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ABSTRACT

Mechanical Characterizationand Finite Element Simulationof Carbon/PEEK
Thermoplastic Composite LaminateManufactured using Automated Fiber Placement
(AFP) Process

Emad Pourahmadi, Ph.D.
Concordia University, 2025

Despite fabrication difficulties, the utilization of thermoplastic composite laminates is expanding,
especially in the aerospace industry, owing to their outstanding characteristics, such as high
toughnessand recyclability. Compared to established manufacturing procedures, sudnds

layup autoclave process automated manufacturing techniques, such as Automated Fiber
Placement (AFP), offer the potential to economize time and costs. An advantage of manufacturing
thermoplastic compositeaminatesusing AFPlies in the possibility of irsitu consolidation,
thereby eliminating the necessity of any secondary consolidation processes. However, short
processing time during the AFP method leads to a significant contrast in the qualitgitof in
consolidated theroplastic composite laminates in terms of interlaminar bond strengtbthed
material properties when comparedthat of their autoclaveeconsolidated counterparfShe
present thesidocuses on this aspect and aims to devedop efficient micromechanial
computational model based on the finite element method tharedicttheinterface strength and
othermaterial propertiesincludingstiffness and strengtlof in-situ-consolidated Carbon/PEEK
thermoplastic composite laminate. Two batchekwoifinatesamples are fabricated by AR#th

in-situ consolidationOne of the batches is subsequentiggasolidated in an autoclave to serve

as a reference for a comparative study (i.esitin consolidated vs. autoclave-gensolidated)

The ShorBeam Shear (SBS) test, due to delamination failure mode, is chosen to measure the
Interlaminar Shear Strength (ILSS)he interface strength properties caused by AFRitn
consolidationare computationallgletermined using the cohesive zone model and thet&&S
results.Themanufactured samples undergo micrographicystumtl thermoanalytical Differential
Scanning Calorimetry (DSC) testing to gather the essentialfoiatae computational model
including fiber volume fraction, interlaminar resin pocket, void content and degree of crystallinity.
Then realistic two-dimensionalRepresentative Volume Elements (RVEsE generatedat a

micro-scalebased on the obtained informatimom micrographic examination and DSC analysis



These 2D RVEsvere first usedn the finite element simulatiot predict the transverse tensile
strengthresulting from the AFP ksitu consolidatioprocess, usinthe DruckerPrageidaw along

with ductile failure criterion to take into account the plastic deformatidhexiatrix, as well as

crack onset and evolution in the neat PEEK rdsimthermorethe effective stiffnessproperties

such adransverse elastandout-of-plane shear modulinfluenced byAFP in-situ consolidation

were predictedy applying periodic boundary conditions and using the homogenization theory.
The obtainedesultsreveal that whiléhe AFP in-situ consolidation manufacturing process reduces
thetransversstiffness propertiesf Carbon/PEEK thermoplastic composéaminatel0% to 20%

the transversetensile strength value magven decreaseup to 44% in comparson with the
autoclave treatmenthe outcomes of this thesis demonstrate that the mechanical performance of
Carbon/PEEK thermoplastic composite laminates is significantly affected by the Agif in
consolidation process. The predicted interfacial strength and effective material psopentide
essential input parameters for subsequent finite element modeling, analysis, and structural design

of thermoplastic composite components produced through thenAsiRI consolidatiomprocess.
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CHAPTER 1

Introduction



1. Introduction

1.1. Background and motivation

Polymeric composites have found extensive applications in various fields owing to their
remarkable specific stiffness, strength, corrosion resistance and lightweight characteristics,
particularly inaerospace and automotivelustries where weight reduction is crucial. Automated
Fiber Placement (AFP) has emerged as an advanced automated manufacturing technique that
offers benefits, such as reduced material waste, increased deposition rate and minimized
production time and &s, when compared to conventibmaethods, such as the hand-lgy
process. Robotic AFP machines utilize a fiber placement head (thermoset or thermoplastic)
mounted on a robotic arm to precisely lay down narrow composite tows onto a tool surface,
creating composite laminateas shown inFigure 1.1. The fiber placement process involves
applying a simultaneous compressive force and heat using a compaction roller and a heating
system, such as a hot gas torch. Nowadays, thectimg&uming and expensive curing process of
thermosebased composites has motivated the increasing adoption of thermopdastierparts

as a viable alternative, offering more efficient and-eff&ctive solutions.

Figurel.1. Components odn Automatedriber Placement (AFP) machine: robotic arm and fiber
placement head (either thermoplastic or therm¢ggt)

One of the major advantages of thermoplastic composites lies in the potentialsitr in
consolidation during the Automated Fiber Placement (AFP) manufacturing process. This

consolidation process is characterized by a higher cooling rate and limiteidmumawhich the
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tape is exposed to heat and compaction, leading to incomplete healing and a disparity in the quality
of in-situi-consolidated thermoplastic composites compared to those treated inside an autoclave.
These differences are attributed to critical factors, saschber volume fraction, void content,
interlaminar resin pocket and degree of crystallinity. Thus, it is of great importance to thoroughly
investigate the mechanical performance of thermoplastic composites manufactured bysirP in
consolidation and nk& a detailed comparison withosemanufactured usinthe autoclaveand

hot pressnethod [2i 5]

In-situ AFP manufacturing of thermoplastic composites involves three stages: heating,
consolidation, and solidification. Consolidation and solidification are critical for reducing voids

and ensuring strong interlayer bonding through heat and pressuré, wigove mechanical
propertied6]. Voids can be intralaminar (formed during tape fabrication) or interlaminar (arising
between plies due to surface roughngas)d]. During consolidation, tape surfaces flatten to create

Ai nti mat[@], cdmtldowtwed by mol ecul ar chain moti on
and bonding between layef$1l]. Compared to autoclave or compression molding methods,
although AFP irsitu consolidation offers an alternative manufacturing technique to save time and

cost, it can significantly affect void content and bonding quality.
1.2. Literature review

1.2.1. Interface strength properties

Generally, limited research has focused on investigating the performance of thermoplastic
composite laminates manufactured through the AFS#tinconsolidation method. Considering the
bondingof layers as a primary concern during thesiitu consolidation manufacturing process,
particularly due to its short processing time compared to autoclave treatment, th&eaimort
Shear (SBS) tesin which delamination is the dominant failure modecommonly used as a
guality assessment technique to examine the impact of consolidation processes on the Interlaminar
Shear Strength (ILSS)he sampleshapes (i.e., flat or curved) awcimensions adhere to the
guidelines specified in ASTM D23442]. Following ASTM D2344 guidelines, the loading nose

and supports of the fixture possess diameters of 6 mm and 3 mm, respectheelgtio of span
length to thickness is set at 4.Both the loading nose and the side supports extend beyond the
specimen width by a minimum of 2 mhe SBS test isisuallycarried out in a displacement



control mode with a crosshead movement rate of 1.0 mm/min sisorgbeam shear test fixtures
as shown irFigure1.2. ILSS values for each sample are computed using the provided equation
[12]:

0 & U

5 Q P&

where 'O and0 aretheinterlaminar shear strength atfte maximum applied loadband'Q

denote the width and thickness of the specimen, respectively.

Some studie$13,14] attempted to optimize the -gitu AFP process parameters, namely torch
temperature, torch location, deposition rate and compaction forceycfeasing the qualityf
fabricatedthermoplastic composite materials based on ILSS vahseshown irigure1.3. They

reported that the layer morphologyas significantly affected by the processing conditions.
Moreover, severe fiber damage was observed in specimens fabricated under elevated temperature
(950 AC) and high consolidation force (450 N)
manufactung parameters on both the mechanical performance and overall quality of the

laminates, highlighting the necessity of their careful optimization to achieve desirable outcomes.

i /]

Flat Test Sample

Figurel.2. Sample shapes and test fixtures for shegm shear test: (a) curved and (b) flat specimens
[15].
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Figurel.3. AFP processing parametersed for the manufacturing of thermoplastic composite laminates
for optimizationpurpose$14].

Few researchers explored the variations in ILSS values of Carbon/PEEK thermoplastic composite
samples caused by AFP-situ consolidation and autoclaveaensolidation methods, as listed in
Table 1.1. Cai et al [13] optimized AFP processing parameters using the Taguchi method and
achieved annterlaminarShearStrength (ILSS) of 51 MPa for Carbon/PEEK composites with a

hot gas torctheatingsystem Qureshiet al.[15] showed thathe ILSS value can be increased to

78.9 MPawhenlaser heatings used Khanet al.[16] demonstrated that deposition rate strongly
influences interface strength properties by altering the cooling rate. Using a heated tool, they
further increased the ILSS to 85.5 MPa by enhancing the degree of crystatlstiguld be noted

that although Stoke&riffin and Compstoiil7] reported even higher ILSS values for thesitu-
consolidated Carbon/PEEK thermoplastic composite sample compared to the autoclave
reconsolidated counterpart, no other studies have achieved the same results so far. The primary
failure mode observed durithe shorbeam shear test is delaminatipnterlaminar damage)

largely influenced by the matrix characteristics. To condigelayer separatiophenomenorin

finite element modeling, researchers commonly employ Gbkesive Zone Model (CZM),
prevalent in the literatufd.8i 23]. For this purpose, a linear elastic tracts@paration response
considered within the cohesive zone, including three distinct delamination failure modes: mode |,

mode IlI, and mode lll. Because delamination typically arises under mmpe@ loading
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conditions, the quadratic stress failure criteiigutilized to predict the initiation and propagation

of delamination[18,19] Moreover, regarding the composite damage modeling (intralaminar
damage) El-Sisi et al. [24] examined three different material modeling approaches: The Ply
Discount Model (PDM), the Simple Progressive Damage Model (SPDM), and the Continuum
Damage Mechanics Model (CDMM). They recommended emplotirgContinuum Damage
Mechanics Model (CDMM) combined with 3D Hashin failure critef22,25,26] This
combination has demonstrated the ability to closely align with experimental outcomes while
minimizing sensitivity to mesh size variations, enabling accurate prediction of the onset and
evolution of composite damad@4]. Liu et al. [27] conducteda computational simulation, by
considering both models for intralaminar and interlaminar damage, to assess the response of
Carbon/PEEK thermoplastic composite samples produced waf-@uitoclave methods, such as
compression molding, under thrpeint bendflexural loading. The study illustrated a strong
correspondence between simulation outcomes and experimental observations in terms of
mechanical behavior and damage mechanism.

Tablel.1. ILSS values measured by the SBS test for Carbon/PEEK thermoplastic composite samples
manufactured by autoclave-censolidation and AFP igitu consolidation with different deposition rates.

Autoclave reconsolidation AFP In-situ consolidation
References
ILSS (MPa) ILSS (MPa) Rate (mm/s)

Caiet al.[13] - 51 50.8

Tierney and Gillespi§28] 90 60 30
Qureshiet al.[15] 92.7 49.2 65

78.9 127
Khanet al.[16] 94.8 85.% 50
StokesGriffin and Compstoifil7] 94.8 98! 100

In-situ consolidation usinglaser heating system

2In-situ consolidation using heated mandrel
While several studies have focused on optimizing the AFP processing parameters (i.e.,
temperature, compaction force and deposition rate) and evaluating the quality of Carbon/PEEK
thermoplastic composite laminates by measuring the Interlaminar Shear IS{te8g) through
the ShorBeam Shear (SBS) test, a significant gap remains in the availability of interface strength
properties for irsitu-consolidated thermoplastic composite laminates, parameters essential for

accurate finite element modeling and asaly.



1.2.2. Material properties

Fabricating thermoplastic composite laminates with absolute flatness proves to be challenging
during the AFP irsitu consolidation process due to warpage and distortion of flat samples with
open edgesas shown ifrigurel.4, whereby there is substantially limited literature on the material
characterization of usitu-consolidated thermoplastic composité¥arpage in AFP isitu-
consolidated thermoplastic laminates mainly results from nonuniform cooling, shrinkage, and
thermal gradients through the thickness, which generate residual stresses and distortion. The main
factors contributing to this effect areylgp sequence, fiber orientation, and variations in applied
heat and pressure during the consolidafiopcessHoaet al. [29] proposed the utilization of a

heated mandrel to address these difficulties in manufacturing undistorted thermoplastic composite
laminates. They conducted various tests to compare the mechanical properties of these samples
with those manufactured througlorventional autoclave treatment. However, it is worth
mentioning that the heated mandrel technique may lead to alterations in the mechanical properties

of the final product compared to those resulting from th&tinconsolidation process.

Figurel.4. Warpage and distortion introduced in thesita-consolidated thermoplastic composite
laminate during the AFP proce29].

During the fabrication of thermoplastic composites, residual stresses may develop due to factors
such ashigh processing temperatures, uneven cooling, and mismatched material properties
between layers, often leading to warpage and dimensional instability. phasessnduced
stresses can compromise the l@dring capacity of the composite by promoting fiber buckling

or void formation during solidification, which may trigger microcracking and reduce strength

properties[30]. To this end, sveral studies[30i 33] have attempted tonumerically and
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experimentallyinvestigate the effeatf manufacturingnduced residual thermal stresses the

performance ofhermoplastic compositaaterials.

Few researcher§s,34,35]conducted anicrostructuralcomparison between -situ-consolidated
Carbon/PEEK thermoplastic composite samples and thoesensmlidated in an autoclave.
Fereidouni and Hodg36] investigated various microand macrescale defects in AFRP
manufactured thermoplastic composites, with particular attention to Carbon/PEEK tapes
consolidated using a Hot Gas Torch (HGT) heating system. Their study outlined defects arising
from the supplid impregnated tape, performance limitations of the AFP system, and issues related
to the insitu consolidation procesfavestigating the microstructure of thermoplastic samples
manufactured by hsitu consolidation and autoclave -gensolidation offers avaluable

understanding of the factors leading to mechanical performance differences.

Studiesavailable in the literaturgs,9,34,35,3741] indicate that irsitu consolidation generally
produces laminates with greater void content (up to 4%) and redegeele otrystallinity (15

30%), depending on AFP parameters and the heating métbagver autoclavereconsolidated
laminates usually achieve lower void content (below 0.5%)admdherdegree ofcrystallinity

(about 35%) as a result of slower cooling and extended heat and pressure apiixationation

of the samples through microscopy imaging, as depicte&igare 1.5, clearly highlights
significant differences between thermoplastic composites fabricated by Adtie consolidation

and those reonsolidated through the autoclave process. The microstructure of the thermoplastic
composites undergoes notable changes wvthsrireated with an autoclave, leading to improved
fiber distribution and reduced visibility of layer boundaries. In contrast, samples manufactured
through insitu consolidation reveal resiith regions between layers (interlaminar resin pockets)
and weven fiber distribution, potentially giving rise to stress concentration 242 he void

content and fiber volume fraction can be assessed using the color thresholding technique by
ImageJsoftware, which is capable of differentiating between voids, fibers, and [A%dd].

Owing tothe presence of resin pockets between layessilting from uneven fiber distributipn

not onlythetotal void percentage but alsbevoid distribution(i.e., intralaminar and interlaminar

voids) cannegativelyinfluencethe mechanical performance of the composite matérialworth
mentioning that the damage mechanism of composite materials in the transverse direction highly

depends on stress concentration areas emerging in the matrix phase. As a result, any factors causing



a discontinuity in stress distribution of the microstructure, such as the presence of interlaminar
resin pockets and particularly voids, may affect the crack initiation and propagation substantially,

leading to a significant reduction in the strength ohposite materialg2,45]

In-situ-consolidated sample

Figurel.5. Typical 20Xmagnified micrographs of Carbon/PEEK thermoplastic samples afs@uin
consolidation and autoclave-censolidation processés].

The degree of crystallinity of Carbon/PEEK thermoplastic composite laminate, manufactured by
AFP insitu consolidation, can be influenced by AFP processing parameters, such as deposition
rate, temperature and compaction force, as well as the type ofghepstem used (e.g., hot gas
torch, laser, etc.). As a result of these parameters, the degree of crystallinity may typically vary
between 15 to 30 percelft,38,40,41Jand plays a crucial role in determining the elastic modulus
and strength of neat PEEK resin, thereby exerting a substantial influence on the overall material
properties of the composite materj8D,46,47] It should be also noted that especially in the
transverse direction, where matrix behavior governs, any variations in the degree of crystallinity

can lead to undesirable effects on the performanteeabmposite material.

