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ABSTRACT 

Mechanical Characterization and Finite Element Simulation of Carbon/PEEK 

Thermoplastic Composite Laminate Manufactured 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 

toughness and recyclability. Compared to established manufacturing procedures, such as hand 

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 composite laminates using AFP lies in the possibility of in-situ 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 quality of in-situ-

consolidated thermoplastic composite laminates in terms of interlaminar bond strength and other 

material properties when compared to that of their autoclave-reconsolidated counterparts. The 

present thesis focuses on this aspect and aims to develop an efficient micromechanical 

computational model based on the finite element method that can predict the interface strength and 

other material properties, including stiffness and strength, of in-situ-consolidated Carbon/PEEK 

thermoplastic composite laminate. Two batches of laminate samples are fabricated by AFP with 

in-situ consolidation. One of the batches is subsequently re-consolidated in an autoclave to serve 

as a reference for a comparative study (i.e., in-situ consolidated vs. autoclave re-consolidated). 

The Short-Beam Shear (SBS) test, due to delamination failure mode, is chosen to measure the 

Interlaminar Shear Strength (ILSS). The interface strength properties caused by AFP in-situ 

consolidation are computationally determined using the cohesive zone model and the SBS test 

results. The manufactured samples undergo micrographic study and thermoanalytical Differential 

Scanning Calorimetry (DSC) testing to gather the essential data for the computational model, 

including fiber volume fraction, interlaminar resin pocket, void content and degree of crystallinity. 

Then, realistic two-dimensional Representative Volume Elements (RVEs) are generated at a 

micro-scale based on the obtained information from micrographic examination and DSC analysis. 
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These 2D RVEs were first used in the finite element simulation to predict the transverse tensile 

strength, resulting from the AFP in-situ consolidation process, using the Drucker-Prager law along 

with ductile failure criterion to take into account the plastic deformation of the matrix, as well as 

crack onset and evolution in the neat PEEK resin. Furthermore, the effective stiffness properties, 

such as transverse elastic and out-of-plane shear moduli, influenced by AFP in-situ consolidation 

were predicted by applying periodic boundary conditions and using the homogenization theory. 

The obtained results reveal that while the AFP in-situ consolidation manufacturing process reduces 

the transverse stiffness properties of Carbon/PEEK thermoplastic composite laminate 10% to 20%, 

the transverse tensile strength value may even decrease up to 44%, in comparison with the 

autoclave treatment. The outcomes of this thesis demonstrate that the mechanical performance of 

Carbon/PEEK thermoplastic composite laminates is significantly affected by the AFP in-situ 

consolidation process. The predicted interfacial strength and effective material properties provide 

essential input parameters for subsequent finite element modeling, analysis, and structural design 

of thermoplastic composite components produced through the AFP in-situ consolidation process.  
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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 in aerospace and automotive industries 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 costs, when compared to conventional methods, such as the hand lay-up 

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 laminates, as shown in Figure 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, the time-consuming and expensive curing process of 

thermoset-based composites has motivated the increasing adoption of thermoplastic counterparts 

as a viable alternative, offering more efficient and cost-effective solutions. 

 

Figure 1.1. Components of an Automated Fiber Placement (AFP) machine: robotic arm and fiber 

placement head (either thermoplastic or thermoset) [1]. 

One of the major advantages of thermoplastic composites lies in the potential for in-situ 

consolidation during the Automated Fiber Placement (AFP) manufacturing process. This 

consolidation process is characterized by a higher cooling rate and limited duration in which the 
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tape is exposed to heat and compaction, leading to incomplete healing and a disparity in the quality 

of in-situ-consolidated thermoplastic composites compared to those treated inside an autoclave. 

These differences are attributed to critical factors, such as fiber 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 by AFP in-situ 

consolidation and make a detailed comparison with those manufactured using the autoclave and 

hot press methods [2ï5] 

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 pressure, which improve mechanical 

properties [6]. Voids can be intralaminar (formed during tape fabrication) or interlaminar (arising 

between plies due to surface roughness) [7ï9]. During consolidation, tape surfaces flatten to create 

ñintimate contactò [10], followed by molecular chain motion that enables ñhealingò (autohesion) 

and bonding between layers [11]. Compared to autoclave or compression molding methods, 

although AFP in-situ 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 AFP in-situ consolidation method. Considering the 

bonding of layers as a primary concern during the in-situ consolidation manufacturing process, 

particularly due to its short processing time compared to autoclave treatment, the Short-Beam 

Shear (SBS) test, in which delamination is the dominant failure mode, is commonly used as a 

quality assessment technique to examine the impact of consolidation processes on the Interlaminar 

Shear Strength (ILSS). The sample shapes (i.e., flat or curved) and dimensions adhere to the 

guidelines specified in ASTM D2344 [12]. Following ASTM D2344 guidelines, the loading nose 

and supports of the fixture possess diameters of 6 mm and 3 mm, respectively. The ratio of span 

length to thickness is set at 4.0.  Both the loading nose and the side supports extend beyond the 

specimen width by a minimum of 2 mm. The SBS test is usually carried out in a displacement 
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control mode with a crosshead movement rate of 1.0 mm/min using short-beam shear test fixtures, 

as shown in Figure 1.2. ILSS values for each sample are computed using the provided equation 

[12]: 

Ὂ πȢχυ
ὖ

ὦ Ὤ
                                                                                                                                ρȢρ 

where  Ὂ  and ὖ  are the interlaminar shear strength and the maximum applied load. ὦ and Ὤ 

denote the width and thickness of the specimen, respectively. 

Some studies [13,14] attempted to optimize the in-situ AFP process parameters, namely torch 

temperature, torch location, deposition rate and compaction force, for increasing the quality of 

fabricated thermoplastic composite materials based on ILSS values, as shown in Figure 1.3.  They 

reported that the layer morphology was significantly affected by the processing conditions. 

Moreover, severe fiber damage was observed in specimens fabricated under elevated temperature 

(950 ÁC) and high consolidation force (450 N). These findings underscore the critical influence of 

manufacturing parameters on both the mechanical performance and overall quality of the 

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

 

Figure 1.2. Sample shapes and test fixtures for short-beam shear test: (a) curved and (b) flat specimens 

[15].  
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Figure 1.3. AFP processing parameters used for the manufacturing of thermoplastic composite laminates 

for optimization purposes [14].  

Few researchers explored the variations in ILSS values of Carbon/PEEK thermoplastic composite 

samples caused by AFP in-situ consolidation and autoclave re-consolidation methods, as listed in 

Table 1.1. Cai et al. [13] optimized AFP processing parameters using the Taguchi method and 

achieved an Interlaminar Shear Strength (ILSS) of 51 MPa for Carbon/PEEK composites with a 

hot gas torch heating system. Qureshi et al. [15] showed that the ILSS value can be increased to 

78.9 MPa when laser heating is used. Khan et 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 crystallinity. It should be noted 

that although Stokes-Griffin and Compston [17] reported even higher ILSS values for the in-situ-

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 during the short-beam shear test is delamination (interlaminar damage), 

largely influenced by the matrix characteristics. To consider the layer separation phenomenon in 

finite element modeling, researchers commonly employ the Cohesive Zone Model (CZM), 

prevalent in the literature [18ï23]. For this purpose, a linear elastic traction-separation response is 

considered within the cohesive zone, including three distinct delamination failure modes: mode I, 

mode II, and mode III. Because delamination typically arises under mixed-mode loading 
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conditions, the quadratic stress failure criterion is utilized 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 employing the Continuum Damage 

Mechanics Model (CDMM) combined with 3D Hashin failure criteria [22,25,26]. 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 damage [24]. Liu et al. [27] conducted a computational simulation, by 

considering both models for intralaminar and interlaminar damage, to assess the response of 

Carbon/PEEK thermoplastic composite samples produced via out-of-autoclave methods, such as 

compression molding, under three-point bend flexural loading. The study illustrated a strong 

correspondence between simulation outcomes and experimental observations in terms of 

mechanical behavior and damage mechanism. 

Table 1.1. ILSS values measured by the SBS test for Carbon/PEEK thermoplastic composite samples 

manufactured by autoclave re-consolidation and AFP in-situ consolidation with different deposition rates. 

