce
tool-part stress levels using closed-form equations.?®! They discovered early-stage sliding
behavior between the tool and part, with constant shear stress at about 10 kPa, regardless of the
tool surface condition or autoclave pressure. This suggested the potential of stress development
even prior to resin gelation due to fiber bed interactions. Using a similar approach, Ding et al.
substantiated the existence of these minor pre-gelation sliding stresses.!?2 However, it is important
to note that although early-stage stresses may develop, due to the composite’s negligible shear
modulus prior to gelation, most of these stresses would be effectively neutralized through interply
slippage and thus not significantly contribute to PIDs.[5"]

As the composite’s modulus evolved in Twigg et al.’s study, the tool and part exhibited
sticking behavior and a sharp rise in stress levels due to the formation of interfacial adhesive
bonds.[’l Throughout the remainder of the cure cycle, tool-part strain mismatches directly
increased stress levels until a shear stress limit, called the debonding stress, was reached. After

debonding and a sharp drop in interfacial stresses, a sliding regime was observed, where shear
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stresses remained relatively constant. These post-gelation stresses, unlike early-stage sliding
behaviors, cannot be as easily mitigated through ply slippage and become locked-in due to the
evolution of the composite’s mechanical properties and phase transformation upon vitrification.

Instead of relying on strain measurements as an indirect approach, some researchers have
developed methods to directly characterize tool-part interactions using “pull-out”
methods.[?32477.80811 These methods involve sandwiching a tool between composite strips and
pulling the tool to quantify interfacial stresses. Past studies have used these pull-out methods to
investigate the effects of parameters such as displacement rate, layup, tool surface condition,
degree of cure, heating rate, and compaction pressure. Consequently, these studies have
highlighted the sensitivity of tool-part interactions to such factors.

Despite these valuable contributions, uncertainties remain in understanding tool-part
interaction for the current generation of interply-toughened aerospace composites. Much of the
published literature relates to previous-generation material systems without interlayer toughening
technology such as Hexcel 8552 prepreg.[*®! Additionally, these studies have not investigated the
impact of several industry-relevant processing variabilities on tool-part stress developments due
to limitations in measurement techniques. This knowledge gap results in oversimplified
representations of tool-part interaction, leading to inaccurate predictions of PIDs and,
consequently, hindered optimization efforts in composites manufacturing.

The primary aim of this section is to investigate the impacts of processing variabilities and
the inherent mechanisms of tool-part interaction in T800S/3900-2B. Rather than seeking direct
comparisons with previous-generation aerospace materials, the aim is to establish a comprehensive
foundation for understanding the complex phenomena involved in manufacturing current-

generation aerospace materials.
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2.3.2 Materials and Methods

Figure 2-41 and Figure 2-42 show a custom DMA fixture built to measure tool-part
interfacial stresses during processing. The novel setup was constructed using the shear sandwich
clamp in a TA Instruments DMA 850. Custom U- and C-shaped tools, made from A2 tool steel
with an 1SO 1302 surface roughness grade of N3, were integrated into the system to cover the
moveable and stationary clamps during testing.[*° The U-shaped tool was reused throughout the
entire testing campaign, while two new C-shaped tools were prepared for each DMA test utilizing

a manual shear/brake combination machine.

Composite laminates

Knurled knob

Force sensor

C-shaped tool
U-shaped tool

Moveable clamp

Figure 2-41. Custom DMA shear test setup used to measure tool-part interfacial stress
developments during composites processing cycles.
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Figure 2-42. Schematic of custom DMA shear test setup used to measure tool-part interfacial
stress developments during composites processing cycles.

Sample preparation for each DMA test involved creating two laminates from ten plies of
T800S/3900-2B prepreg. First, each ply was cut into nominal dimensions of 4 mm (w) x 4 mm (I)
using an X-ACTO knife. The plies were then stacked to create two cross-ply laminates with five
plies each. For all tests, except those used to study laminate layup effects, a stacking sequence of
[90/0/90]s was utilized. Next, both laminates were simultaneously hot-debulked for 30 minutes at
60 °C on a hotplate under approximately 0.7 MPa (~7 atm) of applied pressure through caul plates.
The hot debulk stage was utilized to prevent excessive compaction during DMA testing, which
could otherwise have detrimental effects on the curing pressure levels. Once the laminates were
debulked, they were then cooled down to room temperature before DMA testing.

Before each test, the U-shaped tool was cleaned with Frekote PMC mold cleaner“®! and a
lint-free cloth to remove any surface residues. The outside surfaces on the U-shaped tool were then
treated with Frekote 710-NC or covered with FEP release film. For all tests, except those explicitly

examining tool surface condition effects, three coats of Frekote 710-NC were applied. Next, the
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outer surfaces of the C-shapes were roughened using 80-grit aluminum oxide sandpaper for two
minutes before cleaning with isopropyl alcohol (IPA). Afterward, the debulked laminates were
sandwiched between U- and C-shaped tools in the DMA (Figure 2-41 and Figure 2-42). Finally,
compaction pressure was applied to the laminates using the knurled knobs and continuously
monitored throughout each test by placing FlexiForce™ HT201 piezoresistive force sensors
between each stationary clamp and C-shaped tool.[®?] For all tests, except those examining cure
pressure effects, a pressure of 763 kPa was used.

Once the laminates were loaded into the DMA shear fixture, the system was subjected to a
temperature cycle. The MRCC was utilized for all tests except those specifically examining cure
temperature effects.[*® The MRCC consists of heating to 180 °C at 2 °C/min and holding for 120
minutes before cooling down. During the heat-up step, the laminates start to cure and form strong
primary and mechanical bonds with the abraded C-shaped tool surfaces. The composites thus
remained bonded to the C-shapes throughout the test. Meanwhile, the laminates form weaker
primary and secondary bonds with the U-shaped tool since its surfaces were covered with release
coating or FEP film. The laminates were held stationary during cure until they reached their gel
points, where major PID-contributing tool-part stresses begin to evolve and interlaminar bonds
have formed.[?42°]

Once the laminates were sufficiently gelled, an upwards force was applied from the DMA
drive motor to generate vertical motion in the U-shaped tool. This motion created an in-plane
displacement mismatch between the tool and part with a constant rate. For all tests, except those
examining rate effects, a constant displacement rate of 0.05 mm/min was selected to be consistent
with previous “pull-out” experiments.[?*7"1 It is worth noting that throughout the development of

the shear technique, faster rates were also considered but dismissed as they did not represent
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displacements and thus tool-part behaviors in manufacturing settings. Moreover, the rate of 0.05
mm/min was chosen to ensure that it fell within the allowable range of motion for the DMA setup,
considering the specific sample geometry and clamp size. By applying motion at this rate from the
composite’s gelation point, the tool and part were ensured to maintain contact during the test.

As stated previously, standard process conditions for the DMA shear test included a tool
surface condition of 3 Frekote 710-NC release coats, cure pressure of 763 kPa, laminate layup of
[90/0/90]s, cure temperature of 180 °C, and displacement rate of 0.05 mm/min. In this section, the
effects of process variables were examined by altering one condition while keeping others
unchanged, as listed in Table 2-5. Two tests were performed for each variable subset, except for
the evaluation of release coating aging effects, to assess test repeatability and account for material
and process variabilities during the analyses.

Table 2-5. Process variables investigated using the custom DMA shear test.

Processing Variable Values Investigated
Tool Surface Condition FEP, 1 — 4 710-NC Release Coats,
B-15/710-NC Release Coating Aged 1 — 6 Cycles
Cure Pressure 101, 222, 347, 555, 763 kPa
Laminate Layup [90/0/%]5, [0/90/6]5, [45/-45/@]S
Cure Temperature 180, 160, 140 °C
Tool-Part Displacement Rate 0.025, 0.050, 0.075 mm/min

2.3.3 Results and Discussions
2.3.3.1 Manufacturer’s Recommended Cure Cycle (MRCC)

Figure 2-43 shows the development of tool-part interfacial stresses (T;po;—pare) dUring
curing of [90/0/90]s laminates, with tool surfaces covered with three layers of Frekote 710-NC, as
recommended on the datasheet.*] The temperature profile (T), simulated glass transition

temperature of thermoset base resin (T, .), glass transition temperature of thermoplastic particles
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(T4,tp), and simulated degree of cure (DoC) are also superposed in Figure 2-43.15%1 During the

MRCC trial, the laminates were subjected to a compaction pressure of 763 kPa before heating, and

the force sensors continuously tracked pressure variations throughout the test. Force sensor data

revealed that the pressure remained within a 10 kPa range of the initial value throughout the entire

cycle. Minimal pressure changes were similarly observed in all other DMA shear tests conducted

in this study. Therefore, pressure is omitted from graphs to enhance clarity of other plotted

variables. These negligible pressure changes may be attributed to a balance of forces among

various factors: minor ply compaction (considering the previous hot debulking) to slightly reduce

the pressure, through-thickness cure shrinkage in the composite which may also subtly decrease

the pressure, and thermal expansion of the metallic fixtures potentially causing modest increases

in pressure. Together, these factors produce a near-zero pressure change during the DMA shear
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Figure 2-43. Tool-part interfacial stress development between T800S/3900-2B laminates with
[90/0/90]s layups and a steel tool covered with three Frekote 710-NC release coats.

67



Upon gelation, tool-part stresses evolved rapidly, dropped sharply after reaching a
maximum value, then decreased nonlinearly through the remainder of the isothermal hold at 180
°C. The initial rise in stress upon gelation represents sticking (i.e., static friction) between the tool
and part while the thermoset base resin is in its rubbery phase.?! Since the temperature is well
above the glass transition temperature of the thermoplastic particles, these components are also in
a rubbery state. The friction between a rubbery solid and a hard surface (e.g., a tool) is mainly
controlled by two mechanisms: interfacial adhesion and internal viscoelastic (VE)
deformations.58! Interfacial adhesion directly results from surface free energy (SFE) effects
causing the rubbery polymer chains to form adhesive bonds and become “pinned” to atoms on the
tool surface. On the other hand, internal VE contributions arise due to strain resistance from
polymer chains in the bulk of the rubbery material. When subjected to normal pressure and in-
plane strain, applied forces cause the rubber’s polymer chains to align and stretch, leading to
energy dissipation via internal VE mechanisms, as schematically illustrated in Figure 2-44.0561 The
figure also shows two-dimensional surface micrographs of a T800S/3900-2B part and release-
coated tool surface after a cure cycle to illustrate the physical conditions at the tool-part interface

during processing.
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Figure 2-44. Schematic of bulk viscoelastic strain resistance mechanisms contributing to tool-part
interaction (left) and digital surface micrographs of a cured T800S/3900-2B laminate and post-
processing release-coated tool surface (right).

Since Frekote 710-NC RA with exceptionally low SFE properties (i.e., ~19 mJ/m?) was
applied to the tool before processing, strong interfacial adhesive bonds were unlikely to form
during the DMA shear test. Therefore, the linear increase in stress upon gelation was primarily due
to the internal VE effects in the composite’s base resin and thermoplastic particles. In such a

condition, internal VE strain resistance can be estimated as:

n

VE"* +E'*

where 7 is the interfacial stress, P is the normal pressure, C is a constant depending on the surface

T =1 = PC (2-34)

roughness of the tool, E” is the loss modulus, and E’ is the storage modulus of the rubbery
material.[®384 Since both thermoset matrix and thermoplastic particles were in direct contact with
the tool surface when the interfacial strain was applied (Figure 2-44), the total interfacial stress

would thus be approximately equal to the sum of the individual contributions:
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where A, is the area fraction of thermoset in contact with the tool surface, A, is the area fraction
of thermoplastic in contact with the tool surface, E¢ and Ey,, are loss moduli of the thermoset and
thermoplastic components, and E/; and E/,, are storage moduli of the thermoset and thermoplastic
components. The fractional terms in (2-35) will be referred to as each component’s “viscoelastic
contribution” throughout the remainder of this section.

After approximately ten minutes (i.e., ~0.5 mm), interfacial stresses reached a maximum
value of 489 kPa before sharply dropping. This ultimate stress value is the tool-part debonding
stress (t4p) and signifies the transition from static to kinetic friction. Figure 2-43 illustrates that
debonding occurred while the thermoset resin and thermoplastic particles were still in their rubbery
states (T > T, s and T > Ty ). As such, during debonding, rubbery polymer chains on the part’s
surface undergo a rapid “snapping” or “unpinning” from the tool.®!

The post-debonding regime in Figure 2-43 shows a sharp drop in stress to approximately
150 kPa, then a nonlinear decline during the isothermal hold. The gradual stress decay represents
sliding or kinetic friction between the tool and part.*>] After tool-part debonding, the glass
transition temperature of the thermoset resin was rapidly evolving and approaching the processing
temperature. However, the thermoplastic particles’ glass transition temperature remained constant
and below 180 °C. In other words, the composite’s thermoset resin was transitioning from a
rubbery viscoelastic body to a glassy elastic solid, while the thermoplastic particles remained in
their rubbery state. As the thermoset transitions to an elastic solid, its VE contributions to tool-part
stress are reduced, and mechanical friction becomes a non-negligible stress-contributing

mechanism.[?]
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The thermoset’s transition to an elastic solid would reduce its viscoelastic contribution term
in (2-35) and cause a direct decline in overall sliding stress values, as validated in Figure 2-43.
Upon reaching the end of the vitrification zone, the thermoset acts like a fully elastic solid, and the
dominant stress-contributing mechanism shifts to mechanical friction.!?®! The final sliding stress
value of approximately 35 kPa was thus primarily determined by internal VE effects in the
thermoplastic particles and, secondarily, by mechanical friction in the thermoset resin.
2.3.3.2 Impacts of Tool Surface Condition

Figure 2-45 shows tool-part interfacial stress developments throughout the MRCC for five
tool surface conditions, including FEP and one to four coats of Frekote 710-NC. Note that strain
is plotted in logarithmic scale to illustrate discrepancies between tests more clearly. Two measured
stress developments for each tool surface condition are shown by solid-colored curves, while the
black dashed curve shows the simulated degree of cure (DoC) throughout the cycles.[5 A laminate

layup of [90/0/90]s and cure temperature of 180 °C were utilized for all tests.
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Figure 2-45. Tool-part interfacial stress developments measured for five tool surface conditions,
including FEP release film and one to four Frekote 710-NC release coats.
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The stress developments reported in Figure 2-45 demonstrate that tool-part interaction for
T800S/3900-2B is sensitive to tool surface conditions. These results also reveal interfacial sticking
behavior during processing, regardless of the number of applied release coats. In contrast, when
the U-shaped tool was covered with FEP film, stress developments were relatively gradual while
lacking a sharp drop after debonding. These results are consistent with previous studies on the
observation that FEP release film prohibits tool-part adhesive bonding.[?42%

Figure 2-45 and Figure 2-46 demonstrate that tool-part debonding stresses and, as
previously discussed, tool surface roughness increased with each applied release coat. Data points
in Figure 2-46 represent the average values from two DMA tests and six laser profiles, while error
bars correspond to the standard deviations within each measurement set. Although sliding stresses
cannot be quantified using a single value, a general increasing trend with some overlapping can
also be observed in Figure 2-45.