Although experimental methods are essential for assessing material properties, conducting
mechanical tests on unidirectional thermoplastic composite specimens poses challenges due to
warpage and distortion induced during the AFRIto consolidation pross. Micromechanical
computational models offer a valuable tool for performing virtual experiments and analyzing
various material systems during the design s{dg§¢ Two types of Representative Volume
Elements (RVES) are used in micromechanical analyses: periodic (i.e., hexagonal and square
packing) and random distribution of fibers. It is essential to consider a real@tianiform and

random distribution of fibers in order to provide an accurate assessment of local stress
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concentrations and precise prediction of mechanical propedgeswvell as the onset and
propagation of local damagé2,49 51]. While employing the Representative Volume Element
(RVE) technique enables researchers to simulate a wide range of microstructures, including their
constituents, shapes, orientations, and distribution, generating an RVE capable of accurately
representing tamechanical behavior and response offiiber-reinforced composites with a high

fiber volume fraction(e.g., 60%)presents considerable modelidgallenges For this purpose,
researchers have developed numerous algorithms, including Random Sedhésdiadtion

(RSA) [52], Random Sequential Expansion (RSBp], EventDriven Molecular Dynamics
(EDMD) [51] and Random Microstructure Generator (RAND_uSTRU_GM), with the aim

of improving the genuinenessd practicalityof generated RVE models by incorporating nhon

uniform and random fiber distribution.

Numerous studies have explored the transverse mechanical behavior of composite materials using
micromechanical analysiand generating different microstructurésrough either different
algorithms or image processing methptR,45,55 66]. Ghayooret al.[42] studied the influence

of intralaminar resifrich regions, created by fiber removal and displacement, on the transverse
modulus and damage initiation of Carbgmdxy composites through computational analysis.
Their findings indicated that resin pockets could reduce the failure initiation strain by about 20%.
Yang et al. [60] examined the transverse tensile and compressive behavior of unidirectional
laminates using an RVE approach, incorporating matrix plasticity via the DrBchger model

and interfacial debonding with cohesive zone elemdmugy et al.[61] employed 3D RVES to
identify failure sites in Carbon/PEEK laminates under transverse compression and longitudinal
shearFedulovet al.[63] introduced a material model combining plasticity with damage initiation
and propagation for PEEK resin supplied Gytec [67], which successfully predicted the

transverse tensile strength of Carbon/PEEK laminates in agreement with experimental data.

In the present thesis, the RAND_uSTRU_GEN algorithm proposed by Btedtd54] was used.

The initial stage in generating a Representative Volume Element (RVE}hisingethodnvolves
creating a set of random center points for the fibers, while ensuring they do not overlap with
previously generated fibers. Additionally, this step allows for defining a minimum distance
between the fibers as needed. To attain high fiber voluactidns, the subsequent step involves
identifying and repositioning the center points of the most isolated fibers within the RVE, thereby

10



facilitating the achievement of higher packing densities of fibers (fiber stirring mgsdgd
Ghayooret al.[50] modified this algorithm by woosing the most isolated fibeis be stirred in

order toincrease the probability of creating empty areas, allowing for the incorporation of
additional fibers. Fiber isolation is determined by calculating the average distances to their three
or four closest neighbors, with the fibers having the largest aveis@gace being classified as
isolated. The number of fibers eligible for relocation can be tailored according to the iteration
count and the target fiber volume fractidduring relocation, the isolated fibers move towards
neighboring fibers at a random distance that falls between the specified minimum distance and the
existing distance between two adjacent fibétee complete RVE generation procedure is
explained in detail in Chapters 3 ang Moreover, in addition tdhe random microstructure
created inside the representative volume element, the RVE must be periodic on the opposite
boundaries to enable precise predictiothefstress fieldas shown ifrigure1.6.

Figure1.6 Examples of periodic RVEs with random fiber distribution and 60% fiber volume fraction
[54].

Composite materials are often depicted in micromechanical models as an array of periodic RVES,
requiring the implementation of Periodic Boundary Conditions (PBCs). These boundary
conditions ensure that the deformations of all RVEs are compatible, prgventmnoverlap or
separation between adjacent RVEke periodic boundary conditions are generally formulated as
follows [68,69}

rz

0 -Tw 0o P&
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where6 denotes the displacemenf represents the average straimiw indicategheCartesian
coordinate of a point on the RVE boundaiy refersto the periodigartof the displacemeriield,
which isan unknownfunction influenced by the applietbading conditionsThe procedure for

applying periodic boundary conditions is described in detail in Chapters 3 and 4.

The homogenization technique is also employed to analyze how the RVE responds to mechanical
loads, allowing the prediction of its mechanical properties. This assumption suggests that the
average mechanical properties of the RVE align with those observéuk iminidirectional

composite lamina at the macrostructural level. A wide range of material properties can be
ascertained by applying distinct and independent displacement conditions, by calculation of

volume average stress and strain comporteatare efined as follow$68,69]

. = , Q0 — , 0O PR

- 2 0 2 % o8

whered  denotes the total area of the representative volume elemeand- represent the
stress and strain components, respectively, calculated at the integration poirfbfelement,

which has an area of . 0 refers to the total number of integration points within the RVE model.

Several research works have examined the influence of voids, resulting in the development of two
distinct approaches for their modeljrag depicted ifigurel.7. The first method involves explicit
modeling of voids, usually assuming circular holes in the transverse dirgg&i@0 74]. Another

method for void modeling entails attributing air properties to specific matrix elerr&n®9].

The model that explicitly incorporates circular voids showed variations in predicted failure
strengths which closelsesemblehe observed behavior in experiments, primarily influenced by
void distribution and area. However, the model that introduces voids within elements yielded
similar resultsTherefore, the first method was used in the present thesis to model voids in RVEs.
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Voids explicitly established Voids modeled within the elemet

Figurel.7. Example of RVEs containing voids with two different modeling approaetigs
The reported material properties in the datasheetttributed t@ither hotpressedr autoclave
processed compositaterials which do not account for the distinct microstructural features
introduced bythe AFP processsuch as increased void contdotmation of resirrich areasand
variations inthe degreeof r y st al | inity. These differences nc
particularly in the matrixdominated transverse direction. Due to warpegeducedin AFP-
fabricatedthermoplastic compositeminateswhen a heated mandrel is not usegperimental
characterization ahefinal composite paremainschallenging Thus, micromechanical modeling
using the Representative Volume Elements (RVEg)proachemerges as a critical tool for
predicting materiapropertiesand addressing the current gaps in mechanical property data for

AFP-manufactured thermoplastic compositaterials
1.3. Scope and objectivesf the thesis

In terms of the interlaminar bond strength resulting from the AFRnconsolidation versubat

of theautoclave treatment, prior studies have only compared ILSS values measured by the SBS
test for quality control purposesNone of them attempted to identify the interface strength
properties that serve a vital contribution in finite element analyses of Carbon/PEEK thermoplastic
composite laminates fabricated bysitu consolidation, essential for advancing research on thei
mechanical behavior and resse. Moreoverdue to the difficulty in manufacturing flat
thermoplastic composite laminate the AFP techniquen the absence of heated tdularpage
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phenomenon), the studies to date have been unable to investigate the stiffness and strength of in
situi-consolidated Carbon/PEEK thermoplastic composite laminate and draw a comparison with
the material properties provided in technical datasheetstferautoclavemade counterpart.
According tothe identified knowledge gaps concerning Carbon/PEEK thermoplastic composite
laminatesin-situ consolidated by the Automated Fiber Placement (AFP) prot@ssthesis
pursues three primary objectives related to thehaeical performance induced by the AIRP

situ consolidationtechnique: (1) todeterminethe interfacial strength properties governing
delamination failuremode (2) to predict thdransverse tensilstrength, and (3) tpredictthe
effective stiffness properties, with particular emphasis on the transverse direction where the matrix

phase predominantly influences ttmmpositematerial response.

The present thesisillvattempt to develop a methodology to predict the interface strength and
material properties of Carbon/PEEK thermoplastic composite laminate manufactuhed\By

in-situ consolidation method. To achieve this, two sets of specimens will be produced by AFP in
situ consolidation and autoclavegensolidation techniques to be evaluated by the Seatn
Shear (SBS) test. Afterwards, Finite Element (FE) modeling e implemented to
computationally determirgie proper interface strgth properties, resulting from the AFRsitu
consolidation, using the cohesive element approach and ILSS values obtained thedtigs
experiment.The outcome of this segment of the research work contributes directly to achieving
the first objective outlined in the present thesis.

In composite structures, the initiation of transverse matrix microcracking typically marks the initial
stage of failure and governs the development of fractures. Additionally, the existence of voids,
interlaminar resin pockets, aadeduction in the degree of crystallinity substantially influence the
material characteristics in the transverse direction. Thus, in the ptlesgigtthe transverse cross
section of Carbon/PEEK thermoplastic composite material will dsoinvestigated by
computationallygeneating twadimensional Representative Volume Elements (RVES), featuring
randomly distributed fibers, at a miesoale. To ensure that comprehensive details are included in
the micromechanical simulation, micrographic study and thermoanalytical Differ8oiahing
Calorimetry (DSC) analysis will be conducted on two distinct groups of Carbon/PEEK
thermoplastic composite specimens fabricated througgitunconsolidation and autoclave- re

consolidation processes. Finally, the effective transverse materiperpes (stiffness and
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strength), caused by AFP-gitu consolidation, will be predicted by applying Periodic Boundary
Conditions (PBCs) and using Asymptotic Homogenization Theory (AHT). The findimggsting

the second and thirabovelisted objectives of the present thesm|l prove highly beneficial in

the finite element modeling, analysis, and design of Carbon/PEEK thermoplastic composite

laminates irsitu consolidated by the AFP technique
1.4. Thesis layout

This dissertation has been structured in accordance with the manbssepk thesis format, as
outlined in the AThesis Preparation Guidebo
Concordia University. It comprises five chapters: an introductory ehafttree core chapters
presenting the main research contributions aligned with the thesis objectives, and a concluding
chapter summarizing the key findings and proposing directions for future research. Additionally,
brief forewords are included to facdie coherent transitionsnd interrelationdbetween the

individual journal papers.

Chapter 1 offers an overview of the Automated Fiber Placement (AFP) process, emphasizing its
capabilities in fabricating both thermoset and thermoplastic composite components. BlEB[ste
ability to in-situ consolidatehe thermoplastic compositmaterials thereby eliminating the need

for postprocessing steps like autoclave curing, achieving autotéset quality remains
challenging due to the reduced processing time inherettieilAFP technique This chapter
identifies keyknowledgegaps in the areaf in-situi-consolidated thermoplastic composites,
specifically concerning (a) interfacial strength characteristics and (b) mechanical properties (i.e.,
stiffness and strength). A concise literature review is provided on the Bdem Shear (SBS) test
andassociated failure mechanisms observed in experimental stMdiesover micromechanical
modeling based on the Representative Volume Element (RVE) approach is introduced, with a
focus on existing algorithms for generating realistic RVEs with high fib&rme fractions for
accurate prediction of effectiveaterial propertiesThe chapter concludes witlescriptionf the

research scop#he thesiobjectives, anthethesis outline.

Chapter 2 investigates the interlaminar shear performance of Carbon/PEEK thermoplastic
composite laminates manufactured via Automated Fiber Placement (A&iR) aonsolidation, in

comparison to autoclave-tensolidation. Through SheBeam Shear (SBSgsting,Interlaminar
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Shear StrengtHl(SS) valuesweremeasuredor in-situ consolidatednd autoclavethminates. A

finite element modeling approach employing cohesive elements was developed to simulate the
experimentally observed shear behavemnsidering botlntralaminarand interlaminadamage

types By numericallydetermining thenterface strength propertiesing the SB3est results, the

model provides critical input parameters for future simulations of-fabRcated thermoplastic
compositelaminates and contribute to reaching the thesio s pr i mar(iyg., ABBj ect i v

influenced interfacial strength values)tlined before

Chapter 3 presents a micromechanical investigation into the transverse tensile strengitu of in
consolidated Carbon/PEEK thermoplastiaterialproduced by the AFP process. Accounting for
manufacturingnduced variationssuch as fibevolume fraction void contentjnterlaminar resin
pocketanddegree ofcrystallinity, 2D Representative Volume Elements (RVEgh randomly
distributed fiberswvere developed to simulate the microstructoased orthe data obtained by
micrographicstudy and DSC analys. The plastic deformatiorof the neat PEEK resin was
modeled using the Druck&rager plasticityaw, combined withthe ductile failure criteriorfor
matrix damage onset and evolutiod simulation methodology was proposed to address
limitations in the experimentalcharacterization of these materials due to induced warpage
highlighting the importance of accounting for reduced transverse propertiks design and
analysis ofAFP-manufacturedhermoplastic composite$he findings from this portion of the
research work support fulfilling the second aforementioned objgciveprediction of transverse

tensilestrengthresulting from the AFP processf the present research.

Chapter 4 focuses on predicting the effective stiffness properties -sifuinconsolidated
Carbon/PEEK thermoplastic compositeateria] emphasizing the influence of microstructural
variations introduced by the AFP manufacturing process. Utilizing 2D R)¢RBsratedisingthe

outcomes ofmicrographic and DSC analyses, the study quantifies the effects of fiber volume
fraction, void contentdegree ofcrystallinity, and resifwrich regions.The effective longitudinal

elastic modulus, transverse modulus;oiiplane shear modulusandaftp | ane Poi ssonds
caused bythe AFP insitu consolidation process, weobtainedthrough Periodic Boundary
Conditions (PBCs) and Asymptotic Homogenization Theory (AHRese findings underscore

the necessity of incorporating transverse property degradatibanmdeling and design of AFP
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madecomposite structuresnd allow for pursuing the third and final object{ve., prediction of

effective stiffness propertiemused by the AFP procégss the present thesis

Chapter 5providesoverall conclusions andkey contributionsderived from the comprehensive
investigation of Carbon/PEEK thermoplastic composite laminates manufactured by -&fP in

consolidation. This chapter also offers some recommendations for potentiakésesech work
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CHAPTER 2

Interlaminar shear strength of Carbon/PEEK thermoplastic
composite laminate: Effects of irsitu consolidation by automated
fiber placement and autoclave reconsolidation

This chapter contairthe contents afhe followingjournal and conferengeapes:

E. Pourahmadi, F. Shadmehri, R. Ganesan, "Interlaminar shear strength of Carbon/PEEK
thermoplastic composite laminate: effects ofitu consolidation by automated fiber placement
and autoclave reonsolidation”, Composites Part B: Engineering269 (2024), 111104.
https://doi.org/10.1016/j.compositesb.2023.111104

E. Pourahmadi, F. Shadmehri, R. Ganesan, "Interlaminar shear strength of Carbon/PEEK
thermoplastic composite laminatesiu consolidated by automated fiber placement" inl®té
Canadianlinternational Conference on Composites (CANCOM202/4terloo, Ontario, Canada,

Aug. 2024
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2. Interlaminar shear strength of Carbon/PEEK thermoplastic
composite laminate: Effects of irsitu consolidation by automated
fiber placement and autoclave reconsolidation

Foreword

Many researchers have worked on improving the processing conditions of Automated Fiber
Placement (AFP), such as temperature, pressure and material feed rate. They evaluated the quality
of Carbon/PEEK thermoplastic composieminatesby measuring their Interlaminar Shear
Strength (ILSS) using the ShaéBeam Shear (SBS) test. However, there is still a major gap in the
available data on interface strength propertiesn-situ-consolidatedthermoplastic laminates.

These properties are crucial for developinguaate finite element models and performing reliable

structural analysis.