References 
Autoclave re-consolidation  AFP In-situ consolidation 

ILSS (MPa)  ILSS (MPa) Rate (mm/s) 

Cai et al. [13] -  51 50.8 

Tierney and Gillespie [28] 90  60 30 

Qureshi et al. [15] 92.7  49.2 65 

   78.91 127 

Khan et al. [16] 94.8  85.52 50 

Stokes-Griffin and Compston [17] 94.8  981 100 
1In-situ consolidation using a laser 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 Strength (ILSS) through 

the Short-Beam Shear (SBS) test, a significant gap remains in the availability of interface strength 

properties for in-situ-consolidated thermoplastic composite laminates, parameters essential for 

accurate finite element modeling and analyses. 
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1.2.2. Material properties 

Fabricating thermoplastic composite laminates with absolute flatness proves to be challenging 

during the AFP in-situ consolidation process due to warpage and distortion of flat samples with 

open edges, as shown in Figure 1.4, whereby there is substantially limited literature on the material 

characterization of in-situ-consolidated thermoplastic composites. Warpage in AFP in-situ-

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 are layup sequence, fiber orientation, and variations in applied 

heat and pressure during the consolidation process. Hoa et 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 through conventional 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 the in-situ consolidation process.  

 

Figure 1.4. Warpage and distortion introduced in the in-situ-consolidated thermoplastic composite 

laminate during the AFP process [29]. 

During the fabrication of thermoplastic composites, residual stresses may develop due to factors 

such as high processing temperatures, uneven cooling, and mismatched material properties 

between layers, often leading to warpage and dimensional instability. These process-induced 

stresses can compromise the load-bearing 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, several studies [30ï33] have attempted to numerically and 



8 

 

experimentally investigate the effect of manufacturing-induced residual thermal stresses on the 

performance of thermoplastic composite materials. 

Few researchers [5,34,35] conducted a microstructural comparison between in-situ-consolidated 

Carbon/PEEK thermoplastic composite samples and those re-consolidated in an autoclave. 

Fereidouni and Hoa [36] investigated various micro- and macro-scale defects in AFP-

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 supplied impregnated tape, performance limitations of the AFP system, and issues related 

to the in-situ consolidation process. Investigating the microstructure of thermoplastic samples 

manufactured by in-situ consolidation and autoclave re-consolidation offers a valuable 

understanding of the factors leading to mechanical performance differences.  

Studies available in the literature [5,9,34,35,37ï41] indicate that in-situ consolidation generally 

produces laminates with greater void content (up to 4%) and reduced degree of crystallinity (15-

30%), depending on AFP parameters and the heating method. However, autoclave-reconsolidated 

laminates usually achieve lower void content (below 0.5%) and a higher degree of crystallinity 

(about 35%) as a result of slower cooling and extended heat and pressure application. Examination 

of the samples through microscopy imaging, as depicted in Figure 1.5, clearly highlights 

significant differences between thermoplastic composites fabricated by AFP in-situ consolidation 

and those re-consolidated through the autoclave process. The microstructure of the thermoplastic 

composites undergoes notable changes when it is treated with an autoclave, leading to improved 

fiber distribution and reduced visibility of layer boundaries. In contrast, samples manufactured 

through in-situ consolidation reveal resin-rich regions between layers (interlaminar resin pockets) 

and uneven fiber distribution, potentially giving rise to stress concentration zones [42]. The void 

content and fiber volume fraction can be assessed using the color thresholding technique by 

ImageJ software, which is capable of differentiating between voids, fibers, and resin [43,44]. 

Owing to the presence of resin pockets between layers, resulting from uneven fiber distribution, 

not only the total void percentage but also the void distribution (i.e., intralaminar and interlaminar 

voids) can negatively influence the mechanical performance of the composite material. It is worth 

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 
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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 of composite materials [42,45]. 

 
In-situ-consolidated sample 

 
Autoclave-reconsolidated sample 

Figure 1.5. Typical 20X-magnified micrographs of Carbon/PEEK thermoplastic samples after in-situ 

consolidation and autoclave re-consolidation processes [5]. 

The degree of crystallinity of Carbon/PEEK thermoplastic composite laminate, manufactured by 

AFP in-situ consolidation, can be influenced by AFP processing parameters, such as deposition 

rate, temperature and compaction force, as well as the type of heating system 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 percent [5,38,40,41] and 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 material [30,46,47]. 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 performance of the composite 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 AFP in-situ consolidation process. Micromechanical 

computational models offer a valuable tool for performing virtual experiments and analyzing 

various material systems during the design stage [48]. 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 realistic, non-uniform 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 properties, as well as the onset and 

propagation of local damage [42,49ï51]. 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 the mechanical behavior and response of long-fiber-reinforced composites with a high 

fiber volume fraction (e.g., 60%) presents considerable modeling challenges. For this purpose, 

researchers have developed numerous algorithms, including Random Sequential Adsorption 

(RSA) [52], Random Sequential Expansion (RSE) [53], Event-Driven Molecular Dynamics 

(EDMD) [51] and Random Microstructure Generator (RAND_uSTRU_GEN) [54], with the aim 

of improving the genuineness and practicality of generated RVE models by incorporating non-

uniform and random fiber distribution. 

Numerous studies have explored the transverse mechanical behavior of composite materials using 

micromechanical analysis and generating different microstructures through either different 

algorithms or image processing methods [42,45,55ï66]. Ghayoor et al. [42] studied the influence 

of intralaminar resin-rich regions, created by fiber removal and displacement, on the transverse 

modulus and damage initiation of Carbon/Epoxy 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 Drucker-Prager model 

and interfacial debonding with cohesive zone elements. Totry et al. [61] employed 3D RVEs to 

identify failure sites in Carbon/PEEK laminates under transverse compression and longitudinal 

shear. Fedulov et al. [63] introduced a material model combining plasticity with damage initiation 

and propagation for PEEK resin supplied by Cytec [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 Melro et al. [54] was used. 

The initial stage in generating a Representative Volume Element (RVE) using this method involves 

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 volume fractions, the subsequent step involves 

identifying and repositioning the center points of the most isolated fibers within the RVE, thereby 
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facilitating the achievement of higher packing densities of fibers (fiber stirring method [54]). 

Ghayoor et al. [50] modified this algorithm by choosing the most isolated fibers to be stirred in 

order to increase 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 average distance being classified as 

isolated. The number of fibers eligible for relocation can be tailored according to the iteration 

count and the target fiber volume fraction. During 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 fibers (the complete RVE generation procedure is 

explained in detail in Chapters 3 and 4). Moreover, in addition to the random microstructure 

created inside the representative volume element, the RVE must be periodic on the opposite 

boundaries to enable precise prediction of the stress field, as shown in Figure 1.6. 

 

Figure 1.6 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, preventing any overlap or 

separation between adjacent RVEs. The periodic boundary conditions are generally formulated as 

follows [68,69]:  

ό ‐Ӷὼ όᶻ                                                                                                                                         ρȢς 
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where ό denotes the displacement, ‐Ӷ represents the average strain and ὼ indicates the Cartesian 

coordinate of a point on the RVE boundary. όᶻ refers to the periodic part of the displacement field, 

which is an unknown function influenced by the applied loading conditions. The 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 observed in the unidirectional 

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 components that are defined as follows [68,69]:  

„
ρ

ὃ
„Ὠὃ

ρ

ὃ
„ὃ                                                                                                ρȢσ 

‐
ρ

ὃ
‐Ὠὃ

ρ

ὃ
‐ὃ                                                                                                 ρȢτ 

where ὃ  denotes the total area of the representative volume element. „  and ‐ represent the 

stress and strain components, respectively, calculated at the integration point of the Ὧth element, 

which has an area of ὃ . ὔ 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 modeling, as depicted in Figure 1.7. The first method involves explicit 

modeling of voids, usually assuming circular holes in the transverse direction [58,70ï74]. Another 

method for void modeling entails attributing air properties to specific matrix elements [75ï79]. 

The model that explicitly incorporates circular voids showed variations in predicted failure 

strengths which closely resemble the observed behavior in experiments, primarily influenced by 

void distribution and area. However, the model that introduces voids within elements yielded 

similar results. Therefore, 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 element 

Figure 1.7. Example of RVEs containing voids with two different modeling approaches [45]. 

The reported material properties in the datasheet are attributed to either hot-pressed or autoclave-

processed composite materials, which do not account for the distinct microstructural features 

introduced by the AFP process, such as increased void content, formation of resin-rich areas, and 

variations in the degree of crystallinity. These differences notably impact the materialôs behavior, 

particularly in the matrix-dominated transverse direction. Due to warpage introduced in AFP-

fabricated thermoplastic composite laminates when a heated mandrel is not used, experimental 

characterization of the final composite part remains challenging. Thus, micromechanical modeling 

using the Representative Volume Elements (RVEs) approach emerges as a critical tool for 

predicting material properties and addressing the current gaps in mechanical property data for 

AFP-manufactured thermoplastic composite materials. 