The direct increases in interfacial stress and surface roughness levels may be attributed to
the agglomeration of release coating on the tool surface, a phenomenon illustrated in the sample
micrographs for each condition superposed in Figure 2-46. As previously discussed, when a fresh
coat of 710-NC is applied on top of a low-energy surface, it forms agglomerations (i.e., bumps)
rather than a smooth layer, causing an increase in tool surface roughness. Although elevated
pressures and temperatures cause Frekote agglomerations to behave rubbery during autoclave
curing, an increase in pre-processing tool surface roughness is typically associated with elevated
levels of tool-part mechanical bonding and residual stress transfers.[®2%l These results suggest that,
if only completing one processing cycle, manufacturers should treat tools with conservative

amounts of 710-NC release coating (i.e., only enough to restrict permanent tool-part bonding) to
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reduce residual stresses and PIDs. If completing a series of processing cycles, the effects of release

coating aging on tool-part stress developments must also be considered. !
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Figure 2-46. Tool-part debonding stresses measured in the DMA shear test, tool surface profiles,
and tool roughness for five tool surface conditions.

Figure 2-47 illustrates the evolution of tool-part stresses during the MRCC for a tool
treated with two coats of B-15 mold sealer and three 710-NC coats, aged between zero and six
cycles. The B-15/710-NC release coating underwent aging through consecutive DMA tests
without intermittent cleaning or reapplication steps. Stress developments after each aging period
are shown by solid-colored curves, while the black dashed curve shows the simulated DoC
throughout the cycles.l®3l A laminate layup of [90/0/90]s and temperature of 180 °C were utilized

for all trials.
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Figure 2-47. Tool-part interfacial stress developments measured for various ages of B-15/710-NC
release coating using the custom DMA shear test.

The stress trends depicted in Figure 2-47 prompt several significant discussions. Firstly,
combining two layers of B-15 with three layers of 710-NC on the U-shaped tool resulted in lower
debonding stresses compared to using three layers of 710-NC alone (Figure 2-45). This difference
may be attributed to the tool surface being smoother and having lower SFE when both products
were utilized together, as illustrated in Figure 2-5, Figure 2-6, and Figure 2-11. Secondly, the
lowest debonding stresses were measured when the U-shaped tool was treated with release coating
aged for two cycles. Beyond this point, tool-part stresses increased with each cycle, eventually
surpassing the DMA’s stress limit (~ 526 kPa) and rendering them immeasurable. These trends
closely follow previous findings, where the lowest SFE values were also measured after two
processing cycles due to conditioning effects (Figure 2-12). Overall, the findings in Figure 2-47
underscore the importance of utilizing mold sealer and release agent together and employing

proper conditioning strategies to minimize tool-part interfacial stresses during processing.
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2.3.3.3 Impacts of Cure Pressure

Figure 2-48 shows tool-part interfacial stresses for five cure pressures ranging from 101
to 763 kPa. Two measured stress developments for each cure pressure are indicated by solid-
colored curves, while the black dashed curve shows the DoC.[%31 A laminate layup of [90/0/90]s,
tool surface condition of three 710-NC release coats, and cure temperature of 180 °C were utilized
for all trials. Although general behaviors were similar between the trials, the plot illustrates that
tool-part debonding and sliding stresses are nonlinearly affected by cure pressure. The average
debonding stresses were maximum at a cure pressure of 347 kPa and minimum at 101 kPa. Sliding
stresses were comparatively minimal for the 101 kPa trials but were very similar for the other cure

pressures with no clear trends.
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Figure 2-48. Tool-part interfacial stress developments measured for five cure pressures using the
custom DMA shear test.

Figure 2-49 demonstrates that the highest debonding stresses measured at intermediate
pressures corresponded to composite parts containing approximately 50% thermoset resin and 50%

thermoplastic on its tool-adjacent surface. Data points in the plot represent the average values from

75



two DMA tests and six laser profiles, while error bars correspond to the standard deviations of
each measurement set. The nonlinear relationship between cure pressure and tool-part stresses
demonstrates that Amontons’ law, which states a direct proportionality between interfacial stress

and normal pressure, does not apply when one of the bodies is in a rubbery state.[4
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Figure 2-49. Tool-part debonding stresses measured in the DMA shear test, composite tool-side
surface profiles, and composite tool-side surface composition for five cure pressures.

During processing, the thermoplastic particles become rubbery before the gelation of the
thermoset matrix. This allows the thermoset resin to flow and the thermoplastic particles to deform
under the applied pressure. Higher pressure leads to greater particle deformation, increased
thermoplastic surface fraction (4, in (2-35)), and reduced thermoset resin (4. in (2-35)) on the
tool-side surface, as illustrated in the micrographs in Figure 2-20 and Figure 2-49. This affects
the total VE contributions to tool-part stresses, with surfaces dominated by thermoplastic
exhibiting lower debonding stresses. Overall, the nonlinear trends in tool-part stress magnitudes
demonstrate that levels of tool-part interaction are highest at intermediate cure pressures in the

range of 300-500 kPa due to competing VE contributions between the thermoplastic and thermoset
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components during processing. These pressures should thus be avoided during manufacturing if
attempting to minimize residual stresses from tool-part interaction in composite parts.
2.3.3.4 Impacts of Laminate Layup

Figure 2-50 shows tool-part interfacial stresses throughout the MRCC for three laminate
layups, including [0/90/0]s, [45/-45/45]s, and [90/0/90]s. A cure pressure of 763 kPa, tool surface
condition of three 710-NC release coats, and cure temperature of 180 °C were kept constant for all
the trials. Upon gelation and subjection to strain, all stress profiles exhibited sticking and
debonding behavior within a narrow window of 69 — 74% degree of cure. The magnitudes of
debonding stresses ranged from 412 to 496 kPa, with the lowest and highest values occurring for
[45/-45/45]s, and [90/0/90]s laminates, respectively. In general, the highest sliding stresses were
measured for the laminates with 0° plies adjacent to the tool surface and fibers aligned parallel to

the tool-part strain, while the lowest stresses were measured for the 45° laminates.
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Figure 2-50. Tool-part interfacial stress developments measured for three laminate layups using
the custom DMA shear test.

Previous discussions in this work have attributed interfacial stress magnitudes to internal
VE strain resistance in the rubbery T800S/3900-2B material. However, it has been noted in
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previous research that the presence of 90° plies non-adjacent to the tool surface can increase
interfacial stresses due to mechanical interlocking and reduced stress relaxation.?* The effects of
45° plies near the tool-part interface have not been explored, suggesting the need for future
research to explain the trends observed in Figure 2-50. Overall, the findings in Figure 2-50
indicate that incorporating 45° plies adjacent to the tool-part interface may reduce tool-part
interaction and residual stresses during manufacturing.

2.3.3.5 Impacts of Cure Temperature

Figure 2-51 and Figure 2-52 show duplicate tool-part interfacial stress developments for
two one-hold cure cycles with alternative temperatures as compared to the MRCC. During the
tests, the tool surface condition, cure pressure, laminate layup, and strain rate were kept constant
at three 710-NC release coats, 763 kPa, [90/0/90]s, and 0.05 mm/min, respectively. It is most
appropriate to compare the tool-part stress evolutions with values measured during the MRCC trial
with a 180 °C cure temperature (Figure 2-43). Due to the dimensions of the U-shaped tool, only
about 7.5 millimeters of displacement could be applied during testing, and thus the 140 °C and
160 °C cycles do not reach a complete degree of cure. Therefore, the alternate cycles were utilized
to cause gelation and vitrification of T800S/3900-2B at different temperatures, and to investigate
the effects on stress evolutions.

At a temperature of 140 °C, the composite underwent gelation and experienced strain
slightly below the glass transition temperature of the thermoplastic particles. This resulted in an
average tool-part debonding stress of 492 kPa. In contrast, during the one-hold cycle at 160 °C,
the composite gelled and underwent strain just above the glass transition temperature of the
thermoplastics, leading to an average debonding stress of 440 kPa. As previously mentioned, the

average tool-part debonding stress for the MRCC cycle at 180 °C was 483 kPa. The observed
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nonlinear correlation between cure temperature and tool-part stress magnitudes can likely be

attributed to the unique evolutions of the composite’s VE properties during each cycle.

Figure 2-51. Tool-part interfacial stress development measured for a 140 °C cure temperature

using the custom DMA shear test.
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Figure 2-52. Tool-part interfacial stress development measured for a 160 °C cure temperature
using the custom DMA shear test.
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2.3.3.6 Impacts of Tool-Part Displacement Rate

Figure 2-53 shows tool-part interfacial stresses for three applied displacement rates,
including 25, 50, and 75 um/min. Solid-colored curves show two measured stress developments
for each rate. During the tests, the tool surface condition was three 710-NC release coats, cure
pressure was 763 kPa, and laminate layup was [90/0/90]s. The magnitudes of debonding stresses
ranged from 371 to 489 kPa, with the lowest and highest values occurring for 75 um/min and 50
um/min, respectively. Sliding stresses were also generally the highest for the 50 pm/min, but
lowest for the rate of 25 um/min. Although not drastic, the lower debonding stresses for the 75
um/min trials may have been due to the slight reduction in the degree of cure at the point of
interfacial failure. Overall, the results in Figure 2-53 suggest that tool-part debonding stresses may

depend on the in-plane displacement rate at higher rates.
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Figure 2-53. Tool-part interfacial stress developments measured for three applied displacement
rates using the custom DMA shear test.
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2.4 SUMMARY

In this chapter, investigations of B-15/710-NC release coating, T800S/3900-2B, and tool-
part interactions were conducted. The investigation into release coating involved the use of laser
scanning digital microscopy, Fourier-transform infrared spectroscopy (FTIR), and contact angle
goniometry to analyze the effects of release coating type, quantity, and age on surface morphology,
chemistry, and surface free energy. Evaluations of T800S/3900-2B consisted of using various
microscopic techniques and dynamic mechanical analysis (DMA) to investigate the impacts of
processing variabilities on the material’s morphology, cured viscoelastic properties, and thermo-
mechanical properties throughout the curing process. Tool-part interaction studies were conducted
using a custom-built technique installed in a DMA capable of directly measuring interfacial stress
developments during composites processing. The key findings from this chapter are as follows:

e The physical and chemical characteristics of tool surfaces are directly influenced by the
type, quantity, and aging of the applied release coating. When using Frekote 710-NC alone,
an increase in the number of layers results in higher tool surface roughness and surface free
energy. However, the application of B-15 mold sealer prior to 710-NC significantly
reduces tool surface roughness and surface free energy. During the initial processing cycles
of a B-15/710-NC release-coated tool, a conditioning process occurs, where the coating’s
properties become “locked-in” and can remain stable for more than twenty autoclave
processing cycles. Optimal conditioning for achieving the lowest surface free energy is
likely between one and three processing cycles.

e The morphology of T800S/3900-2B can be manipulated by varying the processing
pressure, with higher pressures resulting in increased deformation of thermoplastic

particles. Cured T800S/3900-2B laminates exhibit unique viscoelastic properties,
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including broad relaxation behaviors observed at sub-zero temperatures. The evolution of
T800S/3900-2B’s storage modulus and free strains while curing is significantly influenced
by the thermal loading conditions applied during processing. Both modulus and free strain
magnitudes demonstrate unique correlations with processing temperature, with larger
absolute values generally occurring at lower temperatures and vice versa.

Tool-part interfacial stresses for T800S/3900-2B are highly impacted by processing
variabilities (Table 2-6). Regarding the tool surface condition, excessive application of
710-NC release coating leads to the highest levels of tool-part debonding and sliding
stresses. Conversely, using smaller amounts of 710-NC or combining B-15 with 710-NC
helps reduce these stresses. In terms of pressure, the most pronounced tool-part debonding
stresses and PIDs are observed at intermediate pressures ranging from approximately 300
to 500 kPa, where the composite part’s tool-adjacent surfaces consist of roughly equal
proportions of thermoset resin and thermoplastic particles. Laminate layup and cure
temperature also impact tool-part interaction behaviors due to mechanical and viscoelastic

mechanisms.
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Table 2-6. Tool-part debonding and sliding stress magnitudes measured for different process
variabilities using a custom DMA shear test.

Tool Surface P Laminate T € Tab Ty
Condition (kPa) Layup (°C) (mm/min) (kPa) (kPa)
FEP 763 [90/0/%]S 180 0.050 40 39-9
1 710-NC Coat 763 [90/0/90], 180 0.050 346 129 - 17
2 710-NC Coats 763 [90/0/%]S 180 0.050 399 163-35
3 710-NC Coats 763 [90/0/%]S 180 0.050 483 204 - 36
4 710-NC Coats 763 [90/0/%]S 180 0.050 514 168 -64

B-15/710-NC Coating

90/0/90 -

(Age: 0 Cyclos) 763 | I, 180 0.050 353 113-60

B-15/710-NC Coating 763 [90/0/90] 180 0.050 296 100 — 46
(Age: 1 Cycle) )

B-15/710-NC Coating 763 [90/0/90] 180 0.050 276 93-31
(Age: 2 Cycles) )

B-15/710-NC Coatmg 763 [90/0/%] 180 0.050 289 82 - 36
(Age: 3 Cycles) )

B-15/710-NC Coatmg 763 [90/0/%] 180 0.050 465 197 — 73
(Age: 4 Cycles) )

B-15/710-NC Coating 763 [90/0/%]5 180 0.050 514 170-38

(Age: 5 Cycles)
B-15/710-NC Coating

0/0/90
(Age: 6 Cycles) 63 [90/00L 180 0050 >526

3710-NC Coats 101  [90/0/90], 180 0.050 324 85-17
3710-NC Coats 222  [90/0/90], 180 0.050 399  150-23
3710-NC Coats 347  [90/0/90], 180 0.050 511 151-31
3710-NC Coats 555  [90/0/90], 180 0.050 484  171-27
3710-NC Coats 763  [0/90/0], 180 0.050 485 177 —40
3710-NC Coats 763 [45/-45/45], 180 0.050 422 178-18
3710-NC Coats 763  [90/0/90], 140 0.050 492 170 - 22
3710-NC Coats 763  [90/0/90], 160 0.050 440 203 -46
3710-NC Coats 763  [90/0/90], 180 0.025 454 117-22
3710-NC Coats 763  [90/0/90], 180 0.075 378  117-18
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3. ACCELERATED CHARACTERIZATION OF COMPOSITES
USING PROBABILISTIC MACHINE LEARNING

3.1 BACKGROUND

Efficient analysis of composites manufacturing relies on thoroughly understanding
relationships between processing parameters and material properties.l?®! As demonstrated in the
previous chapter, this knowledge is typically gained through a series of many characterization tests
and the fitting of deterministic models to approximate the testing data. Unfortunately, this
traditional model-based (MB) approach requires significant time and financial investments,
particularly when attempting to understand complex materials. For example, in the previous
chapter, the total testing time required to characterize the evolution of T800S/3900-2B’s storage
modulus and free strains exceeded 200 hours. Moreover, relying on deterministic fitting methods
often oversimplifies the inherently probabilistic nature of composites and can lead to further
misunderstandings and inaccuracies. While insights gained from traditional methods are
invaluable, such extensive testing time serves as a prime example of one obstacle hindering
progress in composites manufacturing. Thus, improving the traditional MB characterization
workflow or developing alternative methods may be critical to help improve the efficiency of
composites design, development, and manufacturing.