This chapter introduces a simulation methodology employing a -thmeensional model
developed in ABAQUS/EXxplicitThis research work aim® numerically determine interface
strength values based on ShHBgam Shear (SBS) test resultghich was formerly identified as

the first objective of the present thesohesive elements are placed between composite plies to
accurately capture the delamination failure mode (interlaminar damage), observed during the SBS
experiment. Furthermore, a usifined VUMAT suboutine is implemented to incorporate
Hashin failure criteria, enabling the prediction of intralaminar damage initiation and evolution,
particularly in regions adjacent to the loading nose and supports, thereby enhancing simulation
accuracyBased on the findings, the interface strength values forfaBfcated Carbon/PEEK
thermoplastic composite laminates were computationally determined to be 36 MPa and 45 MPa in
the normal and shear directions, respectively. These properties are of gagamnce, adiey are
essential for future finite element analyses ofsiin-consolidated thermoplastic laminates,

particularly when delaminatias intended to be modeled a potential failure mechanism.
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Abstract

Automated manufacturing techniques, such as Automated Fiber Placement (AFP), offer an
opportunity over conventional manufacturing methods, such as autoclave curing, to save time and
expenses. The present research focuses on evaluating the InterlamimaBt&mesh (ILSS) of
Carbon/PEEK thermoplastic composite laminates manufactured by Adtfa consolidation and
autoclave reconsolidation using the SheBeam Shear (SBS) test. Additionally, a methodology

is proposed to capture the differences obsemdlSS using a finite element simulation. In this
respect, a thermoplastic laminate was fabricated using AFRuinconsolidation. Baseline
laminate was also produced byaensolidating another AFRade laminate inside the autoclave.

A micrographic studyvas conducted to investigate the void content and fiber distribution resulting
from each manufacturing process. The test results showed that the AFP technique results in an
ILSS of the laminate that is 37% lower than that of the autocka@nsolidateddminate. The

distinct mechanicabehaviorin the SBS test arising from-gitu consolidation and autoclave re
consolidation was differentiated in the finite element modeling utilizing cohesive elements. This
distinction was achieved by numerically finding the proper interface strength propesiss on

the SBS experimental results. These interface properties serve as valuable input parameters for
conducting further finite element modeling and analyses of Carbon/PEEK thermoplastic
composite laminates maradtured by AFP isitu consolidation.

2.1. Introduction

Higher specific stiffness and strength, resistance to corrosion and lower weight compared to metals
have resulted in the wide and constantly growing applications of polymeric composites in different
structures such as aircraft and automotive structuragemated manufacturing techniques, such

as Automated Fiber Placement (AFP), offer an opportunity over conventional manufacturing
techniques, such as hand-ay, to reduce material waste, to increase the rate of deposition, to
have greater design flexibiitand to save manufacturing time and cost. These benefits make AFP

a more coseffective and efficient choice for fabricating composite components compared to the

traditional autoclave treatment.

In-situ manufacturing of thermoplastic composites using the AFP process consists of three steps:

1- heating, 2 consolidation, and-3solidification The last two steps are of great importance in
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terms of void content reduction and bonding between layers by applying heat and pressure in order

to acquire optimum mechanical propert{€$. Void is one of the contributing factors which
influences the mechanical performance of the final product. Generally, voids are divided into two
categories: (a) Intralaminar voids, which are caused by the tape fabrication process, are those that
are preset within the tape. (b) Interlaminar voids are induced between plies during the tape
placement which results from the surface roughf¥$. Because of the heat and pressure during

the consolidation step, the tape surfaces, which have come into contact with each other, start
flattening for t he e mgQe].gSebsegeentlyy tlue foithe tmotiomadf e ¢ o
mol ecul ar chains between the | ayers in intimat
bonding between layers occiitd]. AFP insitu consolidation is an attractive alternative technique

to either the autoclave consolidation or compression press methods that can have a considerable
influence on the consolidation step of the thermoplastic composite manufacturing proesess in t

of the void content and quality of the bonding between layers owing to the different approaches of

applying heat and pressure.

Generally, the ShoBeam Shear (SBS) test is widely employed as a quality control method to
investigate the effect of different parametsisch as defects and consolidation processethe
Interlaminar Shear Strength (ILSS). Some stufli8sl4]aimed to find the optimum igitu AFP

process parameters for the manufacturing of thermoplastic composites based on ILSS values. They
focused on four processing parameters, namely process temperature, torch location, deposition rate
and compaction forceand succeeded in determining the optimum conditions for carbon
fiber/PEEK composite with the help of the Taguchi method and a great number of experimental
tests. Shorbeam shear tests were used by Kbegal.[16] to assess the bonding degree of AFP
fabricated CF/PEEK laminates with various processing parameters, including heating, layup
velocity, tool temperature and consolidation pressure. They found out that temperature and
pressure should be kept under coninobrder to reduce the void content, improve the interface
cohesion and prevent the thermal degradation of thermoplastic composites. Nevertheless, Qureshi
et al.[15] reported that there is no correlation between interlaminar shear strength and compaction
force for CF/PEEK composites. Changing the processing parameters can affect the cooling rate,
which is responsible for the degree of crystallinity, and hence theiataeength. Kharet al.

[16] showed that layup velocity has a major impact on the quality and interface strength of
CF/PEEK because of the change in the cooling rate. It should be noted that they succeeded in
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obtaining the interlaminar shear strength of 85.5 MPa, which is close to the ILSS of adtoclave
treated CF/PEEK, by lowering the deposition rate (50 mm/s) and the use of a heated mandrel which
enhance the degree of crystallinity. Stek&#fin and Compston[17] also examined the
relationship between the process temperature and Interlaminar shear strengtsitof in
consolidated CF/PEEK samples using various deposition rates of NeaR&urdNIR) laser
assisted Automated Tape Placement (ATP). They reportedhthaeven obtained higher ILSS
values for the CF/PEEK thermoplastic samples manufactureddguiconsolidation (using 100

mm/s deposition rate) compared to the autoctesated reference sample with 94.8 MPa ILSS. It

is worth mentioning that no othstudies repeated the above study so far. ILSS values that different
researchers obtained for Carbon/PEEK thermoplastic composite ussitg oonsolidation and

autoclave reconsolidation manufacturing processes are listéichbiie2.1.

Table2.1. Interlaminar shear strengths obtained by SBS test for CF/PEEK thermoplastic composite
manufactured by autoclave reconsolidation arsitin consolidation with various deposition rates.

Autoclave reconsolidation AFP In-situ consolidation
References
ILSS (MPa) ILSS (MPa) Rate (mm/s)

Caiet al.[13] - 51 50.8

Tierney and Gillespi§28] 90 60 30
Qureshiet al.[15] 92.7 49.2 65

78.9 127

Khanet al.[16] 94.8 85.% 50
StokesGriffin and Compstoifil7] 94.8 98! 100

In-situ consolidation using a laser heating system

2In-situ consolidation using heated mandrel

Nonetheless, according to the research performed by €hah [80], void content and its
distribution significantly influence the interlaminar shear and compressive strengths of
CF/polyphenylene sulfide (PPS) composites. Furthermore, there are contradictions among
researchers regarding the effect of roller passes dilmé®yFP process. Khaat al.[16] concluded
that interlaminar shear strength is increased by performing repasses whereas €hanféli]

only reported an improvement in the surface finish quality of CF/PEEK composites, similar to the
results obtained by Shadmekti al. [5]. Comeret al. [38] also presented the positive effect of
repass on the degree of crystallinity while Shadmethail. [5] showed that repass treatment can

lead to a decline of 6% (after two repasses) in the degree of crystallinity of carbon fiber/PEEK
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composite. Thatdéos why it is challenging to ma

technique with the same quality as autoclave consolidation.

Delamination, which highly depends on the matvehavior is the dominant mode of failure
during the shorbeam shear test. In order to analyse the separation of the layers in the finite
element modeling, the cohesive zone model (cohesive surface or element) is widely used in the
literature [181 23]. Liu et al. [27] employed numerical analysis, integrating intralaminar and
interlaminar damage models, to evaluate CF/PEEK, manufactured Hoj-awutoclave methods

such as hot press, performance in thpemt bend flexural loading, demonstrating close alignment

betweersimulation and experimental data in mechanical response and damage morphology.

There is a considerable difference in the interlaminar shear strengths of thermoplastic composite
samples manufactured using AFRsitu consolidation compared to those manufactured using
autoclave reconsolidation (se@able2.1). This disparity is due to variations in factors such as
void content, degree of crystallinity and fiber distribution. These differences are caused by the
AFP processing parameters ahdlimited period of time available for the healing process during
in-situ consolidation. The objective of the present research is to propose a novel methodology to
differentiate betweenthe mechanical responses of -situ-consolidated and autoclave
reconsolidated thermoplastic composite samples in the FE modeling by finding appropriate
interface strength properties based on the SBS experimental results. In the present work, a
thermoplastic (arbon fiber/PEEK) composite laminate was fabricated bsitin mnsolidation

using AFP. Afterward, half of the AFade laminate was reconsolidated inside the autoclave to
be considered as the reference laminate. The manufacturing quality of both laminates was
evaluated by performing a Shddeam Shear (SBS) test acdimg to ASTM D2344[12].
Moreover, finite element analysis was carried out to predict the composite damage onset and
propagation by combining a VUMAT subroutine along with cohesive elements in ABAQUS
software to model the delamination, which is the dominant mode of failuregdhenSBS test.

The interface properties that led to the correlation between finite element analysis and test results
can be used for further FE modeling and analyses (e.g., for the investigation of the effect of defects)
of Carbon/PEEK thermoplastic congt@ laminates manufactured bysiiu consolidation. The
numerical and experimental results were compared with each other to find out the capability of the
proposed FE model in predicting the interlaminar shear strength.
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2.2. Experimentation

One of the great advantages of thermoplastic composites compared to thermoset counterparts
during the AFP manufacturing process is the possibility-gitinconsolidation with the help of a
heating source like a hot gas torch, laser, infrared or flashpaspd light heating systems,
whereby any secondary process (e.g., autoclave and hot press) is avoided which is costly and time
consuming. The choice of a heating system depends on factors such as resin type, material, desired
temperature profile and mafagturing flexibility. The traditional hot gas torch method suits both
thermoset and thermoplastic composite applications and has been used since 1986 as the primary
heat source for AFP due to its low cost and wide process window. Laser heating hagiggh en
density, faster processing rates and a better surface finish compared to hot gas torch; it has gained
more popularity among manufacturers recently. However, laser cannot be used in the
manufacturing of glass fiber composites since glass fibers dabsotb the laser energy. Strict

safety regulations regarding the use of the laser heating system must be considered during
manufacturing. Additionally, challenges arise in precisely controlling the laser beam to focus on
the nip point and heat the appr@te areas. On the other haatipt gas torch spreads out the heat
which helps to preheat the tape and the subq8at82] The infrared (IR) heating system has
attracted less attention in comparison with its counterparts due to its inefficiency in transferring
heat and its inability to provide uniform heating, which results from wide heat dispersal.
Additionally, the heat mduced by the IR is insufficient for the manufacturing of thermoplastic
composite materials. The flashlamp/pulsed light systems offer precise heating control during the

layup and are relatively new in the composite manufacturing 48&@&4]

Although insitu consolidation provides engineers with a quick method of fabrication, some
inherent defects may be introduced in the automated fiber placement technique which can affect
the mechanical performance of the composite part adversely. Onecbbtlaeteristics of AFP in

situ consolidation is the short period of time that the tape is under a compaction roller which leads
to incomplete autohesion. Even though tape smoothness and high compaction force contribute to
the reduction in the duration naéiged for intimate contact generation, a certain amount of time is
needed for perfect autohesion based on the type of thermoplastic resin, which is usually more than
the period available during the-gitu consolidation. The number of passes can haveiavpos

effect on this phenomenon whereas they cause other problems, e.g., a rise in manufacturing time.
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Moreover, such a short processing time causes thel¢mith tape to be exposed to ambient
temperature quicklyleading to a significant cooling rate, whereby the degree of crystallinity is
negatively affected. A heated mandrel is suggested to overcome this issue by lowering the cooling
rate. However, such a solution is impractical for large samples and alterechanical properties

to the point that it is not consideredsitu consolidation anymore. On the contrary, autoclave
treatment involves subjenty the vacuuribagged composite laminate to heat and pressure for an
extended duration and allows for a wedintrolled cooling process. Therefore, the autoclave
manufacturing process contributes to considerably better bonding (i.e., intimate contact and
auohesion) between thermoplastic composite layers and a higher degree of crystallinity compared

to AFP insitu consolidation.

In this regard, the SheBeam Shear (SBS) test, which is considered a materials screening and
guality control method, was employed to investigate the mechanical performance of thermoplastic
composite laminates manufactured bysitu consolidation. It shdd be noted that for comparison
purposes, some reference samples were also reconsolidated using the autoclave as a secondary
treatment after the Hot Gas Torch (H&ESsisted AFP process to assess the impact-sifun
consolidation alone on the interlarmmshear strength. Moreover, a micrographic study was
conducted for both types (situ-consolidated and autoclaveconsolidated) of thermoplastic
laminate samples to investigate the extent of void content and fiber distribution in serving as two
contribuing factors that result in a clear distinction between AFRItin consolidation and

autoclave reconsolidation processes.

2.2.1. Materials and manufacturing
2.2.1.1. Automated fiber placement process

Concordia Centre for Composites (CONCOM) provides researchers with an AFP machine made
of a 6axis Kawasaki articulated robot arm with a 125 kg payload on which a thermoplastic head
supplied by Trelleborg has been mounted. In the present researchads@@d AFP was used

along with a flat paddle tool (aluminum mandrel) to manufacture a carbon fiber/PEEK (AS4/APC
2) plate by imsitu consolidation. Unidirectional carbon fiber/PEEK tape from Solvay Group with

a width and thickness of 6.35 mm (0.25 in) arth0.mm (0.0055 in), respectively, was used in

this study. In order to apply pressure and heat to melt the incoming tape, a steel ralfetragdn

hot gas torch were used. To this end, the hot gas torch temperature and flow were seCto 875
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and 80 SLPM, respectively. Higemperature resistant steel roller was employed to apply 60 Ibf

compaction force, and the deposition rate was adjusted to 50.8 mm/s (2 in/s).

In order to create a flat thermoplastic laminate, the paddle tool was first wrapped with a substrate
layer. Afterward, tapes were laid down on top of the substrate layer to create a laminate with [0]

layup and dimensions of 40 cm x 12 cm as showkigare2.1.

Figure2.1. Automated fiber placement machine with a flat aluminum mandrel.
2.2.1.2 Autoclavecuring and vacuum bagging processes
In order to compare the effect of the AFRsitu consolidation manufacturing process on the
interlaminar shear strength performance of thermoplastic composites,-sfie-aonsolidated

plate was cut in half, bagged and reconsolidated in the autocléeectansidered as a reference
plate as shown irFigure2.2.
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Figure2.2. Thermoplastic plate which was fabricated bysitu consolidation and cut in half to get treated
inside the autoclave.

Because of the high temperature inside the autoclave, the vacuum bagging process for
thermoplastic composites is different from that for thermoset composites. PEEK remuires
temperature of 390° C (735° F), so all the materials used for the vacuum bagging process are able
to withstand high temperature. In this regard, the autockserved plate was covered by
Kapton® film and placed between two steel caul plates. It is woehtioning that in order to

make it easier for the Kapton® film to be peelediain the laminate, it was coated with Frekote®
770NC release agent. Thereaftéhjs structure was covered by glass fabric breather cloth.
Kapton® film was again placed on top of it. In the end, the whole vacuum bag was sealed with the
help of hightemperature sealant tape and clamped by a steel frame in order to prevent any possible
leaks at the high temperature inside the autoclasehown irFigure 2.3. The aforementioned

steps of the vacuum bagging process can be sdagure2.4.
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Figure2.3. Vacuumbagged thermoplastic laminate manufactured ksitinconsolidation.

D
Ll

®

1- Kapton film 5- Hightemperature sealant tape
2- Glass fabric breather cloth 6- AFPmanufactured CF/PEEK
3- Stainless steel plate 7- Steel flat mold

4- Woven fiberglass cloth 8- Vacuum valve

Figure2.4. Schematic crossection of the vacuurbagged thermoplastic laminate.

Subsequently, the vacudbagged thermoplastic laminate was placed inside the autoclave. The
temperature was increased to 390° = 10° C (735° £ 15° F) and was kept constant for 20 + 5 minutes
while the pressure of 100 + 5 psi was applied [64}. The processing cycle of the autoclave can

be seen ifrigure2.5
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Figure2.5. Cure cycle of CF/PEEK for autoclave consolidation.