1.3. Scope and objectives of the thesis 

In terms of the interlaminar bond strength resulting from the AFP in-situ consolidation versus that 

of the autoclave treatment, prior studies have only compared ILSS values measured by the SBS 

test for quality control purposes. None 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 by in-situ consolidation, essential for advancing research on their 

mechanical behavior and response. Moreover, due to the difficulty in manufacturing flat 

thermoplastic composite laminate by the AFP technique in the absence of heated tool (warpage 
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phenomenon), the studies to date have been unable to investigate the stiffness and strength of in-

situ-consolidated Carbon/PEEK thermoplastic composite laminate and draw a comparison with 

the material properties provided in technical datasheets for the autoclave-made counterpart. 

According to the identified knowledge gaps concerning Carbon/PEEK thermoplastic composite 

laminates in-situ consolidated by the Automated Fiber Placement (AFP) process, this thesis 

pursues three primary objectives related to the mechanical performance induced by the AFP in-

situ consolidation technique: (1) to determine the interfacial strength properties governing 

delamination failure mode, (2) to predict the transverse tensile strength, and (3) to predict the 

effective stiffness properties, with particular emphasis on the transverse direction where the matrix 

phase predominantly influences the composite material response. 

The present thesis will  attempt to develop a methodology to predict the interface strength and 

material properties of Carbon/PEEK thermoplastic composite laminate manufactured by the AFP 

in-situ consolidation method. To achieve this, two sets of specimens will be produced by AFP in-

situ consolidation and autoclave re-consolidation techniques to be evaluated by the Short-Beam 

Shear (SBS) test. Afterwards, Finite Element (FE) modeling will be implemented to 

computationally determine the proper interface strength properties, resulting from the AFP in-situ 

consolidation, using the cohesive element approach and ILSS values obtained through the SBS 

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, and a reduction in the degree of crystallinity substantially influence the 

material characteristics in the transverse direction. Thus, in the present thesis, the transverse cross-

section of Carbon/PEEK thermoplastic composite material will also be investigated by 

computationally generating two-dimensional Representative Volume Elements (RVEs), featuring 

randomly distributed fibers, at a micro-scale. To ensure that comprehensive details are included in 

the micromechanical simulation, micrographic study and thermoanalytical Differential Scanning 

Calorimetry (DSC) analysis will be conducted on two distinct groups of Carbon/PEEK 

thermoplastic composite specimens fabricated through in-situ consolidation and autoclave re-

consolidation processes. Finally, the effective transverse material properties (stiffness and 



15 

 

strength), caused by AFP in-situ consolidation, will be predicted by applying Periodic Boundary 

Conditions (PBCs) and using Asymptotic Homogenization Theory (AHT). The findings, meeting 

the second and third above-listed objectives of the present thesis, will prove highly beneficial in 

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

laminates in-situ consolidated by the AFP technique. 

1.4. Thesis layout 

This dissertation has been structured in accordance with the manuscript-based thesis format, as 

outlined in the ñThesis Preparation Guideò provided by the School of Graduate Studies at 

Concordia University. It comprises five chapters: an introductory chapter, three 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 facilitate coherent transitions and interrelations between 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. Despite AFP's 

ability to in-situ consolidate the thermoplastic composite materials, thereby eliminating the need 

for post-processing steps like autoclave curing, achieving autoclave-level quality remains 

challenging due to the reduced processing time inherent in the AFP technique. This chapter 

identifies key knowledge gaps in the area of in-situ-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 Short-Beam Shear (SBS) test 

and associated failure mechanisms observed in experimental studies. Moreover, micromechanical 

modeling based on the Representative Volume Element (RVE) approach is introduced, with a 

focus on existing algorithms for generating realistic RVEs with high fiber volume fractions for 

accurate prediction of effective material properties. The chapter concludes with descriptions of the 

research scope, the thesis objectives, and the thesis outline. 

Chapter 2 investigates the interlaminar shear performance of Carbon/PEEK thermoplastic 

composite laminates manufactured via Automated Fiber Placement (AFP) in-situ consolidation, in 

comparison to autoclave re-consolidation. Through Short-Beam Shear (SBS) testing, Interlaminar 
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Shear Strength (ILSS) values were measured for in-situ consolidated and autoclaved laminates. A 

finite element modeling approach employing cohesive elements was developed to simulate the 

experimentally observed shear behavior, considering both intralaminar and interlaminar damage 

types. By numerically determining the interface strength properties using the SBS test results, the 

model provides critical input parameters for future simulations of AFP-fabricated thermoplastic 

composite laminates and contributes to reaching the thesisôs primary objective (i.e., AFP-

influenced interfacial strength values) outlined before. 

Chapter 3 presents a micromechanical investigation into the transverse tensile strength of in-situ 

consolidated Carbon/PEEK thermoplastic material produced by the AFP process. Accounting for 

manufacturing-induced variations, such as fiber volume fraction, void content, interlaminar resin 

pocket and degree of crystallinity, 2D Representative Volume Elements (RVEs) with randomly 

distributed fibers were developed to simulate the microstructure based on the data obtained by 

micrographic study and DSC analysis. The plastic deformation of the neat PEEK resin was 

modeled using the Drucker-Prager plasticity law, combined with the ductile failure criterion for 

matrix damage onset and evolution. A simulation methodology was proposed to address 

limitations in the experimental characterization of these materials due to induced warpage, 

highlighting the importance of accounting for reduced transverse properties in the design and 

analysis of AFP-manufactured thermoplastic composites. The findings from this portion of the 

research work support fulfilling the second aforementioned objective (i.e., prediction of transverse 

tensile strength resulting from the AFP process) of the present research. 

Chapter 4 focuses on predicting the effective stiffness properties of in-situ consolidated 

Carbon/PEEK thermoplastic composite material, emphasizing the influence of microstructural 

variations introduced by the AFP manufacturing process. Utilizing 2D RVEs generated using the 

outcomes of micrographic and DSC analyses, the study quantifies the effects of fiber volume 

fraction, void content, degree of crystallinity, and resin-rich regions. The effective longitudinal 

elastic modulus, transverse modulus, out-of-plane shear modulus and out-of-plane Poissonôs ratio, 

caused by the AFP in-situ consolidation process, were obtained through Periodic Boundary 

Conditions (PBCs) and Asymptotic Homogenization Theory (AHT). These findings underscore 

the necessity of incorporating transverse property degradation in the modeling and design of AFP-
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made composite structures and allow for pursuing the third and final objective (i.e., prediction of 

effective stiffness properties caused by the AFP process) of the present thesis. 

Chapter 5 provides overall conclusions and key contributions derived from the comprehensive 

investigation of Carbon/PEEK thermoplastic composite laminates manufactured by AFP in-situ 

consolidation. This chapter also offers some recommendations for potential future research work. 
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CHAPTER 2 

Interlaminar shear strength of Carbon/PEEK thermoplastic 

composite laminate: Effects of in-situ consolidation by automated 

fiber placement and autoclave re-consolidation 
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2. Interlaminar shear strength of Carbon/PEEK thermoplastic 

composite laminate: Effects of in-situ consolidation by automated 

fiber placement and autoclave re-consolidation 

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 composite laminates by measuring their Interlaminar Shear 

Strength (ILSS) using the Short-Beam Shear (SBS) test. However, there is still a major gap in the 

available data on interface strength properties of in-situ-consolidated thermoplastic laminates. 

These properties are crucial for developing accurate finite element models and performing reliable 

structural analysis.  

This chapter introduces a simulation methodology employing a three-dimensional model 

developed in ABAQUS/Explicit. This research work aims to numerically determine interface 

strength values based on Short-Beam Shear (SBS) test results, which was formerly identified as 

the first objective of the present thesis. Cohesive elements are placed between composite plies to 

accurately capture the delamination failure mode (interlaminar damage), observed during the SBS 

experiment. Furthermore, a user-defined VUMAT subroutine 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 

accuracy. Based on the findings, the interface strength values for AFP-fabricated 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 great importance, as they are 

essential for future finite element analyses of in-situ-consolidated thermoplastic laminates, 

particularly when delamination is intended to be modeled as 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 Interlaminar Shear Strength (ILSS) of 

Carbon/PEEK thermoplastic composite laminates manufactured by AFP in-situ consolidation and 

autoclave re-consolidation using the Short-Beam Shear (SBS) test. Additionally, a methodology 

is proposed to capture the differences observed in ILSS using a finite element simulation. In this 

respect, a thermoplastic laminate was fabricated using AFP in-situ consolidation. Baseline 

laminate was also produced by re-consolidating another AFP-made laminate inside the autoclave. 