This chapter provides a novel approach for the accelerated characterization of composites
using probabilistic machine learning (ML). The proposed strategy involves training surrogate
models using Gaussian Process Regression (GPR) and limited amounts of experimental data.[5-
81 In recent years, GPR has been applied to solve various composites science and engineering
problems (e.g., failure predictions®!, manufacturing assessments®?), and is thus a promising

candidate to explore for material characterization. The method outlined in this chapter offers a
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cost-effective and broadly applicable strategy for characterizing advanced materials and more

efficiently understanding complex manufacturing phenomena.
3.2 METHODS

In this section, a methodology for efficient characterization of composites is introduced
through a case study focused on thermo-mechanical properties of T800S/3900-2B. The primary
objective of the method is to develop accurate models capable of describing and predicting material
properties across various processing conditions, without the need for extensive experimental
efforts. For this case study, the goal is to characterize the evolution of T800S/3900-2B’s storage
modulus and free strains while curing under different thermal loading conditions. To initiate this
process, a limited set of experimental data must first be obtained. Instead of conducting new
experiments, data acquired from bi-material beam (BMB) tests in the previous chapter (Figure
2-23 — 2-31) will be utilized for this task. Given the objective of minimizing experimental efforts,
the process will begin by conducting (i.e., obtaining data from) two BMB tests. For this method to
be most effective, the initial two tests should be diverse, meaning they should not impose similar
or closely aligned processing conditions on the composite material.

After conducting two experiments, the initialization of predictive models for each thermo-
mechanical property being characterized (i.e., modulus and free strains) begins. To initiate this
process, numerical values serving as parametric inputs for BMB tests in a predictive model must
be obtained. During the parametrization process, similar positions in an input space should yield
similar outputs to permit an inherent “smoothness” in the model’s predictions. Various methods
can be employed to enhance the likelihood of achieving this smoothness, including the use of
closed-form physical theories, observation of trends/relationships in the initial testing data, or other

approaches.®Y In this case study, parametrization was accomplished by leveraging the
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temperature-dependent connections between test results observed in the previous chapter Two
parameters were obtained for each type of testing data, enabling the subsequent interpretation of
the models as 3D surfaces.

After parametrization, the probabilistic machine learning technique, Gaussian Process
Regression (GPR), is employed for model fitting using a custom Python code which functions as
follows.[®? First, the parametrized testing data, consisting of two numerical inputs and one thermo-
mechanical property output, is imported. The inputs and outputs are then normalized such that they
have a mean of zero and standard deviation of one. This step helps in improving the convergence
of the GPR optimization algorithm by ensuring that features are on a similar scale, thus preventing
some features from dominating others during the training process.®” Following normalization, a
kernel is selected for GPR training, with the code offering many flexible options such as Constant,
Rational Quadratic, Radial Basis Function (RBF), Dot Product, Matérn, and others.!® During
fitting, a kernel should be chosen which captures the complexity of the testing data without
possessing a high chance of overfitting. This approach will allow the GPR model to adapt to
different data structures and capture probabilistic variations.®l After kernel selection, its
covariance function is employed for GPR training, where an underlying function is predicted as
the mean of a distribution over functions, following a generalized scheme of:

fx) ~ GP(m(x), k(x, x") (3-1)
where f(x) is a function to be predicted, G is the Gaussian Process, m(x) is the mean function,
and k(x, x") is the kernel function describing covariance between points x and x’.

Upon initializing GPR, the trained model (i.e., predicted function) is utilized to predict

thermo-mechanical outputs for training and testing datasets. In this study, the testing dataset

comprises parameters corresponding to an unconventional cure cycle formulated specifically for
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validation purposes. The testing cycle involves heating from 20 °C to 120 °C at 1 °C/min, holding
at 120 °C for 30 minutes, heating to 160 °C at 5 °C/min, holding at 160 °C for 120 minutes, cooling
to 20 °C at 3.5 °C/min, heating to 300 °C at 5 °C/min, then cooling to 20 °C at 4 °C/min. Upon
predicting thermo-mechanical properties for the training and testing data, the GPR code returns
various performance statistics including accuracies and uncertainties. These metrics are then
collected to establish confidence intervals and form a probabilistic surrogate model capable of
predicting thermo-mechanical properties.

Following the initial GPR training, a calibration process begins by iteratively incorporating
additional experimental data and evaluating the models’ accuracy. To initiate calibration, one
experiment is conducted with parameters exhibiting the highest uncertainty in the GPR model. The
new experimental results are then integrated into the training dataset, the GPR model is retrained
to predict material properties, and testing parameters surrounded by the highest uncertainty are
identified. These parameters are then utilized for the next experiment, the resulting data is
incorporated into the model, and GPR is retrained. This process continues until the GPR model
meets desired accuracy requirements. In this study, each model’s accuracy is assessed by
predicting storage modulus and free strain evolutions of T800S/3900-2B throughout the previously
discussed unconventional cure cycle.

3.3 RESULTS AND DISCUSSIONS

Figure 3-1 and Figure 3-2 display GPR models and their predictions for T800S/3900-2B’s
storage modulus and free strains at different stages of cure. Red curves in the left-side plots
represent testing data from BMB tests, green surfaces depict the GPR models’ mean predictions,
and grey surfaces are 95% confidence bounds. The GPR models were trained using a summation

of the Matérn and white noise kernels in Python’s scikit-learn library:2%
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k(x,x") =k, (x,x") + k,, (x,x") (3-2)
In the specified kernel, the Matérn component (k,,,) detects non-linear relationships in the input
space using Gaussian similarity and promotes smoothness in the model’s response, while the k,,
accounts for independent noise or measurement error in the data. In mathematical terms, the kernel

can be defined as:

I 1 \/2_ I ' \/2_ li
K(ox) = F(mH( 2 s ||> K, (Tvﬂx—x ||> o (3-3)

where T is the gamma function, v is a parameter which controls the smoothness of the resulting
function, [ is the length scale, K,, is a modified Bessel function, and ;2 is a positive constant which
represents the level of noise in the dataset.®! In this study, default values of v =15and [ =1
were initially chosen for GPR training, then were optimized during each calibration phase using
twenty restarts in scikit-learn’s hyperparameter optimizer.[°?!

The right sides of Figure 3-1 and Figure 3-2 display thermo-mechanical property
predictions throughout the unconventional testing cycle, with black curves denoting the
temperature, purple curves denoting experimental results, yellow curves denoting predictions from
the traditional model-based (MB) approach, and green curves showing the GPR model’s
predictions. As previously mentioned, the MB predictions were made by completing 18 BMB
tests, then fitting deterministic models to approximate the testing data ((2-22) — (2-33)). The
accuracy and testing time of the MB approach are compared to the machine learning (ML) results

in Table 3-1.
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Figure 3-1a demonstrates that initially, the GPR model trained on two BMB tests, inducing
gelation and vitrification at 120 °C and 200 °C, exhibited a RMSE of 8.8% on the testing cycle.
As previously highlighted, these two experiments were specifically selected for initial training to
ensure the GPR model is built upon diverse data, thereby enabling it to best approximate trends
throughout the entire design space.® The GPR model was trained as a function of the difference
between processing temperature and the composite’s glass transition temperature, along with the
temperature at which vitrification occurred in each cycle. These parameters were selected by
identifying temperature-dependent trends in the initial data and subsequently integrating this
knowledge into the model’s domain.

In Figure 3-1a, the GPR model’s mean response and confidence bounds tightly converge
around the two experiments and smoothly diverge from regions lacking training data. While this
model structure results in some inaccuracies at early stages of the testing cycle, its predictions
closely resemble experimental results at later stages. These observations illustrate that by
conducting just two BMB tests and fitting probabilistic GPR models with broadly applicable
kernels, a reasonable approximation of the storage modulus behavior can be attained for an
unconventional cure cycle.

Figure 3-1bc illustrate the improvement of the GPR model’s accuracy with each additional
experiment integrated into its training dataset. With the inclusion of three and four experiments
inducing gelation and vitrification at 160 °C and 180 °C, the GPR model’s predictions exhibit
RMSE values of 5.3% and 2.9%, respectively. It is critical to note that despite the improvements,
the MB approach still yields the closest approximation of storage modulus with an RMSE of 1.4%.
However, the ML approach with four experiments required less than 25% of the testing time and

is likely to further improve with the addition of more experiments.
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Figure 3-2 demonstrates the efficacy of the ML approach in characterizing T800S/3900-
2B’s free strains during processing. With the integration of test results from the same two, three,
and four experiments utilized for modulus characterizations, the GPR model yielded RMSEs of
29.1%, 17.6%, and 15.0% respectively. It is important to note that these percentages are relatively
higher compared to modulus errors due to the inherently low absolute values of free strains. In the
task of characterizing free strains, the ML approach outperformed MB methods after just three
experiments. These results underscore an additional potential drawback of the MB approach,
particularly in its struggle to generalize and predict behaviors outside of the model’s initial training
regime. In this case, the MB approach encountered difficulty in predicting thermal expansion
behaviors at temperatures exceeding those used during BMB testing and training. In contrast, the
probabilistic ML approach seemed to predict these behaviors well with a much smaller amount of
testing.

Table 3-1. Performance comparison of different methods employed for thermo-mechanical
characterization.

Method Testing Time Modulus RMSE  Free Strain RMSE

(hr) (%) (%)

Model-based (MB) ~ 204 1.4 23.0
Machine Learning (ML) ~29 8.8 29.1
Machine Learning (ML) ~ 38 5.3 17.6
Machine Learning (ML) ~ 46 2.9 15.0

3.4 SUMMARY

In this chapter, a novel method for the accelerated characterization of composites was
presented. The technique utilized limited experiments and the probabilistic machine learning (ML)
technique, Gaussian Process Regression (GPR), to efficiently construct accurate predictive models
of T800S/3900-2B’s thermo-mechanical properties. Results illustrated that even with just a few
experiments, the GPR models could provide highly accurate predictions of storage modulus and

free strains, offering significant time and cost savings compared to traditional model-based (MB)
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approaches. Moreover, the flexibility of the approach allows for easy expansion to include
additional materials, properties, and phenomena, highlighting its potential for widespread

application in composite materials research and manufacturing.

4. PARAMETRIC INVESTIGATIONS OF PROCESS-INDUCED
DEFORMATIONS IN L-SHAPED COMPOSITE PARTS

4.1 BACKGROUND

In this chapter, the thermo-mechanical models developed in Chapter 2 are leveraged to
evaluate the impacts of processing variabilities on PIDs of L-shaped T800S/3900-2B parts. This
investigation utilizes a numerical finite element (FE) framework with integrated reduced-order and
analytical solutions to efficiently evaluate the impacts of layup configurations and cure cycle
designs. The analyses focus on discovering novel relationships between processing parameters and

PIDs to guide future research for better understanding deformations in advanced composites.
4.2 METHODS

The simulation method employed in this chapter is a multi-component numerical approach
implemented through a custom Python code.l®l The method’s first step involves defining the layup
and geometry of a composite part, the material and geometry of a tool, and a temperature cycle
which can be customized with variable heating, holding, and cooling stages. Once all the inputs
are defined, the simulation progresses to a one-dimensional (1D) thermo-chemical analysis. In this
stage, finite element (FE) meshes are generated to represent the tool and part in a 1D (i.e., through-
thickness) heat transfer problem. The user-defined temperature cycle is then discretized, and
Dykeman’s cure kinetics model!®® is employed to predict the degree of cure (DoC) and glass

transition temperature (7;) of the composite at different time steps. Thermal properties of the tool

and part are then calculated for each step by leveraging predicted cure states and other publicly
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available data sources.*®% Finally, using the tool and part geometries, the 1D heat transfer
problem is solved, and the temperature profile of each element throughout the defined cure cycle
is predicted.

Following thermo-chemical analysis, the simulation transitions to a thermo-mechanical

evaluation. First, isotropic modulus (E;) and free strains (&f,.,,) in 3900-2B resin are predicted at
different time-temperature steps using the previously computed cure states (i.e., « and Tj) along

with models derived in Chapter 2 ((2-22) — (2-33)). Other isotropic resin properties, including
Poisson’s ratio (v,), viscosity (u,), shear modulus (G,), and bulk modulus (k,) are then

computed:[66:94.9]

1 E
v, = E(l — Er:, (1- zvrw)> —0.001 (4-1)
G, = Er 4-2
"T2(1+v,) (4-2)
E
k d (4'3)

T2 —v, — 219
where E,_is the upper limit of the resin’s modulus (3.25 x 10° Pa)® and v, is the upper limit of
Poisson’s ratio (0.4).°61 The computed resin properties are then subsequently utilized in
micromechanical predictions of T800S/3900-2B lamina-level properties throughout the defined

cure cycle:®4

Ga3 S (4-4)
I 21 +vys))
I = 1
T a1 (4-5)
E33f G23f Ellf
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_ Gy + Gky + (ky — k)G, Yy
’ ke + Gy — (kp — kp)Vy

2
4 (v = a3, ) keky G (1= V)V,
(ky + G )k + (K + k)G, V;

Eyy = By Vy + E-(1-Vp) +

(v = a3, ) (ke = k)G, (1 = V)V;

Vip = Vi3 = Vi3, Ve + v (1= V) +
12 = V13 = Vi3, Vr ( ) (kf + G, )k, + (kf — k)G Ve

G Gl3f + G‘I‘ + (Gl3f - GT)Vf
’ Gizp + G — (Giz, — G)V

G2 =

kr(Gr + GZBf) + ZGZBfGr + kr(GZ3f - Gr)Vf

G, =G
2 Tk (Gas, + Gr) + 2G23,Gr — (ke +2G,) (G, — Gr)Vy
£ = 1
= [EE—— ﬁ)
Vow = 2E 1 ky — E11Ey; — 41/123Ezsz
23 2E, 1k
delf == alde

d€3f = agde

vis, Vr +ve(1-Vp)
a =
E Vr + E(1-V)

de; = deg = defpree,

de, — (de3f + v13fd£1f) Ve + adelellfo
(1 +v)(1-V;) —aE.(1-V)

de, =

. dey Eq1,Vy + de E.(1—Vf)
& =
! Ei Vs +E.(1-Vp)

S}reel = dgl + Si_l
Ehree, = des (11 = T3) = (1170 = 770)) + 471
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Ehree, = des (TE = T§) = (T = T{~1) ) + &4 (4-21)
where G is the shear modulus, k is the plane strain bulk modulus, k; is the lamina’s effective plane
strain bulk modulus, E is the elastic modulus, v is Poisson’s ratio, V is the volume fraction, d is
the derivative, ¢ is the free strain, a is the coefficient of thermal expansion (CTE), T is the
composite’s temperature, T, is the composite’s glass transition temperature, subscript 1 is the
longitudinal fiber direction, 2 is the transverse fiber direction, 3 is the out-of-plane direction, f
denotes the fiber, r denotes the resin, and i denotes a time-step. Terms without f or r subscripts
correspond to bulk lamina properties. Throughout the lamina calculations, the following

assumptions are made for T800S fiber properties: Eiy, = 2.55 x 10* Pa, E3s, = Gz, = 2.55 x
10" Pa, vy3, = 0.2, vp3, = 0.25,V; = 0572, a;, =-0.4 x 10°/°C, and a3, = 9.0 x 10°/°C.[%%7]