2.2.2. Micrographic study

Investigating the microstructure of the thermoplastic composite samples manufacturesitiby in
consolidation and autoclave treatment can provide researchers with valuable insights into the
origins of variations in mechanical performance. In this regardptes from both plates were cut,
embedded in resin and cured for a day and polished (starting with 180, 326 ayrd 6@0dpapers

and proceeding to 9 andmicron diamond suspensions, respectively) to get ready for microscopy
imaging. Micrographs of AFRand autoclavenade samples are depicted Figure 2.6 with
different magnifications. It is obvious from micrographs that autoclave treatment can have a
significant influence on the microstructure (fiber distribution) of composites fabricated by AFP.
Autoclave consolidation has allowed fibers to move aloeghitkness in a way that boundaries
between adjacent layers are hardigcernible On the contrary, resinch areas and nonuniform

fiber distribution, which may be considered as stress concentration regions affecting the
delamination failure mode, can be clearly noticed in the micrograph of the samples created by in

situ consolidation
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AFP1 5X magnification " Autoclavei 5X magnification

AFPl 20X magnlflcatlon ' Autoclavei 20X magnlflcatlon )

Figure2.6. Micrographs of samples manufactured by AFRiin consolidation vs. autoclave
reconsolidation.

Moreover, surface finish quality and void content are other features that should be regarded.
According to the micrographs iRigure 2.6, it is evident that the surface roughness of the
autoclavema nuf act ured sampl es has s ubsgutnethodcadled | vy i m
repass is used for the thermoplastic composites created by AFP to enhance surface smoothness, in
particular for aerodynamic applicationfs]. Concerning the void content, the influence of
autoclave treatment was also investigated on the extent of voids with the help of micrograph
analysis. In this regard, eight images with 20X magnification were obtained from each sample and
placed next to e&cother bythe stitching technique using the ImageJ softwd®44]in a way

that covers the whole thickness. Afterward, void content was calculated with the help of the color
thresholding technique which can differentiate between voids, fibers and resin. As presented in
Figure 2.7, void content values are 1.57% and 0.09% in thermoplastic samples manufactured by
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AFP insitu consolidation and autoclave reconsolidation, respectively, which can be considered as
one of the contributing factors having a negative impact on the mechanical performance of final

products made by AFP.
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Figure2.7. Void content calculated with the help of image stitching and color thresholding techniques.
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2.2.3. Short-beam shear test

Shortbeam shear (SBS) test is a method to assess the interlaminar shear strength (ILSS) of high
modulus fibesreinforced composite materials according to the ASTM standard 02314t also

allows researchers to use either flat coupon samples or curved ones for shear properties evaluation.
In the present worlglmostflat coupon samples were cut from the laminates manufactured by AFP
and autoclave using the circular diamond s#wshould be noted that although the AFP
manufactured thermoplastic laminate exhibited warpage due -giuinconsolidation, the
specimens were cut from the central region of the laminate in sufficiently small sizes, making the
warpage negligible. Therefrthey can be regarded as flat, similar to autoclaved specimens.
Dimensions of samples (19 mm x 6 mm x 2.4 mm) were followed according to the ASTM D2344
recommendation and presented-igure2.8. It should be noted that the thickness of the samples
treated inside the autoclave decreased from 2.4 + 0.037 mm to 2.3 + 0.024 mm due to the
elimination of voids and the release of the excessive amount of resin. Furthermore, a visual
inspection was condted in order to ensure that edge delamination has not happened during the

cutting process.

2.4 mm

6mm

(@) (b)

Figure2.8. Dimensions of the flat coupon specimens manufactured using AsiRiiconsolidation and
autoclave reconsolidation: (a) schematic view and (b) cut samples.

In order to perform the test, an SBS fixture, as showkfigare 2.9, supplied by Wyoming Test

Fi xtures 1| nc. (WTF) was used. I n accordance w
supports have a diameter of 6 mm and 3 mm, respectively. The span length to thickness ratio was
adjusted to 4.0. Both the loading nosd arde supports overhung the specimen width by at least

2 mm. Five samples were tested from each plate to measure the interlaminar shear strength (ten

samples in total). The test was run in displacement control mode at a rate of crosshead movement
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of 1.0 mm/min using a universal hydraulic testing system. The ILSS values were calculated for

each sample using the equation presented below:

0
O UV ——r
JLte o

0 P

wherewand Qarethe specimen width and thicknes® and0 represent shotteam strength

and maximum applied load, respectively.

Figure2.9. Experimental setup for the shdmtam shear test using the WTF fixture.

2.3. Numerical simulation

Numerical simulation was conducted in the present work to predict the different mechanical
response of CF/PEEK thermoplastic composites which is causeddity inonsolidation and

autoclave reconsolidation manufacturing processes. In this regard, a 3 wasdcreated in
ABAQUS/Explicit software to perform a finite element analysis for the diwaim shear test as

shown inFigure2.10. Because the dominant mode of failure in the SBS test is delamination, the
cohesive element technique was employed to capture the layers separation phenomenon in
conjunction with a VUMAT subroutine written in FORTRAN programing langu@géer to
AVUMAT subroutinedo section in t htedoth@compositd x f or
damage modeling. Generally, cohesive elements are used to represent the cohesive forces
(tractions) across a crack or interface between two adjacent material regions, where delamination

34



is expected to happen, during the computational modeling of material and stroetumaior

These elements simulate cohesive behavior by defining a relationship between the normal and
tangential tractions to outline how tractions vary with either sliding or separation of the crack
surfaces. Specimens were modeled based on the aforementioeedidims and layup using eight

node linear reduced integration solid elers€&@@®8D8R. Concerning the cohesive zone, the eight
nodesolid elements with cohesive chaexcstics COH3D8 and a thickness of 0.01 mm were
placed between composite layers, which can be easily created by sectioning the model along the
thicknessWhen cohesive elements are modeled using a traséiparation response, ABAQUS

sets the constitutive thicknesshich defines the relationship between stress and straitindor
tractionseparationlaw, to one by default. This assumption is based on the fact that, in most
applications where tractioseparation laws are suitable, the geometric thickijplgsical
thickness)of cohesive elements is either zero or negligible. By adopting this default value, the
software ensures that the nominal strains directly correspond to the relative separation
displacementf85]. Since maximum interlaminar shear stress occurs in the midtfietbickness,

where it is more prone to delamination, cohesive elements were embedded in every other ply
except in the middle, where they were placed successively, as depi€tgdra.11. The loading

nose and supports were considered as discrete rigid.dhetisler to prevent the penetration of
rollers into the modeled composite beam, general contact interaction was defined between them.

Hard contact mode was considered for norbsdiavior and a friction coefficient of 0.3 was used

for metatlaminate tangentidiehavior{22,86 88].

lp

Loadingnose
(6 mm diameter)

C3D8R & COH3D
elements

A

Supports
(3 mm diameter)

|

|
‘ d?3D4 elements
B P a—

(a) (b)

Figure2.10. (a) Schematic of shekieam shear test and (b) Finite Element model created in ABAQUS
software.
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Figure2.11. Crosssection view of the thermoplastic laminate model created in ABAQUS showing the
locations of the cohesive zones.

2.3.1. Material damage model

Generally, two types of damage (intralaminar and interlaminar) can initiate and propagate in
composite laminates. Intralaminar damage, which occurs inside a layer, can be captured by
implementing different composite damage models whereas cohesive zaewiied for the
simulation of interlaminar damage (delamination). Furthermore, composite laminates are known
for their nonlineabehaviorin shear; therefore, this phenomenon must be considered in numerical

analysis to achieve a good correlation with expental results.

2.3.1.1.Composite damage model

El-Sisi et al. [24] investigated three distinct material models, namelyRllgeDiscountModel

(PDM), Simple ProgressiveEDamageModel (SPDM) andContinuumbDamageMechanicdVodel
(CDMM). It was observed that CDMM can achieve a close correlation with experimental results
with the least dependency on mesh size. Furthermore, the accuracy of three different damage
evolution laws known as linear, quadratic and exponentishssessed. It was realized that all of
them predict roughly the same outcome. In the present research, for damage initiation prediction
in the composite specimen, the continuum damage mechanics model was used in conjunction with
3D Hashin failure criteri§26] which consider the fiber and matrix failure modes under both tensile

and compressive loading conditions.

Regarding the damage propagatitthrglinear softening damage modgR,25]was employed for

composite damage modeling based on the corresponding Hashin tensile and compressive modes
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of failure. Once the damage initiates and propag#testiffness matrix of the failed element is
degraded. During the damage evolution, components of the stiffness matrix need to be changed
based on the type of failure mode in order to get the degraded stresses. In this regard, three damage
parameter) , Q and’Q representing fiber, matrix and shear damages, respectively, were
defined during the finite element modeling (r

Appendix for more details about equations and formulae).

2.3.1.2.Nonlinearity

Generally, composite materials have nonlifegtnavior particularly in shear. Consequently, it is

of vital importance to consider such a response in numerical analysis to establish a good correlation
with experimental results. In the present researchpan@meter plasticity model proposed by Sun

and Yoon[89] was employed. In order to form a relationship between the stress states in material
and global directions, they introduced concepts of effective sfress,and effective strain,

A quadratic stresbased yield function for the general 3D fisemforced composites is proposed

as follows[90]:

C“Q” (I) ” (I) ” (I‘) ” C(I) ” ” C(I) ” ” cd) ” ”

cw T cw T ca T 8

where"Qand® denote the plastic potential function and amount of anisotropy in the plasticity,

respectively.

The dorementioned vyield function can be simplified by considering the fact that unidirectional
composite laminates are transversely isotropic and behave in a linear elastic manner (linear stress
strain relation) in fiber directiofB9] ( r ef er t o ANonl i nearityo sect.i

details).

2.3.1.3.Cohesive zone damage model

In addition to the intralaminar damage initiation and propagation modeling considerte for
composite sample, cohesive elements were employed between layers to capture the delamination
(interlaminar) initiation and evolution at the composite interface. This is exactly where the
mechanical response of-gitu consolidated thermoplastic compositanples is differentiated

from their autoclav@econsolidated counterparts. To this end, traesigparation response with
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linear elastidbehavior as shown irFigure2.12, was taken into account in the cohesive zone for

three different failure modes of delamination, namely mode |, mode Il and m¢ii&, 19]

Delamination onset

Ultimate failure

Figure2.12. Bilinear tractiondisplacement diagram for a cohesive element under rmate loading
conditions.

Generally, delamination happens under mireatle loading conditions. Thus, the quadratiess

failure criterion[18,19]was employed to predict the delamination onset, given by:

o o o
N~ w P S

C=|

whereo , 0 andd are normal and shear tractions.”Yand”Ydenote normal and shear cohesive

strengths, respectively.

Once the delamination initiatethe linear softening law is used to predict the damage evolution.

In the same way as that of aforementioned intralaminar damage modeling, cohesive stiffness
should be degraded in order to obtain the effective tractions in the cohesive zone (refer to

i Cohezsoinvee damage model 060 section in thethdppendi
continuum damage mechanics model (CDMM) along with the interlaminar damage (delamination)

initiation and evolution is presentedkigure2.13.
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Figure2.13. Flow chart of continuum damage mechanics and cohesive zone models implemented with the
help of the VUMAT subroutine and buil tractionseparation response.

2.3.2. AFP in-situ consolidation vs. autoclave reconsolidation: Input parameters for the

simulation

The major difference between the thermoplastic laminate samples manufactured byskBP in
consolidation and autoclave reconsolidation is related to the cohesion of layers. During the AFP
in-situ consolidation, the top layer is subjected to heat andypeegsst for few seconds whereas

the thermoplastic composite layers reconsolidated inside the autoclave have an adequate amount
of time to adhere to each other (discussed in detail in secHprirRorder to reflect this distinction

in simulation, diffeent appropriate values of interfacial (interlaminar) properties, including

strength and fracture toughness, should be used-Bituigonsolidated samples.
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Unlike the interlaminar strengths for which there is no specific method to quantify them,
intralaminar tensile and shear strengths can be measured by performing certain quite simple tests
on unidirectional laminate@1,92] Furthermorethe independent] integral path method is a
technique to calculate the cohesive strengths based on thetipragening displacement and

linear elastic fracture mechanics (LEF[@B,94] Even though LEFM provides a way to compute

the interface strength, since in practice delamination initiates and propagates in a split second, it is
nearly impossible to measure the créipkopening precisely. In this respectglane intralaminar
strergths (transverse tensile and shear strengths) were employed for interfacial strengths in
numerical simulationf95]. Few studies showed that such an assumption can @aageus error

in failure prediction in comparison with test res®@§]. Thus, researchers attempted to find
adjusted (reduced) values of interfacial strength by trial and error in order for simulation results to
be in good agreement with experimental d&& 100]. As a result, in this study, appropriate
interface strength properties fitre AFP in-situ consolidation manufacturing process were found

in such a way that the interlaminar shear strength measured by the SBS experiments matches the
ILSS obtained in the numerical simulatj@s listed infable2.2. It should be noted that although
interface strengths were adjusted to predict the outcome of the experiment, there are other factors,
such as composite damage modeling and nonlivetzaivior which prevent obtaining exactly the

same experimental results in finite element modeling. A good literature review on interfacial
strength values used by different researchers in numerical analyses under various loading
conditions is presented by lai al.[95]. Moreover, regarding the mesh size in the cohesive zone
which can have an effect on accuracy and computational effort, |trah [20,21,101,102]
recommended an engineering solution allowing for the use of coarser meshes, provided that
material interfacial strengths are reduced. Consequently, with respect to the thickness of the
cohesive zone considered in numerical analysis, suitable interfmerayths were determined (by

adjusting or by trials) during finite element modeling.

Concerning the fracture toughness, Rawl. [40] conducted research to investigate the mode |
fracture toughness of CF/PEEK composites manufactured-byuirconsolidation using laser
assisted tape placement (LATP) and by autoclave consolidation (hand layup) with the help of a
double cantilever beam (IB) test. They showed that due to the high cooling rate during the
automated tape placement technique, Afid&de thermoplastic laminates have a lower degree of
crystallinity compared to autoclaeeated ones which contributes to the decrease in fibenimatri
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adhesion and increase in ductility of the final product. They mentioned that the LATP
manufacturing method can lead the fracture toughness of thermoplastic composite laminates to be
raised by 60% compared to the autoclave consolidation. The required mathesperties of the
unidirectional carbon fiber/PEEK ply used in the present work for finite element modeling were
derived from CYTEC technical datash¢@f] and literature, including Yoon and S{86,103]

Turonet al.[104], Naderi and Khansgrl 05], Rayet al.[40] and Liuet al.[27,106] In conclusion,

the difference in the mechanical response of CF/PEEK thermoplastic composite fabricated by AFP
in-situ consolidation and autoclave reconsolidation processes during thbestmrshear test was
attempted to be captured using the distintgrface properties (i.e., lower interface strengths and

higher interlaminar fracture toughness values), as presenieatia2.2.

Table2.2. Input parameters required for the simulation of unidirectional CF/PEER pj40,67,89,103

106].
Elasntn:gd& lS_hear Eu E2=Ess G12=CGa13 Gas
uli
(MPa) 138,000 10,300 5700 3700
. . R 312= & 323
Composite Poi ssondc¢
mechanical 0.3 0.45
properties Strengths X+ Xc Y1 Yc S15=S13 S23
(MPa) 2070 1360 86 176 186 86
Intralaminar Gyt G Gyt G
fracture toughness
(KJ/rr?) 201 128 1.7 2.0
Penalty stiffnress K B-K d
(MPa/mm) 106 coefficient 1.89
Autoclave AFP
Interface Interlaminar G G G (+60%) G (+60%)
properties  fracture toughness
(KJ/rr?) 1.7 2.0 2.72 3.2
Interface strengths N S=T N S=T
(MPa) 56 70 36 45

2.4. Results

In order to perform the shebeam shear test and assess the interlaminar shear strength of
thermoplastic composites manufactured by AFPsiin consolidation and autoclave
reconsolidation, five samples were cut from each fabricated laminate. The teshveasording

to the ASTM D2344 standard in terms of the crosshead speed, sample size and dimensions of the
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fixture with the help of a 5 kN load cell mounted onraversal hydraulic testinpachine. The
load-displacement diagram and calculated ILSS values are preseifitigdiia2.14. The average

ILSS for autoclaveconsolidated samples is 86.16 MPa waétlstandard deviation (SD) and
coefficient of variation (CV) of 1.12 MPa and 1.30%, respectively. Nonethealessn-situ
consolidation technique led samples to have the ILSS of 54.52 MPaa(stdhdard deviation of

1.31 MPa and coefficient of variation of 2.41%) which is 37% lower than the ILSS of the
thermoplastic samples treated inside the autoclave. Since during the AFP tape deposition, layers
of thermoplastic composite laminate are subjetbeldeat and compaction force for a very short
period of time (as compared to the autoclave in which elevated temperature and pressure are
applied for a longer time frame), several sample characteristics such as degree of crystallinity, void
content, fiber distribution, degree of intimate contact and degree oingoaict different between

AFP and autoclavenade samples.