A micrographic study was 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 autoclave-reconsolidated laminate. The 

distinct mechanical behavior in the SBS test arising from in-situ 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 properties based 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 manufactured by AFP in-situ 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 structures. Automated manufacturing techniques, such 

as Automated Fiber Placement (AFP), offer an opportunity over conventional manufacturing 

techniques, such as hand lay-up, to reduce material waste, to increase the rate of deposition, to 

have greater design flexibility and to save manufacturing time and cost. These benefits make AFP 

a more cost-effective 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 3- solidification. 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 properties [6]. 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 present within the tape. (b) Interlaminar voids are induced between plies during the tape 

placement which results from the surface roughness [7ï9]. Because of the heat and pressure during 

the consolidation step, the tape surfaces, which have come into contact with each other, start 

flattening for the emergence of ñintimate contactò [10]. Subsequently, due to the motion of 

molecular chains between the layers in intimate contact, which is known as ñhealingò (autohesion), 

bonding between layers occurs [11]. AFP in-situ 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 process in terms 

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

applying heat and pressure.  

Generally, the Short-Beam Shear (SBS) test is widely employed as a quality control method to 

investigate the effect of different parameters, such as defects and consolidation processes, on the 

Interlaminar Shear Strength (ILSS). Some studies [13,14] aimed to find the optimum in-situ 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 force, and 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. Short-beam shear tests were used by Khan et al. [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 control in order 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 the material strength. Khan et 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 



22 

 

obtaining the interlaminar shear strength of 85.5 MPa, which is close to the ILSS of autoclave-

treated CF/PEEK, by lowering the deposition rate (50 mm/s) and the use of a heated mandrel which 

enhance the degree of crystallinity. Stokes-Griffin and Compston [17] also examined the 

relationship between the process temperature and Interlaminar shear strength of in-situ 

consolidated CF/PEEK samples using various deposition rates of Near Infra-Red (NIR) laser-

assisted Automated Tape Placement (ATP). They reported that they even obtained higher ILSS 

values for the CF/PEEK thermoplastic samples manufactured by in-situ consolidation (using 100 

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

is worth mentioning that no other studies repeated the above study so far. ILSS values that different 

researchers obtained for Carbon/PEEK thermoplastic composite using in-situ consolidation and 

autoclave re-consolidation manufacturing processes are listed in Table 2.1.  

Table 2.1. Interlaminar shear strengths obtained by SBS test for CF/PEEK thermoplastic composite 

manufactured by autoclave reconsolidation and in-situ consolidation with various deposition rates. 

References 
Autoclave re-consolidation  AFP In-situ consolidation 

ILSS (MPa)  ILSS (MPa) Rate (mm/s) 

Cai et al. [13] -  51 50.8 

Tierney and Gillespie [28] 90  60 30 

Qureshi et al. [15] 92.7  49.2 65 

   78.91 127 

Khan et al. [16] 94.8  85.52 50 

Stokes-Griffin and Compston [17] 94.8  981 100 
1In-situ consolidation using a laser heating system 
2In-situ consolidation using heated mandrel 

Nonetheless, according to the research performed by Chen et al. [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 during the AFP process. Khan et al. [16] concluded 

that interlaminar shear strength is increased by performing repasses whereas Chanteli et al. [41] 

only reported an improvement in the surface finish quality of CF/PEEK composites, similar to the 

results obtained by Shadmehri et al. [5]. Comer et al. [38] also presented the positive effect of 

repass on the degree of crystallinity while Shadmehri et al. [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. Thatôs why it is challenging to manufacture a thermoplastic laminate using the AFP 

technique with the same quality as autoclave consolidation. 

Delamination, which highly depends on the matrix behavior, is the dominant mode of failure 

during the short-beam 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 [18ï23]. Liu et al. [27] employed numerical analysis, integrating intralaminar and 

interlaminar damage models, to evaluate CF/PEEK, manufactured by out-of-autoclave methods 

such as hot press, performance in three-point bend flexural loading, demonstrating close alignment 

between simulation 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 AFP in-situ consolidation compared to those manufactured using 

autoclave re-consolidation (see Table 2.1). 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 and the limited 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 between the mechanical responses of in-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 (carbon fiber/PEEK) composite laminate was fabricated by in-situ consolidation 

using AFP. Afterward, half of the AFP-made laminate was reconsolidated inside the autoclave to 

be considered as the reference laminate. The manufacturing quality of both laminates was 

evaluated by performing a Short-Beam Shear (SBS) test according 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 failure during the SBS 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 composite laminates manufactured by in-situ 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 of in-situ consolidation with the help of a 

heating source like a hot gas torch, laser, infrared or flashlamp/pulsed 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 manufacturing 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 has high energy 

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 do not absorb 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 appropriate areas. On the other hand, a hot gas torch spreads out the heat 

which helps to preheat the tape and the substrate [81,82]. 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 produced 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 sector [83,84].  

Although in-situ 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. One of the characteristics 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 required 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 in-situ consolidation. The number of passes can have a positive 

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 the laid-down tape to be exposed to ambient 

temperature quickly, leading 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 alters the mechanical properties 

to the point that it is not considered in-situ consolidation anymore. On the contrary, autoclave 

treatment involves subjecting the vacuum-bagged composite laminate to heat and pressure for an 

extended duration and allows for a well-controlled cooling process. Therefore, the autoclave 

manufacturing process contributes to considerably better bonding (i.e., intimate contact and 

autohesion) between thermoplastic composite layers and a higher degree of crystallinity compared 

to AFP in-situ consolidation. 

In this regard, the Short-Beam Shear (SBS) test, which is considered a materials screening and 

quality control method, was employed to investigate the mechanical performance of thermoplastic 

composite laminates manufactured by in-situ consolidation. It should be noted that for comparison 

purposes, some reference samples were also reconsolidated using the autoclave as a secondary 

treatment after the Hot Gas Torch (HGT)-assisted AFP process to assess the impact of in-situ 

consolidation alone on the interlaminar shear strength. Moreover, a micrographic study was 

conducted for both types (in-situ-consolidated and autoclave-reconsolidated) of thermoplastic 

laminate samples to investigate the extent of void content and fiber distribution in serving as two 

contributing factors that result in a clear distinction between AFP in-situ 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 6-axis Kawasaki articulated robot arm with a 125 kg payload on which a thermoplastic head 

supplied by Trelleborg has been mounted. In the present research, HGT-assisted AFP was used 

along with a flat paddle tool (aluminum mandrel) to manufacture a carbon fiber/PEEK (AS4/APC-

2) plate by in-situ consolidation. Unidirectional carbon fiber/PEEK tape from Solvay Group with 

a width and thickness of 6.35 mm (0.25 in) and 0.140 mm (0.0055 in), respectively, was used in 

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

hot gas torch were used. To this end, the hot gas torch temperature and flow were set to 875° C 
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and 80 SLPM, respectively. High-temperature resistant steel roller was employed to apply 60 lbf 

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]17 

layup and dimensions of 40 cm × 12 cm as shown in Figure 2.1. 

 

Figure 2.1. Automated fiber placement machine with a flat aluminum mandrel. 

2.2.1.2. Autoclave curing and vacuum bagging processes  

In order to compare the effect of the AFP in-situ consolidation manufacturing process on the 

interlaminar shear strength performance of thermoplastic composites, the in-situ-consolidated 

plate was cut in half, bagged and reconsolidated in the autoclave to be considered as a reference 

plate, as shown in Figure 2.2. 



27 

 

 

Figure 2.2. Thermoplastic plate which was fabricated by in-situ 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 requires a 

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 autoclave-reserved plate was covered by 

Kapton® film and placed between two steel caul plates. It is worth mentioning that in order to 

make it easier for the Kapton® film to be peeled off from the laminate, it was coated with Frekote® 

770-NC release agent. Thereafter, this 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 high-temperature sealant tape and clamped by a steel frame in order to prevent any possible 

leaks at the high temperature inside the autoclave, as shown in Figure 2.3. The aforementioned 

steps of the vacuum bagging process can be seen in Figure 2.4. 
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Figure 2.3. Vacuum-bagged thermoplastic laminate manufactured by in-situ consolidation. 

 

Figure 2.4. Schematic cross-section of the vacuum-bagged thermoplastic laminate. 