Upon obtaining lamina properties, the defined layup is utilized to compute stiffness matrices of

the laminate:[%!

cos? 6 sin? 0 0 0 0 2sinfcosf
sin? 6 cos? 6 0 0 0 —2sinf cos
7] = 0 0 10 0 0 (4-22)
0 0 0O cosO sinf 0
0 0 0 —sinf cos@ 0
L sinfcosf sinBcosf O 0 0 cos? 6 — sin? 6
cos? 6 sin? 6 0 0 0 sin 6 cos 6@
sin? @ cos? 6 0 0 0 —sin 6 cos @
0 0 0 cosfO sinf 0
0 0 0 —sinf@ cos@ 0
L 2sinfcosf 2sinfcosf 0O 0 0 cos? @ — sin? 6
[ 1/E14 —v12/E11 —Vi3/Enx 0 0 0
—V12/E11 1/E,, —V23/Eo; 0 0 0
&1 [T*]-1. —Vi3/E11 —Va3/Ep 1/E33 0 0 0 . )
0 0 0 0 1/Gi3 0
0 0 0 0 0 1/Gy,l
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[Q] = [S]™ (4-25)

Ay = Z(Qij)k(hk — hy_1) (4-26)
=1
1w,

B;; = E;(Qij)k(hzzc — hi_y) (4-27)
P

Dy = 5;(Qi,-)k(hi 1) (4-28)

where [T] is the stress-transformation matrix, [T*] is the strain-transformation matrix, 6 is a
rotation of the ply local axes (directions 1 and 2) with respect to the element local axes®!, [S] is
the compliance matrix, [Q] is the stiffness matrix, A is the extensional stiffness matrix relating
forces to midplane strains, D is the bending stiffness matrix relating moments to curvatures, and
B is the coupling stiffness matrix linking extension and bending. Next, the laminate’s effective
extensional (E), shear (G), and bending (E,) moduli throughout the defined cure cycle are

computed: 4

[a] = [A7"] (4-29)
[d] = [D7] (4-30)
1
E, = (4-31)
alltlam
1
E, = (4-32)
azztlam
1
E, = (4-33)
a33tlam
1
Gy, = (4-34)
a44tlam
1
ze = (4'35)
a55tlam

97



1

Gy = - (4-36)

Ep, = L3 (4-37)
di1tiam

T -
d22tiam

where x, y, and z are the longitudinal, transverse, and out-of-plane element directions. Process-
induced lamina free strains are then related to residual laminate forces, moments, and strains

throughout the cycle:

[e123] = [Efrees  Efree; Efree, 0 0 0] (4-39)
[exy2] = [T°17"  [£12] (4-40)
[N] = toty [Q] ) [Sxyz] (4-41)
1 -
7= tyry (5 + 1) (4-42)
[M] = z; - [N] (4-43)
[EO] = [EJ(C) 639 63 Y392 y)?z y)?y]T (4'44)
[ko] = [k,(g kg kS k?;z k,(gz k,?y]T (4-45)
e1_[A B]™' [N )
[ko] - [B D [M] (4-46)
Ea(c) = Efree, (4-47)
639 = Sfreey (4_48)
62 = &free, (4-49)

where [g,,3] IS the lamina free strains, [Sxyz] is the lamina free strains with respect to the laminate
local axes, [N] is the resultant free strain-induced laminate forces, t,;,, is the ply thickness (0.191
mm)E® 7 is the number of plies in the laminate determined from the layup, [M] is the laminate

moments, [e°] is the laminate midplane strains, and [k°] is the laminate curvatures at different
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time-temperature increments. Finally, PIDs in L-shaped T800S/3900-2B parts are predicted by
employing Takagaki et al.’s analytical solutions based on shear-lag analysis and Timoshenko beam
theory:[8]

dgfreez - defreex

dgfree = 1+ dgfreex (4-50)
10G
o=t |19 (4-51)
t.| Exp
1+ 2%
by = 2aR(e?%real 4 e-al) (4-52)
1+ e~2¢h
bz = 2aR(e*%real + e—ak) (4-53)
L = Ry (4-54)
l,=1+Rgp (4-55)
—defree X by(e® —e™) o<l<l
6 = (4-56)

—défree X by(e% +e7%e?2) |, <1<
where d@ is the angular deformation of the L-shaped part, defc., and deg,.., are changes in
through-thickness and in-plane free strains, G, is the part’s through-thickness shear modulus, E,,,
is the part’s longitudinal bending modulus, [ is the distance from the L-shape’s corner, [, is the

flange length, R is the tool’s corner radius, and ¢ is half of the tool’s corner angle (Figure 4-1).
By employing the solutions presented above, angular deformations in the composite part can be
incrementally computed throughout the defined cure cycle. The part’s final PIDs such as spring-
in, warpage, and volumetric deformation can then be predicted using CHILE and geometric
analyses.[® Note that solutions presented ignore contributions from tool expansion, which may be

an acceptable assumption in some scenarios, such as when Invar tooling is used.
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Tool

Figure 4-1. Schematic geometry of an L-shaped part on a tool.

The numerical simulation framework reveals a link between PIDs in L-shaped parts and
two key properties of the composite material: the ratio of shear to bending modulus (G, /Ey;) and
a ratio of through-thickness to in-plane free strains (deg,..). While these relationships are well-
established in current literature, their success in practical applications for advanced composites
has been predominantly limited to geometric analyses, focusing on variabilities like part thickness
or flange length, due to the absence of reliable material property models.?”l Consequently, a
significant knowledge gap exists regarding how other process variables can contribute or dispute
these relationships. This knowledge gap serves as the foundation for the remaining analyses in this
chapter. Specifically, the following investigation explores how different layup and cure cycle
procedures may impact thermo-mechanical properties and, consequently, dimensional changes of
L-shaped T800S/3900-2B parts. It is important to note that the impacts of several processing
variabilities (e.g., tool-part interaction, interply-toughened microstructures, etc.) on PIDs are
neglected in the simulation framework.!?!I Therefore, the data presented throughout this chapter
primarily serves to guide future research aimed at understanding PIDs in advanced composites.

To begin the parametric investigations, several design spaces were constructed and

evaluated using the FE simulation code. The initial focus was on exploring the impact of layup,
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particularly asymmetry, on PIDs. This involved analyzing all cross-ply layups comprising eight
plies, a flange length of 154.2 mm, a width of 50.8 mm, a corner radius of 15.875 mm, and a corner
angle of 90° (Figure 4-2). Consequently, with only zero- and ninety-degree plies considered, a
total of 28 = 256 predictions of spring-in, warpage, and volumetric deformation were computed
using the FE simulation. It is essential to note that while the ply configuration served as the
independent processing variable, the primary objective of exploring this design space was to
discover correlations between mechanical properties and PIDs. In other words, the investigation
aimed not at identifying optimal cross-ply layups, but rather optimal stiffness properties (i.e., B11)
to potentially minimize PIDs. Additionally, note that the geometry of the parts was selected to

allow for comparisons between numerical predictions and experimental results in later chapters.

8 plies T800S/3900-2B -1 »
R =15.875 mm | 6 =90°

154.2 mm

N Layup Shape
Y- Tip

Center

Edge

Cured Shapes

Figure 4-2. Geometry and terminology used for L-shaped PID analyses.
After layup analyses, further investigations were conducted focused on the potential

impacts of cure cycle on thermo-mechanical and PID developments. Throughout these analyses,
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various design spaces featuring temperature cycles inducing gelation and vitrification phase
transformations in the composite under diverse thermal loading conditions were evaluated. The
objective was to identify potential relationships between curing paths, temperature-dependent
thermo-mechanical properties, and PID developments in T800S/3900-2B. Throughout these
evaluations, the geometry of the L-shaped parts remained consistent with that of the layup
investigations (Figure 4-2), while the ply configuration remained constant at [0/90]zs.

Some final notes are that throughout the remainder of this work, positive spring-in values
represent angle enlargements between flanges, whereas negative values represent angle
enclosures. Likewise, positive and negative warpage values represent concave-down and concave-
up flange distortions, respectively. Directions 1, 2, and 3 pertain to the longitudinal fiber,
transverse fiber, and out-of-plane lamina dimensions (Figure 4-2). Lastly, directions X, y, and z
are the longitudinal, transverse, and out-of-plane L-shaped laminate dimensions.

4.3 RESULTS AND DISCUSSIONS

4.3.1 Layup Investigations

Figure 4-3 and Figure 4-4 illustrate the impacts of longitudinal bending modulus (E,}),
shear modulus (G,,), and the in-plane/out-of-plane coupling coefficient (B11) on corner spring-in
and tip spring-in of L-shaped T800S/3900-2B parts. Each point in the plot corresponds to FE
simulation outcomes for a cross-ply layup, with red points being layups resulting in negative
spring-in values, blue points being positive spring-in, and the diameter of each point being
proportional to the absolute magnitude of the PIDs. The figures demonstrate strong correlations
between E,;, and the spring-in of L-shaped parts. Generally, laminates with higher longitudinal
bending modulus due to a greater proportion of zero-degree plies and fibers aligned along the

flange direction, exhibit lower spring-in at the corner and tip. This behavior can be attributed to
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the relatively stiff fibers offering greater resistance to deformation upon demolding, a phenomenon
accounted for in the theoretical framework utilized for spring-in predictions.[?84

The plots also reveal some direct yet weaker correlations between G,, and spring-in. For
example, laminates with lower through-thickness shear moduli demonstrate decreased spring-in
only within certain regions. These trends emerge because lower shear moduli enable the alleviation
of residual stresses through interply slippage, a factor also accounted for in the simulation
framework.?®l However, it is important to acknowledge that these correlations lack global
consistency in the plots due to the simplicity of the cross-ply design space. Since laminates with

only zero- and ninety-degree plies were evaluated, differences in G,, often coincided with

significant adverse changes in E,,;, leading to counteracting effects on spring-in.
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Figure 4-3. Effects of longitudinal bending modulus, through-thickness shear modulus, and in-
plane/out-of-plane coupling on corner spring-in angle of L-shaped T800S/3900-2B parts.

103



&l
&
.0 ('é
X
20 =
m

150v
125 24

E, x; 50 95 323 )
» X 1010 343 (VAN
(Pa) G),,,f\

Figure 4-4. Effects of longitudinal bending modulus, through-thickness shear modulus, and in-
plane/out-of-plane coupling on tip spring-in angle of L-shaped T800S/3900-2B parts.

Figure 4-3 and Figure 4-4 also highlight intriguing connections between the in-plane/out-
of-plane coupling coefficient and the spring-in behavior of L-shaped parts. Most notably, the
distinction between positive and negative spring-in values is closely linked to the sign of B11, with
positive spring-in only occurring for negatively coupled laminates. The Bi: values signify the
direction and magnitude each laminate will deform in the out-of-plane direction in response to in-
plane strain.[®® For instance, an L-shaped laminate with a negative B1: implies that in-plane
compression during processing would result in concave-down flange distortion upon demolding
and thus negative warpage. These patterns are evident in Figure 4-5, where all laminates with
negative B11 also exhibit negative out-of-plane deformation. During manufacturing, these effects
would force an L-shape’s flanges to distort outwards at the corners and tips, often leading to

positive spring-in (Figure 4-2).
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Figure 4-5. Effects of longitudinal bending modulus, through-thickness shear modulus, and in-
plane/out-of-plane coupling on maximum flange warpage of L-shaped T800S/3900-2B parts.

Within the cross-ply design space, the sign and magnitude of Bys are directly connected
with each laminate’s degree of through-thickness asymmetry. Negative coupling coefficients are
indicative of laminates with a larger moment of ninety-degree lamina above the midplane,
considering both the number of plies and their distance from the center.l® Laminates with the
smallest (i.e., most negative) B11 values are highly asymmetric, with fibers predominantly oriented
transversely above and longitudinally below the midplane (e.g., [04/904]). Thus, Figure 4-3
demonstrates that the absolute corner spring-in of L-shaped parts can potentially be minimized by
utilizing layups with above-midplane-transverse asymmetry to attain negative coupling. However,
manufacturers should be cautious when employing such methods, as excessive asymmetry can
lead to significant increases in warpage (Figure 4-5), tip spring-in (Figure 4-4), and thus overall

deviation from the layup shape (Figure 4-6).
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Figure 4-6. Effects of longitudinal bending modulus, through-thickness shear modulus, and in-
plane/out-of-plane coupling on volumetric deformation of L-shaped T800S/3900-2B parts.

Figure 4-7 illustrates the directional stiffnesses and coupling coefficients for ten cross-ply
laminates that produced the lowest volumetric deformation throughout the simulation campaign.
Table 4-1 provides the corresponding layup, spring-in, and warpage of each L-shaped part. The
plot and table demonstrate that all minimally deformed laminations had negative Bi1 values,
reinforcing the potential effectiveness of imposing transverse asymmetry for PID mitigation. It is
worth noting that while other laminations displayed lower spring-in values than those listed in
Table 4-1, they were highly asymmetric, resulting in elevated warpages and volumetric
deformations. These findings also highlight the value of assessing PIDs volumetrically rather than

relying solely on point values like spring-in, as traditionally done.°®
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Figure 4-7. Laminations producing minimal volumetric deformation in L-shaped parts.

Table 4-1. Layups of laminations producing minimal deformation in L-shaped parts.