Generally, for computing effectiveness in gustsitic studies and some dynamic analyses
possessing a few tiny elements that regulate the stable time increment, mass scaling is frequently
used in ABAQUS/Explicit. As a result, mass scaling was selectivalyla/ed (cohesive zone)

for computational efficiency of finite element modeling which was considered as astatasi
analysis. It is worth mentioning that the enetgye diagramincluding external work, internal
energy, kinetic energy and total energys carefully monitored during the simulation in order to
make sure that numerical analysis remains in gstasic conditions. As a general rule, kinetic
energy must not exceed 10% of the internal energy in -gtetst analysis. ILSS values were
prediced withthe help of the developed finite element model as 87.76 MPa and 56.51 MPa for
autoclave and ARade samples, respectively, which were in good agreement, of less than 5%

error, with experimental results.
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Figure2.14. The response of CF/PEEK thermoplastic composite during thelskeaonrt shear (SBS) test:

(a) loaddisplacement diagram of reference samples and (b) interlaminar shear strength (ILSS) calculated

Five different failure modes, interlaminar and intralaminar, were taken into account in the present

research: (a) fiber tension, (b) fiber compression, (c) matrix tension, (d) matrix compression and

experimentally and numerically.

(e) delamination as shownkigure2.15andFigure2.16. The major difference between the short

beam shear and flexural tests is that in addition to delamination, tension and compression failure

modes occur on the bottom and top surfaces of the beam during the flexural test while delamination

is the dominant mde of failure inthe SBS test. In this regard, fiber tensjovhich is known ag

catastrophic failure mode i d

not

occur

(SDV5i 1;

wh en

t he

v al

to each failure mode equals 1, it means that those elements have failed) during the SBS test as

shown inFigure2.15 (a). However, other intralaminaelated failure modes were locally observed

in the vicinity of the loading nose and supports as depictédgure 2.15 (b), (c) and (d). The

deformed specimen afteghe SBS test can be also seenFhigure 2.15 (e). Concerning the

interlaminar mode of failurdsigure2.16 (a) shows the delamination initiation from the midway

between the loading nose and supports in the middle of the thickness, whefelane shear

stress is maximized, as expected. The delamination introduced in the thermoplastic sample after

the SBS test was captured witttie help of a digital microscop&HX 5000 Keyence) as shown in

Figure2.16 (b). As shown inFigure2.15 andFigure 2.16, the failure modes replicated through

finite element modeling corresponded to those observed in experimental tests. All this clear

evidence confirms that the generated FE model is capable of accurately predicting the interlaminar

shear strengtht should be noted that the manufacturing quality of A&dsticated thermoplastic

composites is highly dependent on the specific AFP processing parameters. Therefore, the

numerical and experimentadsults obtained for #situ-consolidagéd Carbon/PEEK thermoplastic
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Figure2.15. Different intralaminar failure modes happening during the dbeaitn shear test: (a) fiber
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Figure2.16. Delamination onset and propagation at the midway between the loading nose and supports:
(a) simulation and (b) experiment.

In the SBS simulation, the same composite material propéwids different cohesive element
strength propertig@svere applied to the Carbon/PEEK composites produced by AFP and autoclave
processes, even though micromechanical analyses presented in Chapters 3 and 4 showed that in
situ consolidation leads to different stiffness and strength values. To address tf&83he
simulation was repeated for thesiu-consolidated thermoplastic specimen using the predicted
effective material properties, with thesults provided in the Appendix of Chapter 4. The findings
indicate thatmodifying the composite material properties has only a minor influence on the ILSS

value, as delamination is primarily governed by the properties of the cohesive elements.

2.5. Conclusion

In-situ consolidation using the automated fiber placement machine is a method which allows
engineers to save time and money compared to the autoclave consolidation. The process of
manufacturing thermoplastic composites is of great importance because #ffean the
mechanical performance of the manufactured parts. Most of the problems arise out of the short
period of time that thermoplastic composites are exposed to heat and pressure durksguhe in
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consolidation in comparison with the autoclave treatment. This phenomenon adversely affects
several factors (e.g., void content, fiber distribution, intimate contact, healing process and
crystallization) which are responsible for the final quality of thenuafactured laminate. Many
researchers have been trying for many years to optimize the AFP processing parameters to
fabricate thermoplastic composites with the same quality as conventional manufacturing processes
(autoclave and compression press). Howethere is still a considerable difference between the

mechanical responses.

In the present study, an AS4/ARXthermoplastic plate was fabricated by AFRsitu
consolidation. Afterward, half of it was reconsolidated inside the autoclave in order to be
considered as the reference plate. The micrographic study revealed tharehepasaderable
differences between the samples fabricated by AFP and autoclave in terms of void content and
fiber distribution. ShorBeam Shear (SBS) test was performed according to the ASTM D2344.
The results showed thtlte Interlaminar Shear Strengti.SS) of AFRmade samples experienced

a 37% reduction in comparison with autockireated samples. Furthermore, a finite element
model was developed with the help of a VUMAT subroutine and cohesive elements in order to
study the intralaminar and interlamar (delamination) damage initiation and propagation,
respectively. The discrepancy in mechanical performance was addressed by numerically finding
proper interface strength properties based on the SBS experimental results for laminates
manufactured usinthe AFP insitu consolidation process. These interface strength properties can
be employed in the future for further numerical analyses, such as the investigation of the effect of
defects on the interlaminar shear strength edita-consolidated Carbon/BK thermoplastic

composites.
Appendix

x Composite damage model

3D Hashin failure criterig26] considering the fiber and matrix failure modes are described as

follows:

1 Fiber tension,( T):
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1 Matrix tension { " 1)
O ” ” ” - ” ” ” ” p 6&)’
() Y Y
1 Matrix compression,( ” T):
nO (I) ” ” ” ” ” ” ” ” ” 68
=Y P R Y N ~ P

where ® and @ are longitudinal tensile and compressive strengihisand @ represent
transverse tensile and compressive strengths'Y and"Y denote iaplane shear strength and

out-of-plane shear strengths, respectively.

Damage parameter needed to calculate the effective stiffness matrix is defined aq2al|2%js

Q N ) 1 N'Q "OQ dv & o8

wherd  and  represent the equivalent displacements corresponding to initial (damage onset)

and ultimate failure state¥p"Qexd dandd cdenote fiber tension, fiber compression, matrix

tension and matrix compression failure modes, respectively.

The formulas required for the calculatiortltdmentioned equivalent displacements based on fiber

and matrix failure modes are as follof#2,25}

M Fiber tension:
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1 Matrix compression:
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where’O "Q phc N'Q o is intralaminar fracture toughness in fiber and matrix directipns.

and0 represent the equivalent stress corresponding to damage onset and characteristic length of
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an element which is determined based on the element geometry and forn8&tltigiar solid

elements, characteristic length is the cube root of the integration point volume), respectively.

Effective compliance matrix"Y considering the damage paramet&s Q and'Q in

principal material directions is as follows:

ny
n# ’— ’— T TT TT (]
1P Q O O O ¥
1l P ’ ]
11 P 0 O o) n n mn |:|
11 1
11 ,p . T TT TT ]
11 p Q O ¥
11 P 1
11 0 Q O T T 1
11 ~ p ¥
[ Yodda Qoi Qw — T i
11 P Q0O ¥
1) p 1
u p Q0O U
Q p p Q p Q 0P
whereO ,",Oand’ are el astic modul us, shear modul us ¢

lamina, respectively.

In the end, degraded stress components can be computed by inverting the compliance matrix from

., 0 - inwhich 0 denotes the effective stiffness matrix.

x  Nonlinearity

3D effective stress is defined @97]:

, -, y o, ., ow T T T 08 p

where the value ab is experimentally determined with the help of performing uniaxial tensile
off-axis tests, which are considered to bajanestress statg,( T T ), at different

angles (coupon specimens with 0°, 15°, 30°, 45° and 90° fiber orientations). More details can be
found in the research done by Sun and Y[@&j.
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Moreover, Effective strain, , can provide information about the extent of nonlinearity caused

by plastic strain. Basically, total strain consists of two components, namely elastic and plastic

strains, as mentioned below:

58 ¢

To make a relationship between the effective stress and strain, a power law function was used to

fit experimental data obtained from the differangle offaxis tensile test®0]:
- 0, 0 o
whered and¢ are coefficients of nonlinearity.

According to the research done by Liu ef2i] and Sun and Yoo[89], values of 2.05 x 18,
7.0 and 1.5 were adopted for ¢ and parametai , respectively, in the present work. After

determination of the unknown variabléiseincremental strain tensdf - , can be calculated by

taking partial derivative of EQA(15) with respect to each stress and strain components:

Q- ,
|l’, Ir I n . 'y . Q1 5
:Q - : ;O- ” ” J CH S I’I’, I,P
Ly Ly (N g : LPLE™ 1P
,Q = - 0 ” ” J Cu ’ y “ a)
o~ D& W o 4 N 0 T
[rQr (y P oow T, CrrrQE
ior v o tj, W UPQF T
CR p 'y = T LPU"QI‘ o
UJ'QF l']; W ow T J ” W

Therefore, elastiplastic constitutive relation can be defined using the alosetioned plastic
model and classic elastic constitutive equation to capture the nordigleaviorof thermoplastic

composites prior to the damage onsef4¥}:
Q- Y Q, Q- 0P v
x Cohesive zone damage model

Damage parameter required to degrade the cohesive stiffness matrix is as[i@la®k

Q — 0 ¢
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wherg 1 1 1 represents the equivalent displacement in the cohesive]zoaed

1 are corresponding displacements at delamination onset and ultimate failure states, respectively.

The most common criterion used to predict the delamination propagatibe mower law.
However, Camanhet al.[18,19] concluded that result obtained using the Benzegé#agtane

(B-K) [108] criterion for critical energy release rate in mixedde is more accurate for
AS4/PEEK thermoplastic composite (manufactured by conventional methods: autoclave
consolidation or compression molding). The<Bzquation for critical energy release rate under

mixed-mode loading conditions is as follows:

O O O O 0

0 ‘0 O o X

where—represents the cohesive coefficient obtained from mmede bending (MMB) testO,
‘0O and"O denote mode |, mode Il and mode 1l energy release rates, respecveind O
are critical fracture toughness values in normal and shear modes. It is worth mentioning that

delamination propagates when the total energy release rate is equal to or gredter than

x  VUMAT subroutine

subroutine vumat(
C Read only (unmodifiable)variables

1 nblock, ndir, nshr, nstatev, nfieldv, nprops, lanneal,

2 stepTime, totalTime, dt, cmname, coordMp, charLength,

3 props, density, straininc, relSpininc,

4 tempOld, stretchOld, defgradOld, fieldOld,

5 stressOld, stateOld, enerinternOld, enerlnelasOld,

6 tempNew, stretchNew, defgradNew, fieldNew,
C Write only (modifiable) variables

7 stressNew, stateNew, enerinternNew, enerlnelasNew )
C

include 'vaba_param.inc'
C

dimension props(nprops), density(nblock), coordMp(nblock,*),
charLength(nblock), straininc(nblock,ndir+nshr),
relSpininc(nblock,nshr), tempOld(nblock),
stretchOld(nblock,ndir+nshr),
defgradOld(nblock,ndir+nshr+nshr),
fieldOld(nblock,nfieldv), stressOld(nblock,ndir+nshr),
stateOld(nblock,nstatev), enerinternOld(nblock),

OO WNPE
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enerlnelasOld(nblock), tempNew(nblock),
stretchNew(nblock,ndir+nshr),
defgradNew(nblock,ndir+nshr+nshr),
fieldNew(nblock,nfieldv),

stressNew(nblock,ndir+nshr), stateNew(nblock,nstatev),
enerinternNew(nblock), enerinelasNew(nblock)

WNEFE OO

C
character*80 cmname

real E11,E22,E33,NU12,NU13,NU23,G12,G13,G23,NU21,NU31,NU32,
1 (C11,C22,C33,C12,C13,C23,C44,C55,C66,C21,C31,C32,DELTA,BETA

real F1t,Fic,F2t,F2¢c,F3t,F3c,F12,F13,F23,G1t,G1c,G2t,G2c
integer nArray,nDmg

parameter (ZERO=0.d0, ONE=1.d0, TW0O=2.d0)
parameter (n_svd_Required=28)

c IState Variables

c statev(1}-> Fiber Damage in Tension

c statev(2}-> Fiber Damage in Compression
¢ statev(3}-> Matrix Damage in Tension

c statev(4)-> Matrix Damage in Compression

c statev(5)}-> Fiber Damage Initiation in Tension

c statev(6)-> Fiber Damage Initiation in Compression
c statev(7}-> Matrix Damage Initiation in Tension

c statev(8)-> Matrix Damage Initiation in Compression

c statev(9)-> Strain(11)
c statev(10)> Strain(22)
c statev(11}> Strain(33)
c statev(12)> Strain(12)
c statev(13)> Strain(23)
c statev(14)> Strain(13)

c statev(15)> delta_eq_0_ft
c statev(16)> delta_eq_0_fc
c statev(17)> delta_eq_0_mt
c statev(18)> delta_eq_0_mc

c statev(19)> delta_eq_f _ft
c statev(20)> delta_eq_f _fc
c statev(21)> delta_eq_f mt
c statev(22)> delta_eq_f_mc

c statev(23)> Damping Stress(11)
c statev(24)> Damping Stress(22)
c statev(25)> Damping Stress(33)
c statev(26)> Damping Stress(12)
c statev(27)}> Damping Stress(23)
c statev(28)> Damping Stress(13)

c !Props
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¢ props(1)}-> Young modulus in direction 1, "E11"
¢ props(2)-> Young modulus in direction 2, "E22"
¢ props(3)-> Young modulus in direction 3, "E33"
¢ props(4)-> Poisson ratio, "NU12"
¢ props(5)-> Poisson ratio, "NU13"
¢ props(6)-> Poisson ratio, "NU23"
¢ props(7)}-> Shear modulus, "G12"
¢ props(8)-> Shear modulus, "G13"
¢ props(9)-> Shear modulus, "G23"

¢ props(10}-> Ultimate tens strength in direction 1, "F1t"

¢ props(11}-> Ultimate comp strength in direction 1, "F1c"
¢ props(12}-> Ultimate tens strength in direction 2, "F2t"

¢ props(13}-> Ultimate comp strength in direction 2, "F2c"
¢ props(14)-> Ultimate tens strength in direction 3, "F3t"

¢ props(15)-> Ultimate comp strength in direction 3, "F3c"
¢ props(16)-> Ultimate shear strength in direction 12, "F12"
¢ props(17)-> Ultimate shear strength in direction 13, "F13"
¢ props(18)-> Ultimate shear strength in direction 23, "F23"

¢ props(19}-> Longitudinal Tensile Fracture Energy, "G1t"
¢ props(20}-> Longitudinal Compressive Fracture Energy, "G1c"
¢ props(21}-> Transverse Tensile Fracture Energy, "G2t"
¢ props(22}-> Transverse Compressive Fracture Energy, "G2c¢"

¢ props(23)-> beta damping coefficient, "BETA"
C [IElastic properties

E11=props(1)
E22=props(2)
E33=props(3)
NU12=props(4)
NU13=props(5)
NU23=props(6)
G12=props(7)
G13=props(8)
G23=props(9)

NU21=(E22/E11)*NU12
NU31=(E33/E11)*NU13
NU32=(E33/E22)*NU23

DELTA=ONE/(ONENU12*NU21-NU23*NU32-NU13*NU31-TWO*NU21*NU32*NU13)
C Istiffness matrix