Subsequently, the vacuum-bagged 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 to it [67]. The processing cycle of the autoclave can 

be seen in Figure 2.5 
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Figure 2.5. Cure cycle of CF/PEEK for autoclave consolidation. 

2.2.2. Micrographic study 

Investigating the microstructure of the thermoplastic composite samples manufactured by in-situ 

consolidation and autoclave treatment can provide researchers with valuable insights into the 

origins of variations in mechanical performance. In this regard, samples from both plates were cut, 

embedded in resin and cured for a day and polished (starting with 180, 326 and 600-grit sandpapers 

and proceeding to 9 and 3-micron diamond suspensions, respectively) to get ready for microscopy 

imaging. Micrographs of AFP and autoclave-made samples are depicted in 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 along the thickness in a way that boundaries 

between adjacent layers are hardly discernible. On the contrary, resin-rich 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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AFP ï 5X magnification 

 
Autoclave ï 5X magnification 

 
AFP ï 20X magnification 

 
Autoclave ï 20X magnification 

Figure 2.6. Micrographs of samples manufactured by AFP in-situ consolidation vs. autoclave 

reconsolidation. 

Moreover, surface finish quality and void content are other features that should be regarded. 

According to the micrographs in Figure 2.6, it is evident that the surface roughness of the 

autoclave-manufactured samples has substantially improved. Thatôs why an in-situ method called 

repass is used for the thermoplastic composites created by AFP to enhance surface smoothness, in 

particular for aerodynamic applications [5]. 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 each other by the stitching technique using the ImageJ software [43,44] 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 in-situ 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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AFP ï 20X magnification 

 
Void content = 1.57% 

 
Autoclave ï 20X magnification 

 
Void content = 0.09% 

Figure 2.7. Void content calculated with the help of image stitching and color thresholding techniques. 
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2.2.3. Short-beam shear test 

Short-beam shear (SBS) test is a method to assess the interlaminar shear strength (ILSS) of high-

modulus fiber-reinforced composite materials according to the ASTM standard D2344 [12]. It also 

allows researchers to use either flat coupon samples or curved ones for shear properties evaluation. 

In the present work, almost flat coupon samples were cut from the laminates manufactured by AFP 

and autoclave using the circular diamond saw. It should be noted that although the AFP-

manufactured thermoplastic laminate exhibited warpage due to in-situ consolidation, the 

specimens were cut from the central region of the laminate in sufficiently small sizes, making the 

warpage negligible. Therefore, they can be regarded as flat, similar to autoclaved specimens. 

Dimensions of samples (19 mm × 6 mm × 2.4 mm) were followed according to the ASTM D2344 

recommendation and presented in Figure 2.8. 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 conducted in order to ensure that edge delamination has not happened during the 

cutting process. 

 
 

(a) 
 

(b) 

Figure 2.8. Dimensions of the flat coupon specimens manufactured using AFP in-situ consolidation and 

autoclave reconsolidation: (a) schematic view and (b) cut samples. 

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

Fixtures Inc. (WTF) was used. In accordance with ASTM D2344, the fixtureôs loading nose and 

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 nose and side 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: 

Ὂ πȢχυ
ὖ

ὦ Ὤ
                                                                                                                                ςȢρ 

where ὦ and Ὤ are the specimen width and thickness. Ὂ  and ὖ  represent short-beam strength 

and maximum applied load, respectively. 

 

Figure 2.9. Experimental setup for the short-beam 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 caused by in-situ consolidation and 

autoclave reconsolidation manufacturing processes. In this regard, a 3D model was created in 

ABAQUS/Explicit software to perform a finite element analysis for the short-beam shear test as 

shown in Figure 2.10. 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 language (refer to 

ñVUMAT subroutineò section in the Appendix for more details about the code) to do the composite 

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 
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is expected to happen, during the computational modeling of material and structural behavior. 

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 aforementioned dimensions and layup using eight-

node linear reduced integration solid elements C3D8R. Concerning the cohesive zone, the eight-

node solid elements with cohesive characteristics COH3D8 and a thickness of 0.01 mm were 

placed between composite layers, which can be easily created by sectioning the model along the 

thickness. When cohesive elements are modeled using a traction-separation response, ABAQUS 

sets the constitutive thickness, which defines the relationship between stress and strain for the 

traction-separation law, to one by default. This assumption is based on the fact that, in most 

applications where tractionïseparation laws are suitable, the geometric thickness (physical 

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 

displacements [85]. Since maximum interlaminar shear stress occurs in the middle of the thickness, 

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 depicted in Figure 2.11. The loading 

nose and supports were considered as discrete rigid shells. In order to prevent the penetration of 

rollers into the modeled composite beam, general contact interaction was defined between them. 

Hard contact mode was considered for normal behavior, and a friction coefficient of 0.3 was used 

for metal-laminate tangential behavior [22,86ï88]. 

 

 
(a) 

 
(b) 

Figure 2.10. (a) Schematic of short-beam shear test and (b) Finite Element model created in ABAQUS 

software. 
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Figure 2.11. Cross-section 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 zone is required for the 

simulation of interlaminar damage (delamination). Furthermore, composite laminates are known 

for their nonlinear behavior in shear; therefore, this phenomenon must be considered in numerical 

analysis to achieve a good correlation with experimental results. 

2.3.1.1. Composite damage model 

El-Sisi et al. [24] investigated three distinct material models, namely the Ply Discount Model 

(PDM), Simple Progressive Damage Model (SPDM) and Continuum Damage Mechanics Model 

(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 exponential was assessed. 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 criteria [26] which consider the fiber and matrix failure modes under both tensile 

and compressive loading conditions. 

Regarding the damage propagation, the linear softening damage model [22,25] 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 propagates, the stiffness 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 

parameters Ὠ , Ὠ  and Ὠ  representing fiber, matrix and shear damages, respectively, were 

defined during the finite element modeling (refer to ñComposite damage modelò section in the 

Appendix for more details about equations and formulae). 

2.3.1.2. Nonlinearity 

Generally, composite materials have nonlinear behavior, 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 research, one-parameter 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 stress, „ , and effective strain, ‐ . 

A quadratic stress-based yield function for the general 3D fiber-reinforced composites is proposed 

as follows [90]: 

ςὪ„ ὥ „ ὥ „ ὥ „ ςὥ „ „ ςὥ „ „ ςὥ „ „             

ςὥ † ςὥ † ςὥ †                                                                                ςȢς 

where Ὢ and ὥ  denote the plastic potential function and amount of anisotropy in the plasticity, 

respectively. 

The aforementioned yield 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 direction [89] (refer to ñNonlinearityò section in the Appendix for more 

details). 

2.3.1.3. Cohesive zone damage model 

In addition to the intralaminar damage initiation and propagation modeling considered for the 

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 in-situ consolidated thermoplastic composite samples is differentiated 

from their autoclave-reconsolidated counterparts. To this end, traction-separation response with 
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linear elastic behavior, as shown in Figure 2.12, was taken into account in the cohesive zone for 

three different failure modes of delamination, namely mode I, mode II and mode III [18,19].  

 

Figure 2.12. Bilinear traction-displacement diagram for a cohesive element under mixed-mode loading 

conditions. 

Generally, delamination happens under mixed-mode loading conditions. Thus, the quadratic-stress 

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

ὸ

ὔ

ὸ

Ὓ

ὸ

Ὕ
ρ                                                                                                                     ςȢσ 

where ὸ, ὸ and ὸ are normal and shear tractions. ὔ, Ὓ and Ὕ denote normal and shear cohesive 

strengths, respectively.  

Once the delamination initiates, the 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 

ñCohesive zone damage modelò section in the Appendix for more details). The flow chart of the 

continuum damage mechanics model (CDMM) along with the interlaminar damage (delamination) 

initiation and evolution is presented in Figure 2.13. 
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Figure 2.13. Flow chart of continuum damage mechanics and cohesive zone models implemented with the 

help of the VUMAT subroutine and built-in traction-separation 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 by AFP in-situ 

consolidation and autoclave reconsolidation is related to the cohesion of layers. During the AFP 

in-situ consolidation, the top layer is subjected to heat and pressure just 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 section 2.2). In order to reflect this distinction 

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

strength and fracture toughness, should be used for in-situ-consolidated 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 laminates [91,92]. Furthermore, the independent J integral path method is a 

technique to calculate the cohesive strengths based on the crack-tip opening displacement and 

linear elastic fracture mechanics (LEFM) [93,94]. 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 crack-tip opening precisely. In this respect, in-plane intralaminar 

strengths (transverse tensile and shear strengths) were employed for interfacial strengths in 

numerical simulations [95]. Few studies showed that such an assumption can cause a serious error 

in failure prediction in comparison with test results [96]. 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 data [97ï100]. As a result, in this study, appropriate 

interface strength properties for the 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 simulation, as listed in Table 2.2. 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 nonlinear behavior, 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 Lu et al. [95]. Moreover, regarding the mesh size in the cohesive zone 

which can have an effect on accuracy and computational effort, Turon et al. [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 interfacial strengths were determined (by 

adjusting or by trials) during finite element modeling. 