B11 AO AO W A3])

corner tip max

(Pa°m2) © ®) (mm) (cm3)

1 [90/0/90/0/90/90/0/90]  -2503 -0.91 372 -0.80  -0.11
2 [0/90/0/0/90/0/0/90] -7509 -0.79 499 -1.00 0.27
3 [0/0/0/0/0/0/90/0] -12515 -0.46 6.71 -1.23 027
4 [0/90/90/0/0/90/0/90]  -5006 -0.83 4.57 -094 027
5 [90/0/0/90/0/90/0/90]  -5006 -0.76 584  -1.13  0.35
6
7
8
9

ID Layup

[0/0/90/0/0/0/0/90] -10012 -0.76 520 -1.03  -0.40
[0/0/0/90/0/0/90/0] -10012 -0.78 436 -0.89 -042
[0/0/90/0/0/90/90/0]  -12515 -0.57 741  -137 047
[0/0/90/90/0/90/90/0]  -10012 -0.60 692 -1.29  0.50

10 [90/0/0/0/90/90/90/0]  -5006 -0.86 4.09 -0.86 -0.54

If a manufacturer’s aim is to minimize the total (i.e., volumetric) deformation of L-shaped
parts, it is apparent that inducing transverse asymmetry at the laminate’s corner may be
advantageous. However, a challenge then lies in avoiding warpage in the flange that accompanies
this asymmetry. One potential solution could involve inserting transverse plies as patches only
covering the corner region, as schematically illustrated in Figure 4-8. By maintaining a relatively
symmetric layup for the rest of the L-shape, warpage in the flange could be minimized,
consequently reducing the part’s overall PIDs. This proposed solution is beyond the scope of this

study and warrants investigation in future research.
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Figure 4-8. Schematic of potential asymmetric patch solution to minimize PIDs in L-shaped
composite parts.[

4.3.2 Cure Cycle Investigations

Figure 4-9 depicts temperature (T) and degree of cure (DoC) profiles for various
isothermal cure cycles employed to investigate the potential effects of cure temperature on PIDs
of L-shaped T800S/3900-2B parts, assuming the part’s layup cannot be altered during
manufacturing. In each cycle, the temperature increases from 20 °C to an elevated temperature at
arate of 2 °C/min, held until the composite reaches an approximate DoC of 90%, and subsequently
cooled to room temperature. Throughout the investigations, isothermal dwell temperatures were
limited to values above 160 °C, as temperatures below this threshold cannot be utilized to achieve
the desired DoC in T800S/3900-2B. Additionally, it is worth noting that the isothermal cycle at

180 °C is equivalent to the Manufacturer’s Recommended Cure Cycle (MRCC).E®!

108



2000 oy EESSeao

1754 [V A--""" - 80
- 150 @
J o0
o 1251 =
2 O
g 100 - E
o, -40 g
5 2]
B 75 - a

- 20
50 1 —
25 * = DoC I

0 100 200 300 400 500 600 700
Time (min)

Figure 4-9. Temperature and degree of cure profiles of cycles employed for investigating the
impacts of isothermal cure temperature on PIDs of L-shaped parts.

Figure 4-10a depicts the progression of thermo-mechanical properties in a symmetric
cross-ply T800S/3900-2B laminate throughout the isothermal temperature cycles presented in
Figure 4-9. The axes of the plot represent the curing temperature, a ratio of through-thickness to
in-plane free strains during processing, and the ratio of through-thickness shear modulus to
longitudinal bending modulus. As previously mentioned, these two thermo-mechanical ratios are
known to have direct correlations with PIDs of L-shaped parts.?8l In Figure 4-10b, the bars
illustrate the predicted tip spring-in of L-shaped parts based on these thermo-mechanical
properties, while the points indicate the percentage change relative to the 180 °C MRCC.

The plots in Figure 4-10 reveal a balance between the isothermal hold temperature,
thermo-mechanical evolutions, and PIDs of L-shaped T800S/3900-2B parts. Throughout each
cycle’s isothermal dwell, temperature-dependent changes in thermo-mechanical properties occur.

For example, while in-plane free strains (¢, ) remain relatively insignificant, through-thickness

free strains (&f,.,) evolve more rapidly at lower temperatures (Figure 2-35). Additionally, since
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the through-thickness shear modulus (G, ;) is significantly influenced by the resin’s cure state, the
ratio of shear to bending modulus (E,;) also progresses at a rate inversely related to temperature

(Figure 2-32).
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Figure 4-10. (a) Evolution of thermo-mechanical properties in a symmetric cross-ply
T800S/3900-2B laminate throughout different isothermal cure cycles, and (b) the resulting tip
spring-in of an L-shaped part.

These trends suggest potential advantages of employing higher curing temperatures to
reduce PID-contributing mechanical properties and residual stresses during the vitrification
process. However, these potential benefits are likely diminished during the cooldown phase, as
higher cooling ranges induce more significant thermo-elastic effects. Consequently, upon reaching
room temperature, the thermo-mechanical ratios established during higher-temperature isothermal
holds closely align with those from lower-temperature cycles.

Figure 4-10b demonstrates that the lowest tip spring-in was predicted for the 190 °C
isothermal cycle, suggesting that this temperature may offer a slightly more optimal balance of
thermo-mechanical effects during curing and cooldown compared to the MRCC. It should be noted
that these effects would likely play a significant role in the prepreg’s VE contribution to tool-part

interaction (Figure 2-44), which is neglected in the simulation. Hence, the balance between cure

temperature, thermo-mechanical evolutions, and PIDs prompts investigation in future research.
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Figure 4-11 presents the processing temperature (T) and glass transition temperature (T)
of T800S/3900-2B over various two-hold cure cycles, where it is again assumed that the part’s
layup cannot be altered. These cycles were specifically designed to initiate gelation and
vitrification in the prepreg at different temperatures, and to explore the effects on thermo-
mechanical properties and PIDs. In each cycle, the temperature first rises from 20 °C to an elevated
level at a rate of 2 °C/min. The temperature is then maintained until the prepreg reaches full
vitrification (T, > T + 28 °C).[% Then, the processing temperature is increased to 180 °C at 0.1
°C/min, held for 120 minutes to reach an approximate DoC of 90%, then cooled to room
temperature. Throughout each cycle, the second heat-up rate of 0.1 °C/min was employed to ensure

that T, remains well above the processing temperature to prevent the composite from devitrifying.
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Figure 4-11. Processing and glass transition temperatures employed for investigating the impacts
of gelation and vitrification temperatures on PIDs of L-shaped T800S/3900-2B parts.

In Figure 4-12a, the advancement of thermo-mechanical properties in a symmetric cross-
ply T800S/3900-2B laminate is displayed across the two-hold temperature cycles presented in

Figure 4-11. Figure 4-12b displays the projected tip spring-in of L-shaped parts based on these
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thermo-mechanical properties, and the percentage change relative to the one-hold 180 °C MRCC
cycle. The figures reveal correlations between the intermediate-hold and vitrification temperature
and the resulting tip spring-in of L-shaped parts. At the lowest intermediate hold temperatures (120
— 140 °C), cross-linking triggers rapid through-thickness free strain and moduli developments
while the thermoplastic tougheners exist in their glassy state. Consequently, PID-contributing
thermo-mechanical ratios are elevated and the composite’s capacity for viscoelastic stress
alleviation is relatively limited. Conversely, temperatures above 150 °C initiate cross-linking when
the thermoplastic particles are rubbery, resulting in reduced shrinkage and stiffnesses, and a greater
potential for stress alleviation. These phenomena collectively lead to the highest tip spring-in for
cycles with the lowest intermediate hold temperatures. Additionally, the findings in Figure 4-12b
suggest that the one-hold MRCC cycle appears to be a preferable option compared to the two-hold
cycles when considering PIDs. However, the two-hold cycle configuration may provide other

benefits such as reducing the porosity, which is not considered in this study.
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Figure 4-12. (a) Evolution of thermo-mechanical properties in a symmetric cross-ply
T800S/3900-2B laminate throughout different two-hold cure cycles, and (b) the resulting tip
spring-in of an L-shaped part.

If a manufacturer’s goal is to minimize PIDs in L-shaped parts, the results in Figure 4-12

suggest that inducing gelation and vitrification in the prepreg at low temperatures may be
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detrimental. However, consider that in the two-hold cycles, the composite forms interfacial bonds
with the tool during the initial low-temperature hold.[?! Subsequently, during the second slow
heat-up stage, thermal expansion of the tool coupled with interfacial sticking/friction would enable
the prepreg’s tool-adjacent plies to stretch and transfer positive in-plane strain (¢, ) to the rest
of the laminate. These phenomena may significantly reduce the through-thickness to in-plane
strain ratio, potentially mitigate residual stresses and PIDs, and may be investigated in future
research.

Figure 4-13 illustrates the processing temperature (T) and glass transition temperature (T})
of T800S/3900-2B over various two-hold cure cycles initiating gelation, vitrification, and
devitrification in the prepreg at different temperatures. In each cycle, the temperature first rises
from 20 °C to an elevated level at a rate of 2 °C/min, then is held until the prepreg reaches full
vitrification (T, > T + 28 °C).12%% The processing temperature is then increased to 180 °C at 5
°C/min, held there for 120 minutes to reach an approximate DoC of 90%, then cooled to room
temperature. Throughout each cycle, the second heat-up rate of 5 °C/min was employed to ensure
that the processing temperature surpasses the prepreg’s instantaneous T,, thereby initiating

devitrification and a second vitrification phase transformation at 180 °C.
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Figure 4-13. Processing and glass transition temperatures of cycles employed for investigating the
impacts of devitrification on PIDs of L-shaped T800S/3900-2B parts.

In Figure 4-14a, the progression of thermo-mechanical properties in a symmetric cross-
ply T800S/3900-2B laminate is displayed across the two-hold temperature cycles presented in
Figure 4-13. Figure 4-14b displays the simulated tip spring-in of L-shaped parts based on these
thermo-mechanical properties, and the percentage change relative to the one-hold 180 °C cycle.
The figures suggest potentially significant impacts on PIDs resulting from devitrification.
Following the initial temperature dwell and vitrification, the subsequent rapid heat-up causes the
processing temperature to surpass the glass transition temperature of the composite, transforming
the prepreg back to its rubbery structure. This rubbery transition is accompanied by thermal
expansion which counteracts against the built-up cure shrinkage-induced strains and may alleviate
much of the L-shape’s geometric constraints. Subsequently, upon reaching a processing
temperature of 180 °C, free strain and modulus ratios evolve once more, however less rapidly,

owing to the temperature-dependent nature of the prepreg.
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Figure 4-14. (a) Evolution of thermo-mechanical properties in a symmetric cross-ply

T800S/3900-2B laminate throughout different two-hold cure cycles inducing devitrification, and
(b) the resulting predicted tip spring-in of an L-shaped part.
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The trends in Figure 4-14 indicate potential benefits of inducing devitrification in the
prepreg during the curing process. However, it is important to reconsider that in the two-hold
cycles, the composite would lose its interfacial bond with the tool during the second heat-up stage
upon devitrifying. As a result, interfacial friction and subsequent ply stretching due to tool thermal
expansion effects would be minimal. These phenomena warrant further investigation in future
research, either through experimental methods or by enhancing numerical simulation capabilities
to include such effects.

4.4 SUMMARY

In this chapter, a numerical investigation into the impacts of several processing variabilities
on PIDs of L-shaped composite parts was conducted. Thermo-mechanical property models
established earlier in this study were incorporated into a customized finite element (FE) simulation
code to efficiently assess the impacts of different layups and cure cycles. One notable discovery
was that the spring-in of L-shaped parts can likely be minimized by employing asymmetric layups
with negative in-plane/out-of-plane coupling coefficients (B11). During manufacturing, optimal
coupling properties can be achieved by orienting fibers transversely above the part’s midplane
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rather than below it. Cure cycles that induce vitrification and devitrification at distinct

temperatures also hold promise at reducing PIDs and warrant investigation in future research.

5. EFFICIENT ANALYSIS OF PROCESS-INDUCED
DEFORMATIONS USING MULTI-FIDELITY SIMULATION
AND THEORY-GUIDED PROBABILISTIC MACHINE
LEARNING

5.1 BACKGROUND

Although the previous chapter demonstrated that the impacts of processing variabilities on
PIDs can be broadly assessed, minimizing undesired deformations via process optimization
remains challenging. These difficulties primarily stem from limitations of methods traditionally
used for PID predictions, typically classified into three categories, as depicted in Figure 5-1: low-
fidelity simulation, high-fidelity simulation, and experimentation. One notable constraint of these
methods is the trade-off between fidelity/accuracy and time/cost.[%]

At the bottom end of the cost/accuracy spectrum, low-fidelity simulation methods,
including analytical solutions and/or reduced-order (i.e., 1D/2D) FE tools, often provide rapid and
easy-to-interpret analyses while requiring relatively low material characterization and
computational efforts.[*%28101 However, as demonstrated in the previous chapter, many of these
approaches often fail to describe complex processing phenomena (e.g., tool-part interaction!?*),
leading to deviations from reality. Positioned in the middle, high-fidelity simulation methods (i.e.,
3D FE), often provide more precise predictions but require substantially higher time commitments
for material characterization, calibration, and validation.[26:3360.66.1021031 Noreover, despite their
improved accuracy, high-fidelity simulations typically neglect processing uncertainty and are
impractical for optimization problems with large design spaces due to higher computational

requirements. At the highest cost/accuracy level lies experimentation, involving the hands-on
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manufacturing and analysis of composites. This approach offers several advantages, including the
ability to bypass material characterization and capture the probabilistic nature of composites, but

can be extremely time-consuming and expensive for large-scale composite structures.
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Figure 5-1. Schematics of process-induced deformations (PIDs) in an L-shaped composite part
and the trade-off between time/cost and fidelity/accuracy in analysis methods.

The cost/accuracy trade-offs pose a dilemma for manufacturers when selecting methods to
predict process phenomena and outcomes. One common strategy involves generating an extensive
set of simulation data (Chapter 4) alongside a smaller experimental dataset. Attempts are then
made to calibrate the simulations by connecting virtual and real-world domains using deterministic
methods (e.g., least-squares). However, due to the difficulties and expenses in obtaining large data,
the virtual-to-real connection and calibration attempts often rely on suboptimal amounts of data,
leading to inaccurate manufacturing assessments and inefficient process optimization attempts.

Given the outlined challenges, there exists an opportunity to explore alternative and more
efficient PID prediction and composites process analysis approaches. This chapter introduces one
such approach based on theory-guided machine learning (TMGL). The effectiveness of the TGML

method is assessed by predicting PIDs of L-shaped T800S/3900-2B parts. The strategies presented
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offer an alternative, cost-efficient, and broadly applicable framework for solving manufacturing

problems of composites using multi-fidelity simulation and limited experimental data.
5.2 METHODS

5.2.1 Low-fidelity Simulation

In this section, the low-fidelity numerical model for predicting PIDs is reiterated, drawing
on an analytical strategy from Takagaki et al. and employed in the previous chapter.?81 The model
uses the in-situ shear and bending moduli of a laminate, free strains, and geometric parameters of
L-shaped parts as inputs to estimate incremental stresses and deformations during processing.
Input properties were derived by simulating the degree of cure (DoC) and glass transition
temperature (7;) throughout the MRCC using a well-established cure kinetics model®3, then
computing thermo-mechanical properties from models developed in Chapter 2.1 The CHILE
integration scheme was then applied to predict the final corner spring-in, tip spring-in, and
maximum warpage of the L-shaped parts.
5.2.2 High-fidelity Simulation

This section presents a high-fidelity simulation approach for predicting PIDs. Since the
method is well-established and validated, only a brief overview is provided, while a more detailed
description can be found in work published by Zappino et al.'% This high-fidelity scheme utilizes
a refined 1D kinematic model rooted in the Carrera Unified Formulation (CUF) and CHILE
assumptions, for efficient layer-wise (LW) modeling and accurate 3D representations of residual
stresses and P1Ds.[6:1031051 The model utilizes bending and shear moduli (E and G), Poisson’s ratio
(v), coefficient of thermal expansion (CTE), and free strains (efee) in each of the three principal

directions, sourced from published literature and the results from one BMB validation test (Figure
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2-29).[36.63.104.106] After each high-fidelity simulation, geometric analyses were performed to derive
corner spring-in, tip spring-in, and maximum warpage at the center and edge of each laminate.
5.2.3 Experimentation

Each experimental test in this chapter consisted of laying up three L-shaped composite
parts with identical layups and curing them in an autoclave. Three parts were fabricated during
each experiment to obtain a statistically robust dataset with built-in material and process
variabilities, facilitating a probabilistic assessment of the effects on PIDs. The setups and steps
employed during each experiment are shown in Figure 5-2. First, a custom-shaped tool made of
6.35 mm-thick A-36 steel was covered with one layer of FEP release film. FEP was used to
minimize tool-part interaction during processing and thus its effects were neglected in this
study.[?!] Next, three L-shaped laminates consisting of eight T800S/3900-2B plies were laid up,
equally spaced across the width of the tool. Each L-shaped part had a flange length of 154.2 mm,
a width of 50.8 mm, a corner radius of 15.875 mm, and a corner angle of 90° (Figure 4-2). Then,
the tool and composite laminates were covered with another sheet of FEP and one layer of breather
cloth. Finally, the system was sealed in vacuum bagging, loaded into an autoclave, and subjected
to the MRCC for curing.[¢]

After each autoclave cycle, the cured L-shaped parts were demolded from the tool and
excess resin bleed was carefully trimmed from the edges using an X-ACTO knife. The parts were
then placed on their sides and a Keyence LJ-X8400 laser scanner was used to generate two-
dimensional profiles at three locations spaced across the width of each part. The laser scanner was
installed on a custom mechanical gantry system to ensure precise and consistent measurements for
each trial. One profile was scanned just inside each edge and one profile was captured at the center

of each part, as illustrated on the righthand side of Figure 5-2. Following the scans, profiles were
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overlaid onto plots featuring the premeasured tool profile at the respective location. A custom
Python code was then used to extract spring-in and warpage values at the center and edges of each
part.l?]