C11=E11*(ONENU23*NU32)*DELTA
C22=E22*(ONENU13*NU31)*DELTA
C33=E33*(ONENU12*NU21)*DELTA
C12=E11*(NU21+NU31*NU23)*DELTA
C13=E11*(NU31+NU21*NU32)*DELTA
C23=E22*(NU32+NU12*NU31)*DELTA
C44=TWO*G12

C55=TWO0O*G23
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C66=TWO*G13
C21=C12
C31=C13
C32=C23

C IStrength properties

Flt=props(10)
Flc=props(11)
F2t=props(12)
F2c=props(13)
F3t=props(14)
F3c=props(15)
F12=props(16)
F13=props(17)
F23=props(18)

Glt=props(19)
Glc=props(20)
G2t=props(21)
G2c=props(22)

BETA=props(23)

nArray=ndir+nshr
nDmg=0

C lnitial calculations and checks

if ( totalTime .eq. ZERO ) then
if (nstatev .lt. n_svd_Required) then
call xplb_abgerr,' Subroutine VUMAT requires the '/
& 'specification of %l state variables. Check the '//
& 'definition of *DEPVAR in the input file.',
& n_svd_Required,ZERO,"")
call xplb_exit
end if

call stressUpdate(nblock,nArray,

& stateOld(1,1),stateOld(1,2),stateOld(1,3),stateOld(1,4),

& C11,C22,C33,C12,C23,C13,C44,C55,C66,

& stressNew,straininc,stressOld,strainInc)

end if
C IStrain update

call strainUpdate(nblock,straininc,stateOld(1,9),stateNew(1,9))
C IStress update with old state variables

call stressUpdate(nblock,nArray,

& stateOld(1,1),stateOld(1,2),stateOld(1,3),stateOld(1,4),

& C11,C22,C33,C12,C23,C13,C44,C55,C66,
& stressNew,stateNew(1,9),stressOld,strainInc)
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C

C

C

C

C

C

IState variables update except for strains

do k=1,nblock
doi=1,8
stateNew(k,i)=stateOld(k,i)
end do
do i=15,22
stateNew(k,i)=stateOld(k,i)
end do
end do

IHashin damage initiation
call Hashin(nblock,nArray,nDmg,charLength,
& F1t,F1c,F2t,F2c,F3t,F3c,F12,F13,F23,G1t,G1c,G2t,G2c,
& stressNew,nstatev,stateNew)

IDamage evolution

call Damage_Evolution(nblock,nArray,nDmg,charLength,
& stressNew,nstatev,stateNew)

IStress update with new state variables
if (nDmMg.GT.ZERO) then

call stressUpdate(nblock,nArray,

& stateNew(1,1),stateNew(1,2),stateNew(1,3),stateNew(1,4),

& C11,C22,C33,C12,C23,C13,C44,C55,C66,
& stressNew,stateNew(1,9),stressOld,straininc)

end if
IDamping stress
if (BETA.GT.ZERO) then

call Damping(nblock,nArray,BETA,dt,
& stressOld,stressNew,stateOld(1,23),stateNew(1,23))

end if

linternal specific energy (per unit mass)
call InternalEnergy(nblock,nArray,
& density,straininc,stressOld,stressNew,

& enerinternOld,enerinternNew)

return
end

OO0

subroutine stressUpdate(nblock,nArray,
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& dmgFiberT,dmgFiberC,dmgMatrixT,dmgMatrixC,
& C11,C22,C33,C12,C23,C13,C44,C55,C66,
& stress,strain,stressOld,straininc)

include 'vaba_param.inc'

dimension dmgFiberT(nblock),dmgFiberC(nblock),dmgMatrixT(nblock),
& dmgMatrixC(nblock),stress(nblock,nArray),strain(nblock,nArray)

dimension stressOld(nblock,nArray),straininc(nblock,nArray)

real dft,dfc,dmt,dmc,df
real dC11,dC22,dC33,dC12,dC13,dC23,dC44,dC55,dC66,dC21,dC31,dC32
real s11,s22,s33,s12,513,s23,sigEf,CP,dstress

parameter(zero=0.d0, one=1.d0, two=2.d0, three=3.d0)
parameter(smt=0.9d0, smc=0.5d0)
parameter(A=2.05d4.7, n=7.0d0, a66=1.5d0)

do k=1,nblock

dft=dmgFiberT(k)
dfc=dmgFiberC(k)
dmt=dmgMatrixT(k)
dmc=dmgMatrixC(Kk)
df=one (onedft)*(one-dfc)

dC11=(onedf)*C11
dC22=(onedmt)*(onedmc)*C22
dC33=(onedmt)*(onedmc)*C33
dC12=(onedf)*(one-dmt)*(onedmc)*C12
dC13=(onedf)*(one-dmt)*(one-dmc)*C13
dC23=(onedf)*(one-dmt)*(one-dmc)*C23
dC44=(onesmt*dmt)*(onesmc*dmc)*C44
dC55=(onesmt*dmt)*(onesmc*dmc)*C55
dC66=(onesmt*dmt)*(onesmc*dmc)*C66
dC21=dC12

dC31=dC13

dC32=dC23

kkkkkkkkkkkkkkkkkkkkkkkkkkhkkkkkkkkk

s11=stressOld(k,1)
s22=stressOld(k,2)
s33=stressOld(k,3)
s12=stressOld(k,4)
s23=stressOld(k,5)
s13=stressOld(k,6)

sigEf=sqrt(abs((three/two)*(s22**two+s33**twdhree*s22*s33+
& three*a66*(s13**two+s12**two+s23**two)))

CP=A*n*sigEf**(n-one)

*k% *kkkkkk *% * *% *%%
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stress(k,1)=dC11*strain(k,1)+dC12*strain(k,2)+dC13*strain(k,3)
stress(k,2)=dC21*strain(k,1)+dC22*strain(k,2)+dC23*strain(k,3)
stress(k,3)=dC31*strain(k,1)+dC32*strain(k,2)+dC33*strain(k,3)
stress(k,4)=dC44*strain(k,4) !'sigmal2
stress(k,5)=dC55*strain(k,5) !'sigma23

dstress=(one/(one/C66+
& CP))*straininc(k,6)

stress(k,6)=stressOld(k,6)+dstress Isigmal3
end do

return
end

CHITTTITTTTTTTHT T T T T
subroutine strainUpdate(nblock,straininc,strainOld,strainNew)
include 'vaba_param.inc'

dimension straininc(nblock,6),strainOld(nblock,6),
& strainNew(nblock,6)

do k=1,nblock
doi=1,6
strainNew(k,i)=strainOld(k,i)+strainInc(k,i)
end do
end do

return
end

S
subroutine Hashin(nblock,nArray,nDmg,charLength,
& F1t,F1c,F2t,F2c,F3t,F3c,F12,F13,F23,G1t,G1c,G2t,G2c,
& stress,nstatev,stateNew)

include 'vaba_param.inc'

dimension charLength(nblock),stress(nblock,nArray),
& stateNew(nblock,nstatev)

real F1t,F1c,F2t,F2c,F3t,F3c,F12,F13,F23,G1t,G1c,G2t,G2¢
real s11,s22,s33,512,513,523,e11,e22,e33,e12,e13,e23

real Lc,delta_eq,delta_eq_0,delta_eq_f,s_eq_0

real Rft,Rfc,Rmt,Rmc

integer nDmMg

parameter(zero=0.d0, one=1.d0, two=2.d0, three=3.d0, half=0.5d0)
do k=1,nblock

Lc=charLength(nblock)
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sl1=stress(k,1)
s22=stress(k,2)
s33=stress(k,3)
s12=stress(k,4)
s23=stress(k,5)
s13=stress(k,6)

ell=stateNew(k,9)

e22=stateNew(k,10)
e33=stateNew(k,11)
el2=stateNew(k,12)
e23=stateNew(k,13)
el3=stateNew(k,14)

C IFiber tension
if ((s11.GT.zero).AND.(stateNew(k,5).LT.one)) then

Rft=(s11/F1t)**two+(one/F12)**two*(s12**two+s13**two)
stateNew(k,5)=max(Rft,stateNew(k,5))

if (Rft.GE.one) then
stateNew(k,5)=one
delta_eqg=Lc*sqrt(el1**two+el2**two+el3**two)
delta_eq_0O=delta_eqg/sqrt(Rft)
stateNew(k,15)=delta_eq_0
s_eq_0=(Lc/delta_eq_0)*(s11*ell+sl12*el2+s13*el3)
delta_eq_f=two*G1lt/s_eq_ 0O
stateNew(k,19)=delta_eq_f
nDmg=1

end if
end if

C !Fiber compression
if (s11.LT.zero).AND.(stateNew(k,6).LT.one)) then

Rfc=(s11/F1c)**two
stateNew(k,6)=max(Rfc,stateNew(k,6))

if (Rfc.GE.one) then
stateNew(k,6)=one

delta_eg=Lc*sqrt(e11**two)
delta_eq_0O=delta_eq/sqrt(Rfc)
stateNew(k,16)=delta_eq_0
s_eq_0=(Lc/delta_eq_0)*(s11*ell)
delta_eq_f=two*G1lc/s_eq_0
stateNew(k,20)=delta_eq_f
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C

C

Ro Ro Ro

nDmg=1

end if
end if

IMatrix tension
if (((s22+s33).GT.zero).AND.(stateNew(k,7).LT.one)) then

Rmt=(one/F2t)**two*(s22+s33)**two+

(one/F23)**two*(s23**twes22*s33)+
(one/F12)**two*(s12**two+s13**two)

stateNew(k,7)=max(Rmt,stateNew(k,7))

if (Rmt.GE.one) then

stateNew(k,7)=one

delta_eqg=Lc*sqrt(e22**two+e33**two+el2**two+el3**two+
e23**two)

delta_eq_0O=delta_eq/sqrt(Rmt)

stateNew(k,17)=delta_eq_0

s_eq_0=(Lc/delta_eq_0)*(s22*e22+s33*e33+s12*el2+

s13*e13+s23*e23)
delta_eq_f=two*G2t/s_eq_0
stateNew(k,21)=delta_eq_f

nDmg=1

end if
end if

IMatrix compression
if (((s22+s33).LT.zero).AND.(stateNew(k,8).LT.one)) then

Rmc=(one/F2¢)*((F2c/(two*F23))**tweone)*(s22+s33)+

(one/(two*F23))**two*(s22+s33)**two+
(one/F23)**two*(s23**twas22*s33)+
(one/F12)**two*(s12**two+s13**two)

stateNew(k,8)=max(Rmc,stateNew(k,8))

if (Rmc.GE.one) then

stateNew(k,8)=one

delta_eg=Lc*sqrt(e22**two+e33**two+el2**two+el3**two+
e23**two)

delta_eq_0O=delta_eq/sqrt(Rmc)

stateNew(k,18)=delta_eq_0

s_eq_0=(Lc/delta_eq_0)*(s22*e22+s33*e33+s12*el12+

s13*e13+s23*e23)
delta_eq_f=two*G2c/s_eq_0
stateNew(k,22)=delta_eq_f

nDmg=1
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end if
end if

end do

return
end

CHITTTTTHTHTTTTH T T T

subroutine Damage_Evolution(nblock,nArray,nDmg,charLength,
& stress,nstatev,stateNew)

include 'vaba_param.inc'

dimension charLength(nblock),stress(nblock,nArray),
& stateNew(nblock,nstatev)

real s11,s22,s33,s12,513,523,e11,e22,e33,e12,e13,e23
real dft_f,dfc_f,dmt_f,dmc_f,dft,dfc,dmt,dmc

real Lc,delta_eq,delta_eq_0,delta_eq_f,s_eq_0,P1,P2
integer nDMg

parameter(zero=0.d0, one=1.d0, two=2.d0, three=3.d0, half=0.5d0)

dft_f=0.99
dfc_f=0.90
dmt_f=0.99
dmc_f=10.90

do k=1,nblock
Lc=charLength(nblock)

sll=stress(k,1)
s22=stress(k,2)
s33=stress(k,3)
sl2=stress(k,4)
s23=stress(k,5)
s13=stress(k,6)

ell=stateNew(k,9)

e22=stateNew(k,10)
e33=stateNew(k,11)
el2=stateNew(k,12)
e23=stateNew(k,13)
el3=stateNew(k,14)

C IFiber tension
if ((s11.GT.zero).AND.(stateNew(k,5).EQ.one)) then

delta_eg=Lc*sqrt(el1l**two+el2**two+el3**two)
delta_eq_O=stateNew(k,15)
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delta_eq_f=stateNew(k,19)
Pl=delta_eq_f*(delta_edelta_eq_0)
P2=delta_eq*(delta_ecq-delta_eq_0)
dft=P1/P2

if (dft. GE.dft_f) then
stateNew(k,1)=dft_f
else
stateNew(k,1)=max(dft,stateNew(k,1))
end if

nDmg=1
end if
C !Fiber compression
if (s11.LT.zero).AND.(stateNew(k,6).EQ.one)) then

delta_eqg=Lc*sqrt(e11**two)
delta_eq_O=stateNew(k,16)
delta_eq_f=stateNew(k,20)
Pl=delta_eq_f*(delta_edelta_eq_0)
P2=delta_eq*(delta_eq-delta_eq_0)
dfc=P1/P2

if (dfc.GE.dfc_f) then
stateNew(k,2)=dfc_f

else
stateNew(k,2)=max(dfc,stateNew(k,2))

end if

nDmg=1
end if
C Matrix tension
if (((s22+s33).GT.zero).AND.(stateNew(k,7).EQ.one)) then

delta_eqg=Lc*sqrt(e22**two+e33**two+el2**two+el3**two+
& e23**two)

delta_eq_O=stateNew(k,17)

delta_eq_f=stateNew(k,21)

Pl=delta_eq_f*(delta_edelta_eq_0)

P2=delta_eq*(delta_eq-delta_eq_0)

dmt=P1/P2

if (dmt.GE.dmt_f) then
stateNew(k,3)=dmt_f

else
stateNew(k,3)=max(dmt,stateNew(k,3))

end if

nDmg=1
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end if
C IMatrix compression
if (((s22+s33).LT.zero).AND.(stateNew(k,8).EQ.one)) then

delta_eg=Lc*sqrt(e22**two+e33**two+el12**two+e13**two+
& e23**two)

delta_eq_O=stateNew(k,18)

delta_eq_f=stateNew(k,22)

Pl=delta_eq_f*(delta_edelta_eq_0)

P2=delta_eq*(delta_eqdelta_eq_0)

dmc=P1/P2

if (dmc.GE.dmc_f) then
stateNew(k,4)=dmc_f
else
stateNew(k,4)=max(dmc,stateNew(k,4))
end if
nDmg=1
end if

end do

return
end

CHT i T i

subroutine Damping(nblock,nArray,beta,dt,
& sigOld,sigNew,sigDampOld,sigDampNew)

include 'vaba_param.inc'

dimension sigOld(nblock,nArray),sigNew(nblock,nArray),
& sigDampOld(nblock,nArray),sigDampNew(nblock,nArray)

real b
b=beta/dt
do k=1,nblock

sigDampNew(k,1)=b*(sigNew(k, {sigOId(k,1}sigDampOld(k,1)))
sigDampNew(k,2)=b*(sigNew(k,2{sigOId(k,2}sigDampOld(k,2)))
sigDampNew(k,3)=b*(sigNew(k,3[sigOld(k,3}sigDampOld(k,3)))
sigDampNew(k,4)=b*(sigNew(k,4{sigOld(k,4}sigDampOld(k,4)))
sigDampNew(k,5)=b*(sigNew(k,5{sigOld(k,5}sigDampOld(k,5)))
sigDampNew(k,6)=b*(sigNew(k,6{sigOld(k,6}sigDampOld(k,6)))

sigNew(k,1)=sigNew(k,1)+sigDampNew(k,1)
sigNew(k,2)=sigNew(k,2)+sigDampNew(k,2)
sigNew(k,3)=sigNew(k,3)+sigDampNew(k,3)
sigNew(k,4)=sigNew(k,4)+sigDampNew(k,4)
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sigNew(k,5)=sigNew(k,5)+sigDampNew(k,5)
sigNew(k,6)=sigNew(k,6)+sigDampNew(k,6)

end do

return
end

CHITTTTTHTHTTT g

subroutine InternalEnergy(nblock,nArray,
& density,straininc,sigOld,sigNew,enerinternOld,enerinternNew)

include 'vaba_param.inc'

dimension density(nblock),straininc(nblock,nArray),
& sigOld(nblock,nArray),sigNew(nblock,nArray),
& enerinternOld(nblock),enerinternNew(nblock)

parameter(zero=0.d0, one=1.d0, two=2.d0, three=3.d0, half=0.5d0)
real stressPower
do k=1,nblock

stressPower=half*((sigOld(k,1)+sigNew(k,1))*straininc(k,1)+
(sigOld(k,2)+sigNew(k,2))*strainInc(k,2)+
(sigOld(k,3)+sigNew(k,3))*strainlnc(k,3)+
two*(sigOld(k,4)+sigNew(k,4))*straininc(k,4)+
two*(sigOld(k,5)+sigNew(k,5))*straininc(k,5)+
two*(sigOld(k,6)+sigNew(k,6))*straininc(k,6))