Concerning the fracture toughness, Ray et al. [40] conducted research to investigate the mode I 

fracture toughness of CF/PEEK composites manufactured by in-situ consolidation using laser-

assisted tape placement (LATP) and by autoclave consolidation (hand layup) with the help of a 

double cantilever beam (DCB) test. They showed that due to the high cooling rate during the 

automated tape placement technique, ATP-made thermoplastic laminates have a lower degree of 

crystallinity compared to autoclave-treated ones which contributes to the decrease in fiber/matrix 



41 

 

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 mechanical properties of the 

unidirectional carbon fiber/PEEK ply used in the present work for finite element modeling were 

derived from CYTEC technical datasheet [67] and literature, including Yoon and Sun [89,103],  

Turon et al. [104], Naderi and Khansari [105], Ray et al. [40] and Liu et 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 the short-beam shear test was 

attempted to be captured using the distinct interface properties (i.e., lower interface strengths and 

higher interlaminar fracture toughness values), as presented in Table 2.2. 

Table 2.2. Input parameters required for the simulation of unidirectional CF/PEEK ply [27,40,67,89,103ï

106]. 

Composite 

mechanical 

properties 

 

Elastic & shear 

moduli  

(MPa) 

E11 E22=E33 G12=G13 G23   

138,000 10,300 5700 3700   

Poissonôs ratios 
ɜ12=ɜ13 ɜ23     

0.3 0.45     

Strengths 

(MPa) 

XT XC YT YC S12=S13 S23 

2070 1360 86 176 186 86 

Intralaminar 

fracture toughness 

(kJ/m2) 

G1
t G1

c G2
t G2

c 
  

201 128 1.7 2.0   

Interface 

properties 

Penalty stiffness 

(MPa/mm) 

K B-K 

coefficient 

ɖ    

106 1.89    

 Autoclave  AFP  

Interlaminar  

fracture toughness 

(kJ/m2) 

GI GII  GI (+60%) GII (+60%)  

1.7 2.0  2.72 3.2  

Interface strengths 

(MPa) 

N S=T  N S=T  

56 70  36 45  

2.4. Results 

In order to perform the short-beam shear test and assess the interlaminar shear strength of 

thermoplastic composites manufactured by AFP in-situ consolidation and autoclave 

reconsolidation, five samples were cut from each fabricated laminate. The test was run according 

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 on a universal hydraulic testing machine. The 

load-displacement diagram and calculated ILSS values are presented in Figure 2.14. The average 

ILSS for autoclave-consolidated samples is 86.16 MPa with a standard deviation (SD) and 

coefficient of variation (CV) of 1.12 MPa and 1.30%, respectively. Nonetheless, the in-situ 

consolidation technique led samples to have the ILSS of 54.52 MPa (with a standard 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 subjected to heat 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 of bonding are different between 

AFP and autoclave-made samples.  

Generally, for computing effectiveness in quasi-static 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 selectively employed (cohesive zone) 

for computational efficiency of finite element modeling which was considered as a quasi-static 

analysis. It is worth mentioning that the energy-time diagram, including external work, internal 

energy, kinetic energy and total energy, was carefully monitored during the simulation in order to 

make sure that numerical analysis remains in quasi-static conditions. As a general rule, kinetic 

energy must not exceed 10% of the internal energy in quasi-static analysis. ILSS values were 

predicted with the help of the developed finite element model as 87.76 MPa and 56.51 MPa for 

autoclave and AFP-made samples, respectively, which were in good agreement, of less than 5% 

error, with experimental results. 
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(a) 

 
(b) 

Figure 2.14. The response of CF/PEEK thermoplastic composite during the short-beam shear (SBS) test: 

(a) load-displacement diagram of reference samples and (b) interlaminar shear strength (ILSS) calculated 

experimentally and numerically. 

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 

(e) delamination as shown in Figure 2.15 and Figure 2.16. 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 mode of failure in the SBS test. In this regard, fiber tension, which is known as a 

catastrophic failure mode, did not occur (SDV5Í1; when the value of the state variables assigned 

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

shown in Figure 2.15 (a). However, other intralaminar-related failure modes were locally observed 

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

deformed specimen after the SBS test can be also seen in Figure 2.15 (e). Concerning the 

interlaminar mode of failure, Figure 2.16 (a) shows the delamination initiation from the midway 

between the loading nose and supports in the middle of the thickness, where out-of-plane shear 

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

the SBS test was captured with the help of a digital microscope (VHX 5000 Keyence) as shown in 

Figure 2.16 (b). As shown in Figure 2.15 and Figure 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 strength. It should be noted that the manufacturing quality of AFP-fabricated thermoplastic 

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

numerical and experimental results obtained for in-situ-consolidated Carbon/PEEK thermoplastic 

0

400

800

1200

1600

2000

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

L
o

a
d

 (
N

)

Displacement (mm)

Exp. 1 Exp. 2
Exp. 3 Exp. 4
Exp. 5 FEM

86.16 87.76

54.52 56.51

0

10

20

30

40

50

60

70

80

90

100

1

IL
S

S
 (

M
P

a
)

Axis Title

Autoclave
(Exp.)

Autoclave
(FEM)

AFP
(Exp.)

AFP
(FEM)



44 

 

composite are valid only for the processing parameters described in Section 2.2.1 (ñMaterials and 

manufacturingò). Nonetheless, the proposed simulation methodology remains applicable to other 

thermoplastic composites produced under different AFP conditions. 

 

 
(a) 

 
(b) 

 

 
(c) 

 

 
(d) 

 

 
(e) 

Figure 2.15. Different intralaminar failure modes happening during the short-beam shear test: (a) fiber 

tension (SDV5), (b) fiber compression (SDV6), (c) matrix tension (SDV7), (d) matrix compression 

(SDV8) and (e) deformed specimen. 

 



45 

 

 
(a) 

 

 
(b) 

Figure 2.16. 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 properties (with different cohesive element 

strength properties) were 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 this, the SBS 

simulation was repeated for the in-situ-consolidated thermoplastic specimen using the predicted 

effective material properties, with the results provided in the Appendix of Chapter 4. The findings 

indicate that modifying 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 it can affect 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 during the in-situ 
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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 the manufactured 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). However, there is still a considerable difference between the 

mechanical responses.  

In the present study, an AS4/APC-2 thermoplastic plate was fabricated by AFP in-situ 

consolidation. Afterward, half of it was reconsolidated inside the autoclave in order to be 

considered as the reference plate. The micrographic study revealed that there are considerable 

differences between the samples fabricated by AFP and autoclave in terms of void content and 

fiber distribution. Short-Beam Shear (SBS) test was performed according to the ASTM D2344. 

The results showed that the Interlaminar Shear Strength (ILSS) of AFP-made samples experienced 

a 37% reduction in comparison with autoclave-treated 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 interlaminar (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 using the AFP in-situ 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 of in-situ-consolidated Carbon/PEEK thermoplastic 

composites. 

Appendix 

× Composite damage model 

3D Hashin failure criteria [26] considering the fiber and matrix failure modes are described as 

follows: 

¶ Fiber tension („ π): 
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ρ       ὃȢτ 

where ὢ  and ὢ  are longitudinal tensile and compressive strengths. ὣ  and ὣ  represent 

transverse tensile and compressive strengths. Ὓ , Ὓ  and Ὓ  denote in-plane shear strength and 

out-of-plane shear strengths, respectively. 

Damage parameter needed to calculate the effective stiffness matrix is defined as follows [22,25]: 

Ὠ
‏ ‏ ‏

‏ ‏ ‏
  Ƞ  ‏ ‏ ‏   Ƞ  Ὥ ὪὸȟὪὧȟάὸȟάὧ                                                   ὃȢυ 

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

and ultimate failure states. Ὢὸ, Ὢὧ, άὸ and άὧ denote fiber tension, fiber compression, matrix 

tension and matrix compression failure modes, respectively. 