Step 1: Composites Manufacturing

Demold Step 2: Profiling

Tool-side surface

150.8 mm

Edge 2

Center

Figure 5-2. Setups for fabricating and profiling L-shaped composite parts.

5.2.4 TGML Prediction Methodology

In this section, a novel methodology for efficient prediction of PIDs and analysis of
composites manufacturing phenomena using multi-fidelity simulation data, experimental data, and
TGML is presented.lP1100107-1101 This chapter focuses on introducing the method through a
relatively simple case study of predicting PIDs for L-shaped parts with eight-ply layups comprised
solely of zero- and ninety-degree plies, cured according to the MRCC. The outlined procedures
are designed to be general, allowing for potential expansion to include other manufacturing
methods and variables.

The prediction process, schematically outlined in Figure 5-3, starts with generating low-
fidelity simulation data for a design space, as outlined in Sections 4.2 and 5.2.1. Focusing on eight-
ply cross-ply layups, simulations were conducted for 28 = 256 potential laminates with zero- and

ninety-degree plies. Utilizing the low-fidelity scheme, predictions for corner spring-in, tip spring-
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in, and maximum warpage were efficiently obtained in approximately 24 minutes on a standard

desktop.
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Figure 5-3. Flowchart of efficient PID prediction method using multi-fidelity simulation and
theory-guided machine learning (TGML).

After constructing the low-fidelity dataset, initialization of predictive models for each PID
type (i.e., corner spring-in, tip spring-in, and warpage) begins. To start this process, numerical
values serving as parametric inputs for each lamination must be obtained. Closed-form physical
theories are utilized for this task to ensure smoothness in the predictive model and provide physics-
based “guidance” to the domain.P100107.1991 | this study, parametrization was achieved using
Classical Laminated Plate Theory (CLPT), leveraging established connections between stiffnesses
and PIDs of composites.!*%2:101111 Employing CLPT and publicly available material properties,

all elements of the extensional (A), coupling (B), and bending stiffness (D) matrices were
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computed for each laminate.[3863104106] Thjs yielded a high-dimensional dataset of 27 stiffness
coefficients and three PID predictions (i.e., corner spring-in, tip spring-in, and warpage).

Training a model on a highly parametrized design space with a large input-to-output ratio
is prone to overfitting, computationally demanding, and challenging in terms of interpretation. To
address these constraints, input parameters must be refined to an optimal number. This task was
accomplished using a strategy inspired by Schwarz*?l and Claeskens and Hjort**¥l termed
Focused Bayesian Information Criterion (FBIC). To balance accuracy and interpretability of the
model, the Bayesian Information Criterion (BIC), a well-established parameter selection method,
is employed.['*®1 BIC assesses the appropriateness of input subsets by maximizing the likelihood
function on the training data and penalizing the number of parameters to prevent overfitting. To
consider computational time, an additional term is introduced, creating a custom parameter
selection method, the FBIC:

FBIC = —21In(L) + ktIn(n) (5-1)

where L is the model’s maximized likelihood function (~ accuracy on training data), k is the
number of parameters, n is the number of datapoints, t is the computational time needed for model
training, and models with lower FBIC values are preferred.

Applying (5-1) and enforcing the constraint k = 3 to allow the models to be interpretable
as 3D surfaces, GPR training was conducted on various two-input parameter subsets (e.g., A1 and
B22) to predict simulated PIDs. During GPR fitting, the underlying function is predicted as the
mean of a distribution over functions that is dependent on the values of inputs, outputs, and
Gaussian measurement noise (i.e., uncertainty). This initial GPR training phase was completed
using a summation of the Radial Basis Function (RBF) and white noise kernels in Python’s scikit-

learn library.[%2931
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With 27 potential input parameters, there were 351 potential subset combinations for each
PID output, all of which GPR modeled in approximately four minutes. Afterward, using (5-1), the
FBIC was computed for each model. The two-parameter input subset yielding the lowest FBIC
was considered optimal, leading to the exclusion of the remaining 25. It is critical to note that input
parameter subsets were not equally optimal for all three PID types and thus the process was
repeated to build GPR models for each.

After constructing GPR models, a calibration process begins by iteratively replacing low-
fidelity simulation data with high-fidelity simulation and experimental data. This process was
guided by assigning noise levels to different data types in the model based on the proximity of
low- and high-fidelity simulation points to the experimental data. This approach enables the GPR
model to consider data from various sources differently, placing greater “trust” in and near
experimental points. Conversely, in regions lacking experiments, the model exhibits heighted
uncertainty. This establishes a GPR model with a spatially weighted uncertainty structure, termed
Spatially Weighted Gaussian Process Regression (SWGPR).

To illustrate the SWGPR approach, consider a simple space with data from one experiment
and one lower-fidelity virtual source, where the outputs (e.g., PIDs) are assumed to be a function
of some arbitrary parameter (Figure 5-4a). Similar to assuming that PID magnitudes are alike for
nearby inputs, a smoothness in noise or uncertainty can also be assumed. To incorporate this, as
the distance between a lower-fidelity and experimental datapoint increases, the influence or weight
of the low-fidelity point on the model’s predictions decreases following a Gaussian distance-decay

function:

Wij = e_dizj/z(h'><dl'j,m¢1x)2 (5-2)
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where w;; is the weight of each lower-fidelity datapoint, d;; is the Euclidean distance between a

lower-fidelity and experimental datapoint, h is a decay factor influencing the rate of weight decay,

and d;j mqy IS the maximum distance between two datapoints in the domain.
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Figure 5-4. (a) Gaussian distance-decay weight and uncertainty, (b) Gaussian noise, and (c)
SWGPR predictions for different uncertainty levels in a lower-fidelity data source.

Figure 5-4a illustrates the Gaussian distance-decay function for various h values, where
the magnitude is a direct reflection of the uncertainty in a data source. If there is high uncertainty
in modeling, material properties, or other variables, this knowledge can be implemented by
specifying a smaller h value. Once weights are determined, a distance-weighted sum is calculated
when multiple experimental points are present. These weights are then directly translated into
noise levels using the following equation:

=In (1/w;)) (5-3)
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where a;; is considered the variance of additional Gaussian noise surrounding a datapoint. Figure
5-4b depicts normal distributions corresponding to Gaussian noises for various decay factors and
interpoint distances. After establishing «;; for each lower-fidelity point, these values are
incorporated into the GPR framework, altering its prediction scheme to:

f(x) ~GP(m(x), k(x,x") + a(d)]) (5-4)
where f(x) is a function to be predicted, GP is the Gaussian Process, m(x) is the mean function,
k(x,x") is the kernel function describing covariance between points x and x', a(d) is an array of
distance-dependent noise levels for each datapoint, and I is the identity matrix.

During fitting, « values are added to the kernel matrix’s diagonal to introduce point-
specific noise and a multiscale uncertainty structure in the model. Figure 5-4c illustrates SWGPR
predictions for various decay factors, where dashed lines indicate its mean response, shaded areas
represent 95% confidence bounds, and global covariance is modeled as the summed RBF and
white noise kernels. For one extreme (h = 0.1), there is high uncertainty in lower-fidelity data,
resulting in strong reliance and tight convergence around the experiment. Conversely, when h =
1.0, uncertainties are similar among fidelities and SWGPR predicts closely with the traditional
GPR without a(d) terms.

Building on prior discussions, a three-fidelity TGML prediction scheme requires
specifying h values for each virtual data source. To achieve this, uncertainties in simulation
datapoints are assumed to primarily stem from material properties referenced during modeling. In
simpler terms, inaccuracies in virtual data are hypothesized to be mostly attributed to numerical
inputs rather than modeling capabilities, given the challenging nature of composites
characterization and using publicly-sourced properties. Consequently, h is set equal to the inverse

of the number of material properties used as inputs: h = 1/3 = 0.33 for low-fidelity and h = 1/15 =
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0.07 for high-fidelity simulation. It is crucial to note that a smaller h value for high-fidelity
simulation does not imply lower accuracy but acknowledges a larger margin for error due to a
higher number of inputs.

After establishing h for each virtual data source, the TGML prediction method enters its
final stage. At this point in the case study, a GPR model trained on 256 low-fidelity simulations is
available for each PID type. The last step involves calibrating these models by conducting targeted
high-fidelity simulations or experiments until a specified accuracy is achieved. The overarching
goal is to attain desired accuracy with the minimum number of experiments and high-fidelity
simulations to keep the model cost-effective.

To initiate calibration, one experiment is performed with parameters exhibiting the highest
uncertainty in the GPR model. The experimental results replace the low-fidelity datapoint with the
same input parameters, and other virtual points are weighed per (5-2) and (5-3). The SWGPR
model is then retrained to predict PIDs and identify a new location with the highest uncertainty.
Next, the parameters for which SWGPR are most uncertain are fed into the high-fidelity simulation
scheme, PIDs are predicted, and the model is retrained. If the addition of high-fidelity simulation
data improves accuracy, the process repeats with the high-fidelity simulation scheme. If accuracy
remains unchanged or decreases, the process halts, and another experiment is conducted and added
to the model. This process continues until the model meets accuracy requirements, where in this

study, SWGPR must predict PIDs within the standard deviation of six testing laminates.
5.3 RESULTS AND DISCUSSIONS

In this section, the training of an SWGPR model for predicting the tip spring-in at the center
of six L-shaped composite parts with layups and input parameters listed in Table 5-1 is illustrated.

Then, the SWGPR approach is extended to predict post-curing deformed L-shapes. The L-shape
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prediction involved predicting all PID types (corner spring-in, tip spring-in, and warpage at the
center and edge of each part), then generating interpolated profiles from these values.

Table 5-1. Layups and input parameters of testing laminates employed for evaluating the accuracy
of SWGPR models.

Laminate Layup B, X 10° (Pa-mz) D,, (Pa-m3)
1 [90/90/90/90/0/0/0/0] 40.05 23.23
2 [0/90/0/90/90/0/90/0] 0.00 15.63
3 [90/0/0/90/0/90/90/0] 0.00 23.24
4 [0/0/0/0/0/0/0/0] 0.00 2.95
5 [90/0/90/0/90/90/0/90] -2.50 31.16
6 [0/0/0/0/0/0/90/90] -30.04 20.70

Figure 5-5 displays an SWGPR model and its predictions for tip spring-in of L-shaped
laminates (a) before and (b) after undergoing calibration. Red points in the left-side plots represent
low-fidelity simulations, blue squares are high-fidelity simulations, and black stars are experiments
used for model training. Multi-colored surfaces depict the SWGPR models’ mean predictions,
while grey surfaces are 95% confidence bounds. Tip spring-in is plotted against Bi1 and Do,
identified as optimal parameters using the FBIC. The right side of the graphics display tip spring-
in predictions for the six testing laminates, with black outlined bars and error bars representing

average experimental values and standard deviations, respectively.
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Figure 5-5. SWGPR model (a) before and (b) after calibration and its predictions of tip spring-in
for L-shaped composite parts.

Initially, the SWGPR model trained on 256 low-fidelity simulations without spatial
weighing exhibited a large RMSE of 27.7° in predicting tip spring-in for the six testing laminates.
Upon adding the first experiment, the model’s mean response and confidence bounds converged
around the experiment and loosely followed low-fidelity data with additional Gaussian noises.
Integrating high-fidelity simulation data then led to an evolving structure with increasing accuracy
until approximately 40 simulations were added and the RMSE plateaued at 4.4°. Another
experiment was then required near the model’s bounds, suggesting inaccuracies in the high-fidelity

simulation scheme and the need for multiple experiments in the domain. After calibration, the
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SWGPR model incorporated 114 low-fidelity simulations, 138 high-fidelity simulations, 4
experiments, achieved a minimal RMSE of 0.1°, and predicted within the standard deviation for
all six testing laminates. Most notably, the calibrated SWGPR structure was dominated by virtual
simulation data and only required a minimal number of experiments for accuracy convergence.
Overall, this illustrates that the SWGPR approach can effectively utilize virtual and real-world
datatypes for accurate and cost-efficient analysis of composites manufacturing phenomena.
Figure 5-6 shows average experimental profiles for the cured L-shaped parts compared
with SWGPR predictions after the calibration process. As previously mentioned, experimental
profiles were generated through laser scanning the L-shaped coupons, two photos of which are
also shown in the figure. All PID types necessitated four experiments, with minimal variation in
the number of high-fidelity simulations to meet accuracy specifications. Overall, Figure 5-6
demonstrates that similar to the convergence observed in tip spring-in predictions, the SWGPR
method achieves highly accurate predictions of the L-shaped parts with minimal material
characterization and experimental efforts, showing promise in better understanding PIDs and other

facets of composites manufacturing.
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Figure 5-6. Comparison between experimental PIDs and predictions using calibrated SWGPR
models.