Ro Ro Ro Qo Ro

enerinternNew(k)=enerIinternOld(k)+stressPower/density(k)
end do

return
end
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CHAPTER 3

Prediction of transverse tensile strength of irsitu-consolidated
Carbon/PEEK thermoplastic composite material based on
micromechanical modeling and simulation

This chapter contains the contents of the following journal and conference papers:

E. Pourahmadi, F. Shadmehri, R. Ganesan, "Prediction of transverse tensile strengituof in
consolidated Carbon/PEEK thermoplastic composite material based on micromechanical
modeling and simulation'Composites Part A: Applied Science and Manufactyrdi®3 (2025),
109062 https://doi.org/10.1016/j].compositesa.2025.109062

E. Pourahmadi, F. Shadmehri, R. Ganesan, "Influence of void formation in ABRuU Iin
consolidation on the transverse tensile strength of Carbon/PEEK thermoplastic composite
material" in the24th International Conference on Composite Materials (ICCMB&Itimore,
Maryland, Aug. 2025Accepted.
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3. Prediction of transverse tensile strength of irsitu-consolidated
Carbon/PEEK thermoplastic composite material based on
micromechanical modeling and simulation

Foreword

The material properties reported in tGgtec datasheef67] are based on composites produced
throughcompression wlding or autoclavereatmentwhich do nofully reflect the microstructural
characteristics introduced by the AFP process. These include increased void cordenifanon
fiber distribution, and variations in crystallinity, all of which can significantly influence the
performanceof composite materialgarticularly in the transverse direction, where the matrix
phase plays a dominant role. Additionally, the presence of warpage irmaR&factured
thermoplastic composite laminates, especially when a heated mandrel is usey makes
experimental testing of the final part more difficult. As a resaltkknowledge gagxists in

mechanical property data for APocessed thermoplastic compositaterias.

In composite laminates, transverse microcracking within the matrix often serves as the dominant
failure mode, initiating and driving subsequent crack growth. However, the influence of
aforementionednicrostructurafeaturesintroduced during the AFP 4situ consolidation process

on the strength properties has not been fully investigated r@$esarch worlaims to predict the
transverse tensile strength of Carbon/PEEK thermoplastic composites fabricated through AFP in
situ consolidation, as outlinad the second objective ahe presenthesis. To achieve thi2D
micro-scale Representative Volume Elements (RVES) wemeratedbased on theomposite
transversecrosssection, incorporating data from micrograpkiaminationand DSC analysis.

Finite element simulations employed the Drutkrager plasticity model along with a ductile
damage <criterion to capture the matri xos pl
propagation in the neat PEEK resin. The results atdithat the AFP #situ consolidation process

may reduce the transverse tensile strengtébtmt46.9 MPaa decrease of approximately 44%
compared to the strength attainable throtigg autoclavemethod This substantial reduction
should be carefully awsidered in the design and simulation of Af@Bricated thermoplastic

composite laminates.
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Abstract

Thermoplastic compositteaminates have emerged as a compelling alternative to thermoset
laminates for primary aerospace applications, following the industrial development of automated
manufacturing technologies, such as the Automated Fiber Placement (AFP) process. The present
reearch aims to predict the transverse tensile strength-situhconsolidated Carbon/PEEK
thermoplastic composite material, considering inherent variations caused by the AFP process in
fiber volume fraction, void content, interlamainresin pocket and degree of crystallinity. To
achieve this, twalimensional Representative Volume Elements (RVES) with randomly distributed
fibers were developed at the miescale level. The Druckd?rager model, combined with a ductile
failure criterian, was used to capture the plastic behavior and damage accumulation in the PEEK
resin during the numerical analysis. In order to acquire the necessary data for micromechanical
modeling and analysis, two sets of specimens, manufactured using AF® ¢orsolidation and
autoclave reconsolidation techniques, underwent micrographic examination and thermoanalytical
Differential Scanning Calorimetry (DSC) analysis. The results reveal that AFS#uin
consolidation can reduce the transverse tensile stren@arbbn/PEEK thermoplastic composite
material up to approximately 44%, compared to the autoclagensolidation technique. Due to

the lack of experimental data caused by warpage occurring in the manufactured laminate in the
absence of a heated mandreg giresent work proposes a simulation methodology to predict the
transverse tensile strength resulting from thsiia consolidation process. This crucial difference

in strength values, most notably in the transverse direction, must be carefully conisidieriezl
element analyses, analytical evaluations, and design procedures involvinmakifactured

thermoplastic composite laminates and structures.
3.1. Introduction

Polymeric composites have found extensive applications in various fields owing to their
remarkable specific stiffness, strength, corrosion resistance and lightweight characteristics,
particularly in aerospace and automotive industries where weight radigctaicial. Automated

Fiber Placement (AFP) has emerged as an advanced automated manufacturing technique that
offers benefits, such as reduced material waste, increased deposition rate and minimized

production time and costs, compared to conventionahadst such as the hand Jag process.
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Robotic AFP machines employ a fiber placement head, compatible with either thermoset or
thermoplastic materials, mounted on a robotic arm to precisely deposit narrow composite tows
onto a tool surface for the fabrication of composite laminates. Thecongiming and expensive
curing process of thermoskeased composites has caused the increasing applications of
thermoplastic counterparts as a possible alternative, offering more efficient areffectste

solutions.

A key advantage of manufacturing thermoplastic composite materials using AFP is the capability
for in-situ consolidation, which eliminates the need for subsequent consolidation pracesses.
consolidation during the AFP process applies localized heating (e.g., using a hot gas torch or laser)
and compaction force, resulting in a rapid cooling rate aneundorm thermal profiles that can
induce defects such as voids and incomplete ibgndn contrast, autoclave -monsolidation
involves postprocessig the preformed laminate at elevated temperatures (43600 AC) unde
high pressure in a controlled environment, allowing a slower cooling rate and improved
consolidation quality through enhanced bonding, removing voids and crystallinity control.
Previousstudied5,9,34,35,3741] have shown that #situ consolidation typically results in higher

void content (up to 4%) and lower crystallinity levels (i.e.;3086), depending on the AFP
processing parameters and type of the heating system, compared to awtmdasgelidated
laminges, which generally exhibit void content below 0.5% and higher degrees of crystallinity
(i.e., 35%) due to slower cooling rates and longer exposure to heat and pressure. Furthermore,
according to the literatufd5,28,109] while the Interlaminar Shear Strength (ILSS) value of in

situ consolidated Carbon/PEEK thermoplastic composite samples ranges between 55 to 60 MPa,

autoclave reconsolidation can increase it to almost 90 MPa.

The inherently short processing time and high cooling rate associated with the AFP process
introduce significant variations in the microstructural features and the degree of crystallinity of in
situi-consolidated thermoplastic composite laminates. Thesatwas can adversely influence

their material properties when compared to their autodlesensolidated counterparts.
Thermoplastic composite samples produced through AFtunconsolidation display notable

void content, interlaminar resich regionsand an uneven distribution of fibers. These

characteristics result in the formation of stress concentration zones within the layers, primarily due
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to the close proximity of fibers and the presence of voids, thereby affecting the damage initiation

and propagation occurring in the composite matgsial7].

Voids are critical in that they substantially impact the mechanical performance of composite
laminates. In the microstructure resulting from the AFP process, voids can generally be categorized
into two types: (a) Intralaminar voids, which originate durthg tape production phase and
include entrapped air within individual plies; and (b) Interlaminar voids, which form between
layers during the tape placement process and predominantly depend on the degree of intimate
contact achieved between the plies. Buthe presence of resin pockets between layers caused by
nonuniform fiber distribution, both the percentage and distribution of voids can adversely affect
the mechanical performance of the composite material. This effect is particularly significant in the
transverse direction, where the matrix behavior dominantly governs the mechanical response of
the composite material. In composite laminates, the initiation of transverse matrix microcracking
is generally regarded as the first indication of material failrhis phenomenon plays a pivotal

role in governing the progression of fracture and significantly influences the overall structural
integrity of the laminat¢9,34,35,38,39]

Warpage in AFP #situ-consolidated thermoplastic composite laminates primarily arises from
uneven cooling and shrinkage, and asymmetric thermal gradients across the laminate thickness,
leading to residual stresses and distortion. Key factors influencamgage include the layup
sequence, fiber orientation and the absence of uniform consolidation heat and piétssurgh
experimental procedures remain crucial for accurately evaluating the material properties, the
warpage induced during the AFRsitu mnsolidation process poses significant challenges to the
mechanical testing of unidirectional thermoplastic composite specimens according to the ASTM
standards. While the application of a heated mandrel (tool) offers a potential solution to mitigate
the dstortion of operedge thermoplastic sampl9], it is worth mentioning that the use of this
method may lead to alterations in the mechanical properties of the final product compared to those
resulting from the irsitu consolidation process. Nonetheless, micromechanical modeling
techniques, such as thepresentative Volume Element (RVE) approach, provide a powerful
alternative by enabling the simulation of various microstructures, conducting virtual tests, and
accurately predicting the effective material properties of composite matg@lsThere are
considerable difficulties in obtaining a high fiber volume fraction in RVEs containing randomly
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distributed fibers. To overcome this, researchers have developed various algorithms, such as
Random Sequential Adsorption (RSBR], Random Sequential Expansion (R$E3], Event

Driven Molecular Dynamics (EDMD)[51], and the Random Microstructure Generator
(RAND_uSTRU_GEN]54]. Moreover, Elnekhaily and Talreja10] developed an algorithm that
transforms an initially uniform square fiber arrangement into a quantified nonuniform distribution
through a shaking process, based on the degree of nonuniformity. In their subsequent studies
[66,111] this approach was further refined by initiating the distribution from a hexagonal packing
pattern.These algorithms enhance the realism and accuracy of the generated RVE models by

ensuring efficient fiber packing while maintaining randomness in their distribution.

Many researchers attempted to investigate the mechanical response of composite materials in the
transverse direction through micromechanical ana[yfg15,55 66]. Triaset al.[55] compared

the stress and strain distributions obtained from both periodic (such as square and hexagonal
packing) and random microstructure models that can be used for generating RVES representing
Carbonreinforced polymers. They showed that although periowdels might be used to predict
effective material properties due to their computational efficiency, random models have to be
considered for the analysis of local phenomena, such as damage initiation and propagation. Proper
representation of the real onostructure formed in a fibeeinforced composite material is
necessary for accurate damage modeling that originates from matrix cracks. To this end, Romanov
et al.[56] generated two different fiber arrangements: one using the captured micrographs and the
other based on a random microstructure generator algorithm. They drew a comparison between
geometrical and mechanical parameters, including fiber distribution and stass, in the
transverse direction, and concluded that there is good agreement between the results of real and
virtually generated microstructures. Ghayeoral. [42] investigated the effect of intralaminar
resinrich areas, created by both removing and moving fibers methods, on the transverse modulus
and damage onset of Carbon/epoxy composites using computational analysis. According to the
results, the presence of megockets could lead to approximately 20% lower failure initiation
strain in the composite laminates. Wagial.[45] conducted the analyses about the influence of
voids on the transverse tensile properties of composite laminates. They implemented two distinct
methods for void modeling, namely explicit establishment of voids and voids modeled with the
elements, and cord@red circular, elliptical and arbitrary shapes for the generated voids. The

results showed more variations in tensile strength values for the microstructure simulated with
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explicitly established voids, which is similar to the actual response of composite samples observed
during the experiments. Mehdikhaet al. [57,58] investigated the effect of intralaminar voids,
whose characteristics (such as size, shape, etc.) were obtained bgom¢nated tomography, on

the matrix cracking phenomenon in polyrmeatrix composites. They developed a simulation
approach consisting oficro- and mesescales to capture the matrix cracks on the ply scale using
the results of microstructural analysis. The outcome of the research indicated that although voids
lead matrix cracks to initiate earlier, their propagation is marginally afféstetde presence of

voids. Elnekhaily and Talrejg6] showed through computational modeling that miooal size

and position in an epoxy matrix, relative to the crack initiation zone, significantly affect fiber
matrix debonding and kirut phenomena during early stages of transverse crack development in

unidirectional composite materials.

The mechanicabehaviorof Carbon and Glass fibeeinforced polymer matrix composite under

the transverse compressive loading condition was examined by Gonzalez and[bRpr¢aey
revealed that fibematrix interface strength and matrix yield stress have substantial effects on the
outcome of the numerical analysis, such as compressive strengthetrah{f0] attempted to
evaluate the mechanical response of unidirectional composite laminates subjected to tension and
compression in a transverse direction using the RVE approach in which matrix plastic deformation
and interfacial debonding were incorporated byudBerPrager and cohesive zone models,
respectively. Their findings indicated that even though fibetrix interfacial bonding is mainly
responsible for the failure mechanism in tension, transverse matrix cracking and its plastic
deformation govern thedcture response of polymeratrix composites during the compressive
loading stage. Using the experimental data about damage mechanisms introduced during the
multiaxial loading state, Totrgt al.[61] simulated 3D representative volume elements to predict

the failure locations of Carbon/PEEK thermoplastic composite laminate under transverse
compression and longitudinal shear loads. Liu and6Ri explored the failurebehavior of
Glass/PC thermoplastic composite material subjected to tensile and shear loadings by generating
corresponding RVEs and applying periodic boundary conditions. Plastic deformation and damage
evolution phenomena during the finite element analysis werteregpusing the implementation

of a VUMAT subroutine. The results reveal that while tension/shear load ratio and interface
strength values considerably affect the failure response of the material, fiber distribution has a
minimal effect on the outcome. Fedulewval.[63] proposed a material model that considers the
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plasticity along with the damage initiation and propagation for PEEK thermoplastic resin supplied
by Cytec[67]. According to the results, this model was successful in predicting the transverse
tensile strength of Carbon/PEEK thermoplastic composite laminate, when it was compared to
experimental data. They also performed analysis for fiberquiltests and showeldat the PEEK
material in the vicinity of the interface exhibits a strengthening effect, mainly due to the high

plastic deformation and transition of shear stress state to comprdssmmated counterpart.

In composite laminates, transverse matrix microcracking frequently acts as the primary failure
mechanism, governing the subsequent crack initiation and propagation. Previous studies revealed
microstructural features introduced by the AFPsito consolidabn process, such as voids,
interlaminar resin pockets, and variation in the degree of crystallinity, compared to autoclave
treatment. While these features were shown to significantly influence the stiffness properties in
the transverse directiof37], their effect on strength characteristics remains unanswered.
Therefore, the present research work aims to predict the transverse tensile strength of
Carbon/PEEK thermoplastic composite material fabricated using the A&iRIinonsolidation
process. To @omplish this, 2D micrscale Representative Volume Elements (RVEsS) were
developed based on random fiber distribution. In the numerical analysis, the Bfuager

model, coupled with a ductile failure criterion, is used to take into account the pktsidor and
damage progression within the PEEK resin. To obtain the essential inputs for micromechanical
analysis, two groups of specimens, fabricated using the ABSRuirtonsolidation and autoclave
re-consolidation methods, were subjected to microgeagtidy and DSC analysis. Finite element
modeling was thoroughly implemented using ABAQUS Scripting Interface (ASI), written in
Python programming language, along with MATLAB code that aided in generating the RVE
geometrie r ef er t o ffbrArdrdved® crossedtie® secti on i n the
more details)This approach ensured an accurate representation of the material's microstructure to
predict the tensile strength in the transverse direction, addressing the gap in experimental data
currently absent in the literature. The absence of such informatpedsminantly attributed to

the warpage and distortion arising during the AFP process when a heated tool is not used. The
results confirm that the AFP-gitu consolidation process negativefieats the material properties

of Carbon/PEEK thermoplastic composite material, which must be paid attention to in the finite

element analyses and design procedures of&&e thermoplastic composite laminates.
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3.2. Experimentation

Although insitu consolidation provides a fast and efficient fabrication approach, it is essential to
consider the possible imperfections that can emerge during the automated fiber placement process,
particularly because they can significantly comprontfigenhiechanical performance of composite
structures. The limited processing time associated with theurconsolidation method results in

a very high cooling rate which adversely affects the crystallinity, the attainment of the desired fiber
volume fracton, and the removal of void content compared to the autoclave manufacturing
process. Additionally, due to the short time available for fiber redistribution, while the matrix
remains molten, resinich regions are prone to form between the composite lagausing a

change in the stress distribution inside the plies.