The formulas required for the calculation of the mentioned equivalent displacements based on fiber 

and matrix failure modes are as follows [22,25]: 

¶ Fiber tension: 

‏ ὒ ‐ ‐ ‐  
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¶ Fiber compression: 

‏ ὒ ‐  
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„ ‐  

¶ Matrix tension: 

‏ ὒ ‐ ‐ ‐ ‐ ‐  

‏
‏
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¶ Matrix compression: 

‏ ὒ ‐ ‐ ‐ ‐ ‐  

‏
‏

ὊȢ
  ȟ ‏

ςὋ

„
                                                                                                                 ὃȢω 

„
ὒ

‏
„ ‐ „ ‐ †‐ †‐ † ‐  

where Ὃ  Ὥ ρȟς Ƞ Ὦ ὸȟὧ is intralaminar fracture toughness in fiber and matrix directions. „  

and ὒ 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 formulation [85] (for solid 

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

Effective compliance matrix Ὓ  considering the damage parameters Ὠ , Ὠ  and Ὠ  in 

principal material directions is as follows:  

Ὓ

ụ
Ụ
Ụ
Ụ
Ụ
Ụ
Ụ
Ụ
Ụ
Ụ
Ụ
Ụ
Ụ
ợ

ρ

ρ Ὠ Ὁ

’

Ὁ

’

Ὁ
π π π

ρ

ρ Ὠ Ὁ

’

Ὁ
π π π

ρ

ρ Ὠ Ὁ
π π π

ρ

ρ Ὠ Ὃ
π π

ὛώάάὩὸὶὭὧ
ρ

ρ Ὠ Ὃ
π

ρ

ρ Ὠ Ὃ

 

Ứ
ủ
ủ
ủ
ủ
ủ
ủ
ủ
ủ
ủ
ủ
ủ
ủ
Ủ

 

Ὠ ρ ρ Ὠ ρ Ὠ                                                                                                                ὃȢρπ 

where Ὁ , Ὃ  and ’  are elastic modulus, shear modulus and Poissonôs ratio of the composite 

lamina, respectively. 

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

„ ὅ ‐  in which ὅ  denotes the effective stiffness matrix. 

× Nonlinearity  

3D effective stress is defined as [107]: 

„ „ „ σ„ „ σὥ † † †                                                       ὃȢρρ  

where the value of ὥ  is experimentally determined with the help of performing uniaxial tensile 

off-axis tests, which are considered to be in a plane-stress state („ † † π), 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 Yoon [89].  
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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:   

 ‐ ‐ ‐                                                                                                                                        ὃȢρς 

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

fit experimental data obtained from the different-angle off-axis tensile tests [90]: 

‐ ὃ„                                                                                                                                           ὃȢρσ 

where ὃ and ὲ are coefficients of nonlinearity. 

According to the research done by Liu et al [27] and Sun and Yoon [89], values of 2.05 × 10-17, 

7.0 and 1.5 were adopted for ὃ,  ὲ and parameter ὥ , respectively, in the present work. After 

determination of the unknown variables, the incremental strain tensor, Ὠ‐, can be calculated by 

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

ừ
Ử
Ử
Ừ

Ử
Ử
ứ
Ὠ‐

Ὠ‐

Ὠ‐

Ὠ‎

Ὠ‎

Ὠ‎ữ
Ử
Ử
Ữ

Ử
Ử
ử

ὃὲ„

ừ
ỬỬ
Ừ

ỬỬ
ứ

π
σ„ „ ς„ϳ

σ„ „ ς„ϳ

σὥ † „ϳ

σὥ † „ϳ

σὥ † „ϳ ữ
ỬỬ
Ữ

ỬỬ
ử

ừ
Ử
Ừ

Ử
ứ
Ὠ„
Ὠ„
Ὠ„
Ὠ†
Ὠ†
Ὠ† ữ
Ử
Ữ

Ử
ử

                                                          ὃȢρτ 

Therefore, elastic-plastic constitutive relation can be defined using the above-mentioned plastic 

model and classic elastic constitutive equation to capture the nonlinear behavior of thermoplastic 

composites prior to the damage onset by [27]: 

Ὠ‐ Ὓ Ὠ„ Ὠ‐                                                                                                        ὃȢρυ 

× Cohesive zone damage model 

Damage parameter required to degrade the cohesive stiffness matrix is as follows [18,19]: 

Ὠ
‏ ‏ ‏

‏‏ ‏
                                                                                                                                    ὃȢρφ 



51 

 

where ‏ ‏ ‏  and ‏ .represents the equivalent displacement in the cohesive zone ‏

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

The most common criterion used to predict the delamination propagation is the power law. 

However, Camanho et al. [18,19] concluded that result obtained using the Benzeggagh-Kenane 

(B-K) [108] criterion for critical energy release rate in mixed-mode is more accurate for 

AS4/PEEK thermoplastic composite (manufactured by conventional methods: autoclave 

consolidation or compression molding). The B-K equation for critical energy release rate under 

mixed-mode loading conditions is as follows: 

Ὃ Ὃ Ὃ Ὃ
Ὃ

Ὃ
          

Ὃ Ὃ Ὃ                                                                                                                                 ὃȢρχ 

Ὃ Ὃ Ὃ  

where – represents the cohesive coefficient obtained from mixed-mode bending (MMB) test. Ὃ, 

Ὃ  and Ὃ  denote mode I, mode II and mode III energy release rates, respectively. Ὃ  and Ὃ  

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 greater than Ὃ . 

× 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, enerInelasOld, 

     6  tempNew, stretchNew, defgradNew, fieldNew, 

C Write only (modifiable) variables - 

     7  stressNew, stateNew, enerInternNew, enerInelasNew ) 

C 

      include 'vaba_param.inc' 

C 

      dimension props(nprops), density(nblock), coordMp(nblock,*), 

     1  charLength(nblock), strainInc(nblock,ndir+nshr), 

     2  relSpinInc(nblock,nshr), tempOld(nblock), 

     3  stretchOld(nblock,ndir+nshr), 

     4  defgradOld(nblock,ndir+nshr+nshr), 

     5  fieldOld(nblock,nfieldv), stressOld(nblock,ndir+nshr), 

     6  stateOld(nblock,nstatev), enerInternOld(nblock), 
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     7  enerInelasOld(nblock), tempNew(nblock), 

     8  stretchNew(nblock,ndir+nshr), 

     9  defgradNew(nblock,ndir+nshr+nshr), 

     1  fieldNew(nblock,nfieldv), 

     2  stressNew(nblock,ndir+nshr), stateNew(nblock,nstatev), 

     3  enerInternNew(nblock), enerInelasNew(nblock) 

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,F1c,F2t,F2c,F3t,F3c,F12,F13,F23,G1t,G1c,G2t,G2c 

 

      integer nArray,nDmg 

 

      parameter (ZERO=0.d0, ONE=1.d0, TWO=2.d0) 

      parameter (n_svd_Required=28) 

 

c     !State Variables 

 

c statev(1) --> Fiber Damage in Tension 

c statev(2) --> Fiber Damage in Compression 

c 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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c props(1) --> Young modulus in direction 1, "E11" 

c props(2) --> Young modulus in direction 2, "E22" 

c props(3) --> Young modulus in direction 3, "E33" 

c props(4) --> Poisson ratio, "NU12" 

c props(5) --> Poisson ratio, "NU13" 

c props(6) --> Poisson ratio, "NU23" 

c props(7) --> Shear modulus, "G12" 

c props(8) --> Shear modulus, "G13" 

c props(9) --> Shear modulus, "G23" 

 

c props(10) --> Ultimate tens strength in direction 1, "F1t" 

c props(11) --> Ultimate comp strength in direction 1, "F1c" 

c props(12) --> Ultimate tens strength in direction 2, "F2t" 

c props(13) --> Ultimate comp strength in direction 2, "F2c" 

c props(14) --> Ultimate tens strength in direction 3, "F3t" 

c props(15) --> Ultimate comp strength in direction 3, "F3c" 

c props(16) --> Ultimate shear strength in direction 12, "F12" 

c props(17) --> Ultimate shear strength in direction 13, "F13" 

c props(18) --> Ultimate shear strength in direction 23, "F23" 

 

c props(19) --> Longitudinal Tensile Fracture Energy, "G1t" 

c props(20) --> Longitudinal Compressive Fracture Energy, "G1c" 

c props(21) --> Transverse Tensile Fracture Energy, "G2t" 

c props(22) --> Transverse Compressive Fracture Energy, "G2c" 