5.4 SUMMARY

This chapter introduced an innovative approach for accurate and efficient analysis of
composites manufacturing by combining multi-fidelity simulations, experimentation, and theory-
guided machine learning (TGML). The method utilizes a novel strategy, Spatially Weighted
Gaussian Process Regression (SWGPR), to build computationally fast surrogate models for
predicting PIDs in L-shaped T800S/3900-2B parts. The SWGPR approach accurately predicts
spring-in and final deformed shapes of cured L-shaped laminates after integrating just four
experiments into the models’ training domains and bypassing complex material characterization.
The strategies presented hold promise for further investigation, understanding, and improvement

of composites manufacturing.
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6. ACCELERATED PROCESS OPTIMIZATION TO MINIMIZE
DEFORMATIONS IN COMPOSITES USING THEORY-
GUIDED PROBABILISTIC MACHINE LEARNING

6.1 BACKGROUND

This chapter presents a novel approach for process optimization of composites to minimize
PIDs without the use of any material characterization or process simulation tools. The proposed
method consists of limited element-level tests combined with TGML[°1:107.108.114-116] The method
relies solely on experimental data to build and calibrate theory-guided GPR models and iteratively
converge on optimal solutions with a few guided steps. The method introduced in this chapter
offers an alternative, cost-efficient, and generalizable approach for mitigating process-induced

defects in composite parts.
6.2 METHODS

6.2.1 Composites Manufacturing

Each experiment in this chapter followed identical procedures as described in Section 5.2.3
and schematically illustrated in Figure 5-2. First, three identical L-shaped parts were laid up
evenly across an FEP-covered steel tool’s width, vacuum sealed using standard bagging
procedures, placed in an autoclave, and subjected to the MRCC. After curing and demolding, three
laser scans were generated for each part and were superimposed on plots containing the tool’s
premeasured profile for that specific location. Then, using a custom Python!®? code, the two-
dimensional area (8) between the tool and part profiles was calculated using piecewise numerical
(i.e., trapezoidal) integration. Next, using the three two-dimensional areas for each flange (i.e., one
at each edge and one at the center) and their corresponding coordinates with respect to the part’s
width (Y), a single volumetric deformation value (A) was calculated using another iteration of
trapezoidal integration. This volumetric value, illustrated in Figure 6-1, was used to quantify the
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overall deformation for each composite part manufactured in this study. Positive and negative
deformation values correspond to volumetric expansions or contractions between flanges relative
to the layup shape. In cases where the direction (i.e., sign) of deformation varies across the length
of a part’s flange, the positive and negative contributions are added and thus deformation may tend

to approach zero.
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Figure 6-1. Graphic representation of approach used to quantify deformation of L-shaped
composite parts.

6.2.2 TGML Optimization Methodology

In this section, the general form of an optimization methodology is presented, designed to
find optimal process parameters to minimize PIDs in L-shaped composite parts while meeting
manufacturing cost specifications. The method employs an iterative Bayesian solution scheme
based on limited experimental testing and TGML, as depicted in Figure 6-2. The TGML strategy
is comprised of two main phases: Initialization and Optimization. During Initialization, closed-
form theories (i.e., governing physical laws) are used to parametrize the potential solutions (e.g.,
layup, cure cycle) considered for each optimization problem. Next, a custom cost function is
defined to quantify the manufacturing cost of each potential solution. In manufacturing settings,
the cost of a composite part will be partially related to its total deformation, since larger PIDs
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would necessitate increased time, material, and labor to compensate for the higher degree of
component mismatches.[%3 Additionally, the overall cost of a part would be directly linked to the
manufacturing time (i.e., cycle time) required to produce it. Therefore, in this study, custom cost

functions will be defined as a function of deformation and manufacturing time.

Initialization Optimization

using closed-form theory. and predict a solution. experiment.

7 5

[ Define a cost function. ’ No Satisfactory
i« solution?

[ Define a kernel. ] l« Yes
i Stop the search.

[ Conduct four experiments. }—

Figure 6-2. TGML process optimization methodology to minimize PIDs in composite parts.

[ Parametrize all potential solutions ] Train a GPR model Conduct a targeted
—> —>

After the cost function is defined, a kernel is selected to be used for GPR model training.
As previously highlighted, a kernel should be chosen which captures the complexity of the defined
cost function without possessing a high chance of overfitting.!*! Finally, the last step of
Initialization is to conduct four experiments at strategic points in the design space, each with a
diverse set of training parameters. Given that each experiment yields data for three samples, this
results in the creation of a robust and statistically significant dataset for initial GPR training.

After completing the four Initialization steps, a GPR model is trained to predict the cost of
all the potential solutions using the results of the four initial experiments. During training, the GPR
model learns underlying trends and correlations in the data, then generates mean predictions and
probability distributions for the costs of all other potential solutions. Then, a targeted experiment
is conducted with parameters for which the GPR model’s mean prediction is optimal. After one
targeted experiment, the GPR model is retrained with the updated experimental results and

133



produces a new mean prediction for an optimal solution. Finally, experiments are conducted and
the GPR model is retrained until an optimal solution is predicted and validated experimentally.
The results and discussions in the following sections will demonstrate each step of the TGML
method for two manufacturing scenarios: layup and cure cycle optimization to minimize PIDs.

6.3 RESULTS AND DISCUSSIONS

6.3.1 Layup Optimization

As discussed previously, the first step of the TGML method is to parametrize all potential
solutions to be considered in the optimization search. In this case study, eight-ply layups consisting
of zero- and ninety-degree plies were considered as potential solutions. However, UD laminates
(i.e., [0]s and [90]s) were omitted from the analysis, and thus, a total of 28 — 2 = 254 possible layups
were evaluated. It should be noted that the layups chosen as potential solutions were selected based
on work from previous chapters and that the design space may be easily extended or altered in
future problems.

Once the potential solutions were defined, each layup was parametrized using two theory-
based features. This approach also serves to provide physics-based “guidance” to the domain and
enhance the model’s accuracy, forming the basis of the “theory-guided” machine learning
approach. The first feature was set equal to the linear determinant of each laminate’s ABD stiffness
matrix (Chapter 4).111 Mechanical properties needed for stiffness calculations were obtained from
publicly available literature.[?6:36.1061 The determinants of each matrix were calculated using LU
factorization in Python and will be referred to as “ABD” values through the remainder of this
chapter.®2118l | aminates with negative in-plane/out-of-plane coupling coefficients (B11) were
assigned negative ABD values to parametrically distinguish between opposite layups with

identical stiffness magnitudes. The second feature was set equal to the ratio of through-thickness
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shear stiffness (G, ;) to bending stiffness (E;), following closed-form theory available for process-
induced stresses and deformation of curved composite parts.1%?101 After the theory-based
features were established, each layup was projected into a TGML design architecture with two

unique theory-based features, shown as points in Figure 6-3.
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Figure 6-3. Theory-based design space consisting of all potential solutions (black points) and the
first four experiments (colored stars) used for layup optimization.

After all the layup candidates were parametrized, a function was defined to quantify the
cost of each potential solution. As previously mentioned, the total cost of each composite part in
this work is considered to be a function of deformation and manufacturing time. Since only eight
ply layups were considered in this work and thus manufacturing time is consistent among the
potential solutions, the cost of each laminate was set equal to:

Cost = |4 (6-1)
where |4] is the absolute value of the L-shape’s final deformation. This defined cost function is
illustrated in Figure 6-4, where the manufacturing time variable is included only for visualization

purposes.
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Figure 6-4. Cost function defined for layup optimization.

After the cost function was defined, a kernel was selected to be used for GPR training and
optimization. For this study, a summation of the Radial Basis Function (RBF) and white noise
kernels was used to describe the covariance between datapoints:[*17]

k(x,x") = kppp(x, x") + Ky (x, x7) (6-2)
In the specified kernel, the RBF component (k,, () detects non-linear relationships using Gaussian
similarity, promotes smoothness in the model’s response, and allows for generalizability, while
the k,,, accounts for independent noise in the data. In mathematical terms, the kernel can be defined

as:

|Ix—xr]|” -
k(x,xX)=e 22 +g2 (6-3)

where [ is the length scale of the RBF kernel and ¢;? is a positive constant representing the noise
level in the dataset. In this study, o> was set to the default value of unity, while [ was bounded
between 1x107° and 1x10° then optimized each iteration using scikit-learn’s hyperparameter tuning

capabilities.[®® Then, according to the final Initialization step, four experiments were conducted at
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the upper and lower bounds of the TGML design architecture. The layups and features chosen for
the initial tests are listed in Table 6-1 and illustrated in Figure 6-3 as colored star points.

Table 6-1. Layups and theory-based features used for GPR training of the first four layup
optimization experiments.

GPR Inputs
Experiment Layup
ABD (x 10%*)  Gu3/Ew
1 [90/90/90/90/0/90/90/90] 6.05 0.215
2 [0/0/0/90/90/0/0/0] -9.81 0.021
3 [90/0/0/90/0/90/90/0] 42.7 0.035
4 [0/90/90/0/90/0/0/90] -42.7 0.035

Figure 6-5 shows the spatial profiles and flange spring-in of one L-shaped composite part
from each of the first four layup optimization experiments. As previously mentioned, the stacking
sequence of each laminate is listed in Table 6-1. The tool’s profile (i.e., layup shape) is also shown
in the figure for comparison purposes. Note that positive spring-in values represent angle
enlargements, while negative values represent angle enclosures. Correspondingly, positive and
negative deformation values are indicative of volumetric expansions or contractions between
flanges relative to the layup shape. Although all layups produced negative deformation, Figure
6-5 demonstrates that the layup used in Experiment 1, with the highest G,,/E,, term, produced
significantly larger absolute deformation than the other three training tests. These results reinforce
the closed-form theory used during parametrization, which describes PIDs for curved composites
parts as directly correlated to the ratio of through-thickness shear modulus to bending

stiffness.[928.101]

137



Layup shape

Experiment 1 Experiment 2 Experiment 3 Experiment 4
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Figure 6-5. Spatial profiles and flange-spring-in of L-shaped composite parts with layups specified
by the first four GPR training experiments.

Figure 6-6 shows a surface of the GPR model’s mean response after training/initialization
from four experiments. The prior experimental data, from which the GPR model is trained, is
shown as black points. These consist of the GPR inputs listed in Table 6-1 and three measured
deformation values for each layup. The mean predicted values for all other layups in the TGML
design space are depicted by the colored surface and demonstrate a strong dependence on the
laminates’ ABD stiffness properties. Additionally, the surface predicts a sharp increase in cost and
absolute deformation for laminates with large G,,/E,, ratios, primarily due to the significant
experimental deformation observed in Experiment 1. Therefore, after training based on four tests,
the GPR model predicted the smallest deformation for a [0/0/0/90/0/90/0/90] layup with a low

Gy, /Exp term. Following the TGML optimization methodology, this stacking sequence was used

as the next experiment’s layup.

138



e Prior Experiment
L 1GPR (mean)
X Next Experiment

25

25
50COSt
75

100

125

ABD

Figure 6-6. GPR model trained on four experiments and its prediction of the optimal layup (next
experiment) to minimize PIDs.

Figure 6-7 shows the profile and spring-in of one L-shaped composite part cured according
to the layup specified by the first GPR targeted experiment. Compared with the first four
experiments, the first targeted layup produced a significant reduction in absolute deformation but
resulted in net positive deformation. This form of deformation occurred due to the high magnitude
of concave up flange warpage causing a volumetric enlargement between flanges. Although
deformation remained evident in the first targeted laminate, the results in Figure 6-7 demonstrate
that the GPR algorithm successfully provided a layup with reduced absolute PIDs after just four
training tests. Next, following the TGML methodology, the results from Experiment 5 were added

to the training dataset and a new solution was predicted.
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Layup shape Experiment 5
A=112cm?

>

-8

Flange Spring-in, 6/2(°)

Figure 6-7. Spatial profile and flange spring-in of an L-shaped composite part cured according to
the first GPR targeted layup.

Figure 6-8 shows a surface of the GPR model’s mean response after four initial and one
targeted experiment. Again, prior experimental data on which the GPR is trained is shown in black
points, whereas the mean predicted values for all other layups throughout the design space are
illustrated by the colored surface. After five total experiments, the GPR model presented a similar
interrelationship between ABD, G,,/E,;, and deformation as the first iteration. However, since
the first targeted laminate resulted in a net positive deformation, the GPR model predicted a
minimal deformation for a different layup with more zero-degree plies beneath the midplane:
[0/0/0/0/90/0/90/0]. Once more, following the TGML optimization methodology, this stacking

sequence was used as the next experiment’s layup.
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Figure 6-8. GPR model trained on four initial and one targeted experiment and its prediction of
the optimal layup (next experiment) to minimize PIDs.

Figure 6-9 shows the profile and spring-in of one L-shaped composite part cured according
to the layup specified by the second GPR targeted experiment. The profile illustrates a close
agreement with the layup shape and produced an average overall deformation of -2.6 cm®. To put
this value into perspective, this magnitude of deformation corresponds to an average out-of-plane
distortion of approximately 150 pm along the length of each flange. In the context of this study,
such a minimal deformation value meant the GPR model converged to an optimal solution with
near-zero deformation after four initial and two targeted tests guided by theory. The TGML
method’s stepwise convergence to an optimal layup which minimizes PIDs in L-shaped composite

parts is reiterated in Figure 6-10.
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Figure 6-9. Spatial profile and flange spring-in of an L-shaped composite part cured with the
second GPR targeted layup.
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Figure 6-10. TGML optimization method’s convergence to an optimal layup which minimizes
cost and deformation of L-shaped composite parts.

6.3.2 Cure Cycle Optimization

In this subsection, the TGML method previously utilized for layup optimization is
employed to find a cure cycle that produces lower PIDs and costs less than the MRCC. As
previously discussed, the first step of the TGML method initializes by constructing a design
architecture consisting of parametrized potential solutions. In this case study, potential solutions

include two-stage (i.e., “two-hold”, “two-step”, etc.) cure cycles, wherein all cycles include a
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variable first stage and a fixed second stage consisting of a temperature hold and cool-down equal
to 180 °C for 120 minutes and 2.78 °C/min, respectively (Figure 6-11). The second-stage
temperature and cool-down values were chosen based on the MRCC for the T800S/3900-2B
material system to ensure a final degree of cure of approximately 90%.581 It should be noted that
the cure cycle configuration chosen for a potential solution space was selected based on its

simplistic nature and that the design space may be extended or tailored in future problems.
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Figure 6-11. Generalized temperature profile of a two-stage cure cycle with a variable first stage
and a fixed second stage.

The first stage of a cure cycle may be described by four main parameters: first heat-up time
(to), hold temperature (T1), hold time (t2), and second heat-up time (t3). By setting constraints or
potential values for these parameters, a wide range of evaluable solutions can be generated. In this
work, six values for T1 (120, 130, 140, 150, 160, 170 °C) and t> (900, 600, 420, 300, 240, 180 min)
were used as parameters for potential hold temperatures and times. The choice of potential hold

times was based on the time for complete vitrification to occur (T, > T + 28°C) at each value of

T1.[628% Additionally, values for t; and t3 were determined by constraining ramp rates to 2, 4, and
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8 °C/min for the first heat-up and 0.1, 2, 4, and 8 °C/min for the second heat-up. Consequently, by
defining three potential first ramp rates, six hold temperatures, six hold times, and four second
ramp rates, a total of 3 x 6 x 6 x 4 = 432 possible cure cycles were defined to be considered as
potential optimization solutions in this case study.