Accurate input data is necessary for micromechanical analysis in order to distinguish between the
RVEs representing Carbon/PEEK thermoplastic composite laminates made by different
fabrication processes. In this regard, the upcoming sections provide thplammto manufacture

two Carbon/PEEK thermoplastic composite laminates by AFtunconsolidation and autoclave
re-consolidation techniques. These laminates were subjected to micrographic study and
thermoanalytical DSC analysis to gather the detailemnmation (i.e., fiber volume fraction, void
content, interlaminar resin pocket and degree of crystallinity) required for a precise prediction of

transverse tensile strength values resulting from each manufacturing method.

3.2.1. Manufacturing process

Researchers at the Concordia Centre for Composites (CONCOM) have access to an Automated
Fiber Placement (AFP) machine that incorporates a thermoplastic head assisted by a Hot Gas
Torch (HGT) heating system. This thermoplastic AFP head is mounted eaxia Bawasaki
articulated robotic arm, which has a payload capacity of 125 kg and is supplied by the Trelleborg
Group, as shown iRigure3.1 (a). The fabrication of composite laminates utilized unidirectional
AS4/APG2 prepreg tape, supplied by the Solvay Group (Cy&) which comprises a fibeo-

resin weight ratio of 68:32, achieving a fiber volume fraction of 60%, with an individual ply
thickness of 0.140 mm. During the AFRsitu consolidation process, the applied parameters were
meticulously adjusted to ensure dbtag a highquality final product; the hot gas torch

temperature was maintained at 875 °C, with a nitrogen flow rate of 80 SLPM, a compaction force
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of 60 Ibf, and a deposition rate of 2 in/s. These processing conditions closely correspond to the
optimum values cited in the literature, thereby ensuring consistent material quality and

performancd13,14]

Additionally, to establish a reference baseline, half of thsitinconsolidated Carbon/PEEK
thermoplastic composite laminate was sectioned, vadwagged, and subsequently subjected to

an autoclave reonsolidation process, as shownFigure 3.1 (b). The autoclave treatment was
carried out under controlled conditions, with a processing temperature of 390° + 10 °C and a
pressure of 100 + 5 psi, sustained for a period of 20 + 5 mifégsA comparative analysis of

these two laminate types allows for a comprehensive assessment of the influence of the AFP
process on critical microstructural attributes, including fiber volume fraction, void content,

interlaminar resin pockets, and degreemystallinity.

(b)
Figure3.1. Manufacturing Carbon/PEEK thermoplastic composite laminates with two techniques: (a)

HGT-assisted AFP machine available at CONCOM and (b) autoclas@nsmlidation of AFAmade
laminate.
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3.2.2. Micrographic examination

A detailed microstructural analysis of Carbon/PEEK thermoplastic composite laminate samples
manufactured using autoclave-gensolidation and AFP igmitu consolidation offers valuable
insights into the fundamental causes of the observed differencesriméaianical performance.

To achieve this, specimens from both fabrication methods were sectioned and polished to facilitate
microscopic examination. The micrographic investigation unveiled significant differences
between the two laminate types, particiylan terms of interlaminar resinch regions, void
content, and void distribution, as shownHRigure 3.2. These microstructural discrepancies are
identified as key contributors to the variations in the material properties of the resulting composite
structures. The micrographic observations clearly indicate that the AB®RuUigonsolidation
process inducesotable alterations in fiber distribution, leading to the formation of more
distinguishable adjacent layers by introducing a separation between them. However, autoclave re
consolidation facilitates fiber mobility at the interfaces of the layers, yieldingr@ uniform
laminate structure with indistinguishable layer boundaries. Unlikesitlirconsolidated
thermoplastic laminates, those subjected to autoclave treatment exhibit no evident layer separation
or resinrich regions between adjacent plies, signifyia more homogeneous and well

consolidated microstructure.

The evaluation of fiber volume fraction, void content, and interlaminar resin pocket percentage
was conducted using the color thresholding technique implemented in ImageJ software. This
method enabled the distinction between voids, fibers, and resin witi@ncomposite
microstructure. A series of randomly selected micrographs, representing different regions of the
samples, were analyzed to obtain the average values for these factors. The findings reveal that
autoclave reconsolidation substantially reducdise presence of voids and resich areas,
achieving a fiber volume fraction of approximately 60%. In contrast, the ABRuigonsolidation

process results in an average fiber volume fraction of 56%, accompanied by an average void
content of 1.5% andmainterlaminar resin pocket of 12%. Further details regarding the

measurement methodology for each factor can be found in our previous researf3irjvork
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Figure3.2. Typical micrographs of thermoplastic composite specimens manufactured by (a) auteclave re
consolidation and (b) AFP 4isitu consolidation processes (20X magnification): threshold sel@b0

Voids play an essential role in influencing the mechanical properties of composite laminates.
Within the microstructure resulting from the AFP process, voids can be broadly classified into two
categories: (a) intralaminar voids and (b) interlaminar vdmtsalaminar voids are introduced
during the tape manufacturing stage and typically comprise entrapped air, moisture, and other
volatile substances that become dissolved or trapped within the individual ply. The formation of
these voids can be mitigatedrohg the AFP process using elevated compaction force and heat
which facilitate the air evacuation. Nonetheless, interlaminar voids arise at the interfaces between
adjacent layers during the tape placement stage. These voids are predominantly govemed by th
degree of intimate contact attained between plies, which is strongly influenced by the AFP
processing parameters. According to the micrographic studysituhconsolidated thermoplastic
composite specimens available in the literature, the eliminafianterlaminar voids can be
achieved by utilizing the optimum processing parameters during-#itiinonsolidation process
[9,34,38,39] Therefore, the microstructure of AFRgiiu-consolidated thermoplastic laminates

may exhibit either exclusively intralaminar voids or a combination of both intralaminar and
interlaminar voids, depending on the applied processing parameters and twtivesfess in
enhancing layer consolidation. It is important to highlight that, in the present research, the
Carbon/PEEK thermoplastic composite specimens fabricated through Afie oonsolidation

exhibit mostly intralaminar voids. This outcome can beributed to the implementation of
optimized AFP processing parameters, which effectively mitigated the formation of interlaminar
voids by enhancing the degree of intimate contact between plies during the consolidation process,
as shown irFigure3.2.
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When resirrich areas are formed between the composite layers, fibers are forced to stay closer to
one another at the center of each layer. This proximity of fibers causes stress concentration within
the composite ply, adversely affecting the crack indratand propagation in the transverse
direction[37,50] In these circumstances, the negative effect that intralaminar and interlaminar
voids can produce on the transverse tensile strength of composite laminates is significantly
different, as interlaminar voids, often found at ply interfaces, may promote idataon
[14,34,38,39ather than influencing the strength value in the transverse direction. Tuef i

great importance to not only quantify the total void content but also accurately identify the specific
type of voids present in the microstructure, as the intralaminar and interlaminar voids can exert

significantly different influences on the traresse tensile strength of composite laminates.

3.2.3. DSC analysis

Another critical factor influencing the material properties is the degree of crystallinity, which can
be quantitatively determined using a Differential Scanning Calorimetry (DSC) apparatus made by
TA Instruments. For this purpose, 10 mg samples were g&trdom both irsitu-consolidated

and autoclaweeconsolidated Carbon/PEEK thermoplastic composite laminates and subjected to a
heatcoolheat cycle. The testing procedure involved heating at a controlled rate of 10 °C/min up
to a peak temperature of 390 under a Nitrogen atmosphere, followed by cooling at a rate of 5

°C/min. The degree of crystallinitg), was calculated using the following equatjbyi112]
O G (3.1)

where| represents the weight fraction of Carbon fibers (i.e., 68%) within the Carbon/PEEK
thermoplastic composite tape. The tetf@ andY'O correspond to the enthalpies of fusion at

the endothermic melting point and exothermic crystallization peak. The enthalpy value for fully
crystalline PEEKYO, was taken as 130 J/g as reported in the litergtlr@]. Table3.1 shows

the outcome of the DSC analysis, with mean values of the degree of crystallinity and melting
temperature measured from at least five Carbon/PEEK samples produced by each manufacturing

method.
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Table3.1. Mean values of degree of crystallinity and melting temperature of Carbon/PEEK thermoplastic
composite material manufactured by AFPsitu consolidation and autoclaveaensolidation methods.

Crystallinity (%) SD' Melting temperature (°C) SD'
AFP In-situ consolidation 25.07 0.82 345.31 0.17
Autoclave reconsolidation 34.96 0.38 345,52 0.15

*SD = Standard Deviation

Depending on the AFP processing paransdier., temperature, compaction force and deposition
rate)and type of heating system, such as a hot gas torch,-tl ioonsolidation process may
result in a degree of crystallinity ranging from 15% to 3[®/88,40,41] For instance, higher
deposition rate or insufficient compaction pressure can lead to rapid cooling and insufficient heat
transfer, thereby reducing the degree of crystallinBgveral studies have investigated the
influence of crystallinity on the material properties of neat PEEK resin, revealing that a reduction
in crystallinity results in a decline in both elastic mody8&46,47]and tensile streng{d6,112]

with an approximately linear correlation within the AFdtated crystallinity range. As a result, in

the present research, a reduction of 4% in elastic modulus and 7% in tensile strength of neat PEEK
resin was assumed for every 5% decrease in the defycegstallinity from the baseline value of

35%. This assumption is in good agreement with the findings reported in the literature and provides

a reasonable and representative estim§80/46,47,112]
3.3. Numerical analysis

After obtaining the results of the micrographic examination and DSC analysis for the
Carbon/PEEK thermoplastic composite material, essential insights into the microstructure and the
degree of crystallinity induced by the AFP process were obtained. Witlaminformation, RVEs
representative of AFP 4gitu consolidation could be developed to evaluate their mechanical
performance. It is important to note that since, apart from the fiber volume fraction, all critical
factors are associated with the redimage, the transverse cresection of the composite material,
where matrix behavior plays a dominant role, was selected for numerical analysis to enhance
computational efficiency. Afterwards, the modeled RVEs were subjected to Periodic Boundary
Conditions (PBCs), and homogenization theory was applied to predict the transverse tensile

strength values resulting from-gitu consolidation and autoclaveaensolidation processes
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3.3.1. RVE generation

Achieving a high fiber volume fraction in Representative Volume Elements (RVES) with randomly
distributed fibers presents a considerable challenge, as conventional random generators in
programming languages such as MATLAB and Python struggle to detemntaige positions for

new fiber center points. Thus, in the present research, an advanced algorithm originally proposed
by Melroet al.[54] and subsequently refined by Ghayetil.[50] was employed. This method
enhances the spatial distribution of fibers by strategically repositioning the most isolated fibers
(called fiber stirring54]) within the RVE, thereby enabling the attainment of a high fiber volume

fraction, i.e., 60%.

To accurately simulate the influence of interlaminar resin pockets (i.e. ri@simegions)
observed in AFP hsitu-consolidated samples on the transverse tensile strength of composite
laminates, a boundary constraint approf@ij was implemented in the RVE generation process.

In fact, restrictions were imposed on the top and bottom boundaries to ensure that fibers would be
positioned closer together in the central region of the RVE. This was achieved by limiting the
random generaton of fi berso6 center poi ntdsectionofthei n a
RVE (e.g., from 6% to 94% of the RVE length results in the formation of a 12% interlaminar resin
pocket). By maintaining the constant fiber volume fraction, this apprdtatieely relocated the

fibers toward the core of the RVE to generate resimregions at the top and bottom boundaries,
closely replicating the microstructural characteristics observed in the micrographic study.

To consider voids within the matrix phase, the Random Sequential Adsorption (RSA) algorithm
[52] was implemented to randomly generate void center points by eliminating the corresponding
resin material (i.e., creating circular holes). If a newly generated point overlaps with an existing
fiber-occupied region, the algorithm discards it and generatesvgoint. Once a proper position

is identified, a void radius is randomly assigned within a range from zero to the shortest distance
between the void center and the neighbouring fibers. This iterative process is repeated until the
desired void percentage successfully attained. The final geometries of RVEs representing AFP
in-situ consolidation and autoclaveaensolidation processes are depicteBigure3.3 (for more
information onvoid generation strategies addtermining the RVE geometries, see our previous

research work37]).
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Fiber volume fraction = 60% Fiber volume fraction = 56%

Void content = 0% Void content (intralaminar) = 1.5%
Interlaminar resin pocket = 0% Interlaminar resin pocket = 12%
(@) (b)

Figure3.3. Examples of RVE geometries generated to predict the transverse tensile strength of
Carbon/PEEK thermoplastic composite material manufactured by (a) autoclaaesadidation and (b)
AFP in-situ consolidation.

It should be noted that the use of 2D RVEs limits the proposed simulation approach, as it cannot
capture microstructural features that require tHuliesensional representation, such as the
volumetric morphology of voids or fiber waviness. In addition, amliimited set of material
properties (stiffness and strengthhich can be investigated through the transverse-sexgsn

of the composite materialsan be assessed using 2D RVEs

3.3.2. Finite element modeling

Following the completion of the RVE geometries based on the predefined fiber volume fraction,

void content, and interlaminar resin pocket percentage, faaale finite element analysis was

carried out on the transverse crasgtion of the thermoplasticomposite materials. These
simulations were executed through the ABAQUS Scripting Interface (ASI), implemented in
Python( r ef er t o fdr Btrerigth oredictisdc rsiepctt i on i n the Appendi
using an explicit solver with doublgrecison accuracy. The Representative Volume Elements

( RVEs) were modeled with a I ength of 140 en
Carbon/PEEK ply, along with-g rrdiameter Carbon fibers that were randomly arranged within
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the RVE, ensuring a minimum separation distance of 0.01 times the fiber fEiRIRVE size

allows for the accurate incorporation of interlaminar resin pockets on the top and bottom surfaces

of the RVE.It is important to highlight that in fibenreinforced composites, the size of the
representative volume element (RVE) is generally determined by the ratio of the RVE length to

the fiber radius, expressedias ¢ i. Selecting an appropriate RVE size is critical to ensure the

mat eri al 0s mor phol ogy and mechani cal behavi o
representative way. According to the dimensions of the given RVE, the ragjoals 40, withi=

140 em=add5 & m. This value is a good fit for

effectively characterize Carbeawrinforced polymer§0,114]

After conducting a mesh convergence analysis, quadrilateradid bilinear plane strain elements

with reduced integration (CPE4R) were selected, with an element size sefftaideenth (1/14)

of the fiber radius, as shown kigure3.4. Due to the relatively small element size in comparison
with the overall RVE dimensions, the model comprised more than 400,000 elements, whereby the
computational effort required for the analysis exceeded the processing capacity of a standard
desktop compter. To this end, all numerical simulations were carried out using the- High
Performance Computing (HPC) facility, SPEEIL5], which consists of twentfour 32core
compute nodes. This HPC system is specifically designed to accommodatecaraulti
computations, memosglemanding operations, and iterative processing tasks. It also provides
support for a wide range of opsnurce ad commercial software, including ABAQUS, enabling

efficient execution of computationally intensive analyses.

Figure3.4. A portion of the RVE meshed using CPE4R elements with a size equal to 1/14 of the fiber
radius.
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