After the list of potential solutions was constructed, closed-form theory was used to
generate two additional parameters to describe each of the 432 cycles. First, the evolution of
T800S/3900-2B’s glass transition and the temperature at which vitrification occurs (T,;;) during
each cycle were calculated using Dykeman’s model.[®¥ The vitrification temperature has been
demonstrated to be highly influential in the development of process-induced residual stresses and
deformations in similar thermosetting composite materials.[!**!2% Gijven the presence of
thermoplastic tougheners in T800S/3900-2B, the state of these particles during processing could
also play a critical role in residual stress formation and PID levels. To account for the effects of
thermoplastic tougheners in the cure cycle parameters, the glass transition temperature of the

particles (T .,,), which was assumed to be 150 °C, was subtracted from each T,,;, value for every

cycle.l’Y Thus, the fifth parameter to describe each cycle was set equal to T,;; — Ty tp-

The sixth and final parameter was included to recognize the significance of devitrification
(T > Tg) in the development of residual stresses. Following the cure kinetics model used for T,;;
calculationst®l, cycles exhibiting no devitrification were assigned a value of 0, while cycles
experiencing devitrification were labeled with a parameter of 1. Thus, at the completion of the
parametrization phase, a list of 432 potential solutions was constructed, each with a unique
combination of six parameters: t1, T1, tz, t3, T,y — Ty ¢, @nd 0 or 1 corresponding to devitrification.

In the next step of the Initialization phase, a cost function for each cure cycle in terms of

deformation and manufacturing time (i.e., cycle time) is defined. Unlike in layup optimization, the
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different potential solutions (i.e., cure cycles) will have a range of manufacturing times and thus

the total cost of each cure cycle was set to include this variable:

K
= — : 6-4
Cost = =gz + LA —B + 0.1t (6-4)

where 4 is the deformation of the L-shaped parts, t is the total cycle time, K (1000) are the lower
and upper bounds of a sigmoid function, B (0.1866) is the sigmoid function’s growth rate, v
(0.2229) and C (1) are constants which affect the steepness of the sigmoid function’s transitions,
and L (1) is the slope of a linear function. All constants included in the function were standard
values commonly used in the sigmoid function. In nonmathematical terms, the equation above
states that the total cost of each cycle is exponential-linearly dependent on the deformation of L-
shaped parts, and linearly dependent on total manufacturing time. A sigmoid function was used to
estimate cost due to its widespread use in probability estimation and ML problems, and to assess
the effectiveness of the TGML procedure when attempting to optimize more complex functions.
A plot of the defined cost as a function of deformation and manufacturing time is shown in Figure
6-12. The cost for the one-hold MRCC cycle, calculated from previous experiments, is also
illustrated in the plot. As previously mentioned, the goal of this case study is to find a two-hold

cure cycle in the design space which produces lower PIDs and costs less than the MRCC.
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Figure 6-12. Cost function defined for cure cycle optimization.
After the cost function was defined, a kernel was selected for GPR training and
optimization. For this case study, a combination of linear and Matérn kernels was used to describe

the covariance between datapoints:[**”]

k(x,x") = ki(x,x") + kpy (x, x") (6-5)
1 2 Y 2
k) = o0+ o (Yol k6 (Elw-wl) 69

where T is the gamma function, v is a parameter which controls the smoothness of the resulting
function, [ is the length scale, and K, is a modified Bessel function,.[®® In this study, values of v =
2.5 and [ = 1 were initially chosen for GPR training, then were optimized during each calibration
phase using twenty restarts in scikit-learn’s hyperparameter optimizer.[®®! This allowed for the
complex exponential-linear behavior of the cost function to be captured while still maintaining
generalizability.

The final step of the Initialization phase was to conduct four experiments. The temperature

profiles (T), simulated glass transition temperatures of the thermoset (T, .;) and thermoplastic
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(Ty,tp), and degree of cure (DoC) for each of the four selected cycles are shown in Figure 6-13.163]
The simulated vitrification temperatures for Experiments 1, 2, 3, and 4 were 120, 150, 120, and
180 °C, respectively. Devitrification occurred in Experiments 2 and 3 but did not occur in
Experiments 1 and 4. The four cycles used during GPR initialization were chosen because they

offer a wide range of diverse training parameters, as listed in Table 6-2.
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Figure 6-13. Processing temperatures, glass transition temperatures, and degree of cure for the
first four cure cycle optimization experiments.

Table 6-2. GPR training parameters for the first four cure cycle optimization experiments.

GPR Inputs
Experiment t, T, t, t, Tyic — Devitrification?
(min) (°C) (min) (min) Tg¢p (°C) (0 =No, 1= Yes)
1 50 120 900 600 -30 0
2 35 150 300 15 0 1
3 25 120 900 15 -30 1
4 125 120 420 7.5 30 0
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Figure 6-14 shows the spatial profiles and flange spring-in of one L-shaped composite part
cured during the four initial experiments. The profile and spring-in of the tool and a composite part
cured according to the one-hold MRCC are also included in the figure for comparison. The average
deformation (4), manufacturing time (t), and total cost of each cycle are also listed in the figure.
The results in Figure 6-14 entice two discussion-worthy points. First, Experiment 4, which caused
vitrification to occur at the highest temperature of 180 °C, showed to significantly elevate PID
levels in the L-shaped composite parts. These findings reinforce results obtained in previous
studies on similar materials, showing a direct link between vitrification temperature and
deformation.[**®! Secondly, the profile and deformation measurements from Experiment 1 showed
that PIDs may be significantly reduced by adding lower-temperature intermediate holds into a cure
cycle. For example, during Experiment 1, the material vitrified at 120 °C and exhibited a reduction
in deformation of approximately 10% for the cross-ply laminate.

MRCC

A=-174cm?

t=258 min
Layup shape Cost = 884

Experiment 1 Experiment 2 Experiment 3 Experiment 4
A=-15.7 cm? A=-18.5 cm? A=-214cm? A=-26.3 cm’
t=1728 min t=558 min t=1118 min t=618 min

Cost =980 Cost =944 Cost = 1053 Cost= 1055

“ T T 1

-14 -12 -10 —08 06 —04 02 0.0
Flange Spring-in, 6/2(°)
Figure 6-14. Spatial profiles, deformation (A), manufacturing time (t), and cost of L-shaped
composite parts cured according to the first four GPR training experiments compared with the
layup shape and one-hold MRCC cycle.

148



Although Experiment 1 demonstrated a significant reduction in deformation, the total cost
of the cycle was higher than the MRCC’s due to the relatively long cycle time. These results
indicated that the optimal solution had not been completed in the four training tests, and that
initializing a GPR search was the necessary next step to conduct following the TGML method.
Thus, using the six inputs listed in Table 6-2 and the three experimental costs of each of the four
training cycles, the trained GPR model predicted the smallest cost and deformation for the
following sequence of parameters: t; = 32.5 min, Ty = 150 °C, t> = 300 min, tz = 300 min, T,;; —

T,

g.tp = 0 °C, and Devitrification = 0. This sequence equates to a cure cycle of heating from 20 to

150 °C at 4 °C/min, holding at 150 °C for 300 minutes, heating to 180 °C at 0.1 °C/min, holding
at 180 °C for 120 minutes, then cooling to room temperature. The specified cycle was thus chosen
for the first targeted experiment and is labeled as Experiment 5 through the remainder of this
section. Note that unlike during layup optimization, the GPR predictions for each of the potential
solutions cannot be visualized using a three-dimensional surface due to the high number of input
variables.

Figure 6-15a shows the spatial profile and flange spring-in of one L-shaped composite part
cured according to the first GPR targeted test. The overall deformation, manufacturing time, and
total cost of Experiment 5 are also compared to the MRCC results in the figure. Compared to the
MRCC test, the first targeted cycle showed a lower absolute deformation value. These results
demonstrate that the GPR algorithm successfully provided parameters for a cure cycle with
reduced PIDs after just four training tests. However, the total cost of the first targeted cycle
remained slightly higher than the MRCC’s due to the relatively long cycle time.

Since the cost constraints had not been satisfied after one targeted cycle, the GPR model

was retrained with updated experimental results, consisting of four training tests and one targeted
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test. After retraining, the GPR model predicted the smallest cost and deformation for the following
sequence of parameters: t; = 75 min, T1 = 170 °C, t> = 180 min, t3 = 2 min, Ty,;; — Ty, = 20 °C,
and Devitrification = 0. This sequence equates to a cure cycle of heating from 20 to 170 °C at 2
°C/min, holding at 170 °C for 180 minutes, heating to 180 °C at 2 °C/min, holding at 180 °C for
120 minutes, then cooling to room temperature. The specified cycle was thus chosen for the second
targeted experiment and is labeled and referenced as Experiment 6 through the remainder of this
section.

Figure 6-15b shows the spatial profile and flange spring-in of one L-shaped composite
part cured according to the second GPR targeted experiment. The relative deformation,
manufacturing time, and total cost of Experiment 6 are also compared to the MRCC results in the
figure. Compared with the MRCC test, the second targeted cycle showed an approximate 5%
reduction in volumetric deformation and lower manufacturing cost. In other words, the GPR
algorithm converged to an optimal solution after four initial and two targeted experiments guided
by theory. Figure 6-16 summarizes the experimental results obtained for each cure cycle

throughout this case study and outlines the TGML method’s convergence to an optimal solution.

MRCC a) Experiment 5§ b) Experiment 6
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Figure 6-15. Spatial profiles, deformation (A), manufacturing time (t), and cost of an L-shaped
composite part cured according to the a) first and b) second GPR targeted experiment compared
with the layup shape and one-hold MRCC cycle.
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Figure 6-16. TGML optimization method’s convergence to an optimal cure cycle which
minimizes deformation in L-shaped composite parts while meeting cost constraints.

6.4 SUMMARY

This chapter demonstrated a novel process optimization approach and its application to
minimize PIDs in composite parts without using any material characterization of process
simulation. The proposed strategy consists solely of a limited number of element-level experiments
and Gaussian Process Regression (GPR) guided by closed-form theory. The TGML procedure is
generalizable and may be used to efficiently minimize PIDs (e.g., spring-in, warpage, volumetric
deformation, etc.) for any quantifiable part geometries and optimize any other residual stress-
contributing process parameters (e.g., out-time, tool surface condition, etc.). In this chapter, the
TGML optimization strategy was utilized for two case studies: layup and cure cycle optimization
to minimize PIDs in L-shaped T800S/3900-2B parts. For both cases, optimal parameters were
identified and validated through a mere six experiments and without any material characterization

or simulation efforts.
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7. SUMMARY, CONCLUSIONS, AND FUTURE WORK

7.1 SUMMARY AND CONCLUSIONS

The primary aim of this research was to investigate the impacts of processing uncertainty
and variability on residual stresses and deformations in advanced aerospace composites, with a
specific focus on Toray T800S/3900-2B, a current-generation aerospace material used in
production of aircraft such as the Boeing 787. The research began with a comprehensive
characterization of various material properties and manufacturing phenomena that may
significantly impact process-induced deformations (PIDs) yet are surrounded by high levels of
uncertainty. Emphasis was placed on three key areas: 1) understanding the physicochemical
behavior of release coating, 2) characterizing the evolution of thermo-mechanical properties (i.e.,
modulus and free strains) of T800S/3900-2B during cure, and 3) investigating underlying
mechanisms of tool-part interactions. Key findings from these analyses are as follows:

e The type, quantity, and age of release coating directly impact tool surface roughness and
free energy throughout production. During the initial processing cycles of a freshly release-
coated tool, a conditioning process takes place, where the coating’s characteristics become
“locked-in” and can maintain stability for over twenty autoclave processing cycles for flat
parts. Optimal conditioning for minimizing tool surface free energy is likely achieved
within one to three processing cycles.

e Variations in processing conditions significantly impact the thermo-mechanical properties
of T800S/3900-2B. Increased autoclave pressures result in greater deformation of
thermoplastic particles, while different curing temperatures create diverse evolutions in
storage modulus and free strains. Mathematical models describing these thermo-

mechanical behaviors can be referenced in Chapter 2.
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e Processing variabilities play significant roles in tool-part interactions for T800S/3900-2B.
Excessive application of release coating can elevate these interactions, while using lesser
amounts can reduce associated stresses. Cure pressure also has pronounced effects, with
the highest tool-part stresses observed at intermediate autoclave pressures. Laminate layup
and cure temperature impact tool-part interaction behaviors due to mechanical and
viscoelastic mechanisms. A novel theory and mathematical model describing the tool-part
interaction behavior for T800S/3900-2B can be referenced in Chapter 2.

Following the characterization effort, a novel method was developed for accelerating
composite characterization, utilizing Gaussian Process Regression (GPR) to efficiently construct
predictive models of thermo-mechanical properties. This approach demonstrated significant time
and cost savings compared to traditional methods and holds promise for addressing other
characterization challenges.

The next research phase involved a parametric exploration of layup and cure cycle impacts
on PIDs of L-shaped composite parts. Thermo-mechanical property models were incorporated into
finite element (FE) simulations to examine various design variables. A key discovery was that the
spring-in of L-shaped parts may potentially be minimized by employing asymmetric layups
featuring transverse fibers above the part’s midplane and negative in-plane/out-of-plane coupling
coefficients (B11).

Subsequently, an innovative method was developed for accurate and efficient analysis of
PIDs and composites manufacturing, employing multi-fidelity simulations, experimentation, and
theory-guided machine learning (TGML). This method utilized a novel strategy, Spatially

Weighted Gaussian Process Regression (SWGPR), to construct rapid and accurate surrogate
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models for predicting PIDs in L-shaped T800S/3900-2B parts. These strategies offer tremendous
potential for continued exploration and understanding of composites manufacturing.

Finally, a novel process optimization approach was developed capable of minimizing PIDs
in composite parts without using any material characterization or process simulation. This
adaptable strategy was devised by employing theory-guided machine learning (TGML) and was
demonstrated to efficiently find layup and cure cycle solutions to meet manufacturing cost
constraints. The strategy presented holds potential to effectively minimize various types of PIDs
such as spring-in, warpage, and volumetric deformation. Furthermore, the TGML method may
offer tremendous cost-saving benefits in manufacturing scenarios and other industries where quick

problem-solving is crucial.
7.2 FUTURE WORK

During the course of this research, several paths for future investigations have emerged:

e Many analyses underscored the significant influence of thermo-mechanical properties on
process-induced deformations (PIDs) in T800S/3900-2B. Across all analyses, it was
evident that reducing the prepreg’s through-thickness shear modulus and free strains during
processing may prove advantageous in mitigating PIDs. These properties are likely
modifiable through optimizing the formulation of the material, including the thickness of
interply-toughening layers.

e There exists a clear need for the enhancement of tool-part interaction modeling and the
integration into an efficient process simulation framework. Developing a method to
numerically represent complex behaviors at the tool-part interface during processing holds

the potential to significantly enhance the fidelity and efficacy of process simulation tools.
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The utilization of probabilistic methods has demonstrated tremendous potential in
efficiently addressing diverse challenges in this research. With the ongoing advancement
of machine learning (ML) and artificial intelligence (Al), there is a need to continue
expanding the methodologies developed in this study. This will allow scientists and
engineers to gain deeper insights into PIDs in composites and efficiently solve other

problems.
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