 

c props(23) --> beta damping coefficient, "BETA" 

 

C     !Elastic 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/(ONE-NU12*NU21-NU23*NU32-NU13*NU31-TWO*NU21*NU32*NU13) 

 

C     !stiffness matrix 

 

      C11=E11*(ONE-NU23*NU32)*DELTA 

      C22=E22*(ONE-NU13*NU31)*DELTA 

      C33=E33*(ONE-NU12*NU21)*DELTA 

      C12=E11*(NU21+NU31*NU23)*DELTA 

      C13=E11*(NU31+NU21*NU32)*DELTA 

      C23=E22*(NU32+NU12*NU31)*DELTA 

      C44=TWO*G12 

      C55=TWO*G23 
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      C66=TWO*G13 

      C21=C12 

      C31=C13 

      C32=C23 

 

C     !Strength properties 

 

      F1t=props(10) 

      F1c=props(11) 

      F2t=props(12) 

      F2c=props(13) 

      F3t=props(14) 

      F3c=props(15) 

      F12=props(16) 

      F13=props(17) 

      F23=props(18) 

 

      G1t=props(19) 

      G1c=props(20) 

      G2t=props(21) 

      G2c=props(22) 

 

      BETA=props(23) 

 

      nArray=ndir+nshr 

      nDmg=0 

 

C     !Initial calculations and checks 

 

      if ( totalTime .eq. ZERO ) then 

         if (nstatev .lt. n_svd_Required) then 

             call xplb_abqerr(-2,'Subroutine VUMAT requires the '// 

     &       'specification of %I 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     !Strain update 

 

      call strainUpdate(nblock,strainInc,stateOld(1,9),stateNew(1,9)) 

 

C     !Stress 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) 

 



55 

 

C     !State variables update except for strains 

 

      do k=1,nblock 

         do i=1,8 

            stateNew(k,i)=stateOld(k,i) 

         end do 

         do i=15,22 

            stateNew(k,i)=stateOld(k,i) 

         end do 

      end do 

 

C     !Hashin damage initiation 

 

      call Hashin(nblock,nArray,nDmg,charLength, 

     & F1t,F1c,F2t,F2c,F3t,F3c,F12,F13,F23,G1t,G1c,G2t,G2c, 

     & stressNew,nstatev,stateNew) 

 

C     !Damage evolution 

 

      call Damage_Evolution(nblock,nArray,nDmg,charLength, 

     & stressNew,nstatev,stateNew) 

 

C     !Stress update with new state variables 

 

      if (nDmg.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 

 

C     !Damping stress 

 

      if (BETA.GT.ZERO) then  

 

         call Damping(nblock,nArray,BETA,dt, 

     &   stressOld,stressNew,stateOld(1,23),stateNew(1,23)) 

 

      end if 

 

C     !Internal specific energy (per unit mass) 

 

      call InternalEnergy(nblock,nArray, 

     & density,strainInc,stressOld,stressNew, 

     & enerInternOld,enerInternNew) 

 

      return 

      end 

 

C------------------------------------------------------------------------------------- 

C------------------------------------------------------------------------------------- 

C------------------------------------------------------------------------------------- 

 

      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,s13,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=2.05d-17, n=7.0d0, a66=1.5d0) 

 

      do k=1,nblock 

 

         dft=dmgFiberT(k) 

         dfc=dmgFiberC(k) 

         dmt=dmgMatrixT(k) 

         dmc=dmgMatrixC(k) 

         df=one-(one-dft)*(one-dfc) 

 

         dC11=(one-df)*C11 

         dC22=(one-dmt)*(one-dmc)*C22 

         dC33=(one-dmt)*(one-dmc)*C33 

         dC12=(one-df)*(one-dmt)*(one-dmc)*C12 

         dC13=(one-df)*(one-dmt)*(one-dmc)*C13 

         dC23=(one-df)*(one-dmt)*(one-dmc)*C23 

         dC44=(one-smt*dmt)*(one-smc*dmc)*C44 

         dC55=(one-smt*dmt)*(one-smc*dmc)*C55 

         dC66=(one-smt*dmt)*(one-smc*dmc)*C66 

         dC21=dC12 

         dC31=dC13 

         dC32=dC23 

 

***********************************  

 

         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**two)-three*s22*s33+ 

     &               three*a66*(s13**two+s12**two+s23**two))) 

 

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

 

***************************************  
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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) !sigma12 

         stress(k,5)=dC55*strain(k,5) !sigma23 

 

         dstress=(one/(one/C66+ 

     &           CP))*strainInc(k,6) 

 

         stress(k,6)=stressOld(k,6)+dstress !sigma13 

 

      end do 

 

      return 

      end 

 

C///////////////////////////////////////////////////////////////////////////////////// 

 

      subroutine strainUpdate(nblock,strainInc,strainOld,strainNew) 

 

      include 'vaba_param.inc' 

 

      dimension strainInc(nblock,6),strainOld(nblock,6), 

     &          strainNew(nblock,6) 

 

      do k=1,nblock 

         do i=1,6 

             strainNew(k,i)=strainOld(k,i)+strainInc(k,i) 

         end do 

      end do 

 

      return 

      end 

 

C///////////////////////////////////////////////////////////////////////////////////// 

 

      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,G2c 

      real s11,s22,s33,s12,s13,s23,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 nDmg 

 

      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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         s11=stress(k,1) 

         s22=stress(k,2) 

         s33=stress(k,3) 

         s12=stress(k,4) 

         s23=stress(k,5) 

         s13=stress(k,6) 

 

         e11=stateNew(k,9) 

         e22=stateNew(k,10) 

         e33=stateNew(k,11) 

         e12=stateNew(k,12) 

         e23=stateNew(k,13) 

         e13=stateNew(k,14) 

 

C     !Fiber 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_eq=Lc*sqrt(e11**two+e12**two+e13**two) 

                 delta_eq_0=delta_eq/sqrt(Rft) 

                 stateNew(k,15)=delta_eq_0 

                 s_eq_0=(Lc/delta_eq_0)*(s11*e11+s12*e12+s13*e13) 

                 delta_eq_f=two*G1t/s_eq_0 

                 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_eq=Lc*sqrt(e11**two) 

                 delta_eq_0=delta_eq/sqrt(Rfc) 

                 stateNew(k,16)=delta_eq_0 

                 s_eq_0=(Lc/delta_eq_0)*(s11*e11) 

                 delta_eq_f=two*G1c/s_eq_0 

                 stateNew(k,20)=delta_eq_f 
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                 nDmg=1 

 

             end if 

         end if 

 

C     !Matrix tension 

 

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

 

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

     &           (one/F23)**two*(s23**two-s22*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_eq=Lc*sqrt(e22**two+e33**two+e12**two+e13**two+ 

     &                            e23**two) 

                 delta_eq_0=delta_eq/sqrt(Rmt) 

                 stateNew(k,17)=delta_eq_0 

                 s_eq_0=(Lc/delta_eq_0)*(s22*e22+s33*e33+s12*e12+ 

     &                                   s13*e13+s23*e23) 

                 delta_eq_f=two*G2t/s_eq_0 

                 stateNew(k,21)=delta_eq_f 

 

                 nDmg=1 

 

             end if 

         end if 

 

C     !Matrix compression 

 

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

 

             Rmc=(one/F2c)*((F2c/(two*F23))**two-one)*(s22+s33)+ 

     &           (one/(two*F23))**two*(s22+s33)**two+ 

     &           (one/F23)**two*(s23**two-s22*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_eq=Lc*sqrt(e22**two+e33**two+e12**two+e13**two+ 

     &                            e23**two) 

                 delta_eq_0=delta_eq/sqrt(Rmc) 

                 stateNew(k,18)=delta_eq_0 

                 s_eq_0=(Lc/delta_eq_0)*(s22*e22+s33*e33+s12*e12+ 

     &                                   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 

 

C///////////////////////////////////////////////////////////////////////////////////// 

 

      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,s13,s23,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 = 0.90 

 

      do k=1,nblock 

 

         Lc=charLength(nblock) 

 

         s11=stress(k,1) 

         s22=stress(k,2) 

         s33=stress(k,3) 

         s12=stress(k,4) 

         s23=stress(k,5) 

         s13=stress(k,6) 

 

         e11=stateNew(k,9) 

         e22=stateNew(k,10) 

         e33=stateNew(k,11) 

         e12=stateNew(k,12) 

         e23=stateNew(k,13) 

         e13=stateNew(k,14) 

 

C     !Fiber tension 

 

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

 

             delta_eq=Lc*sqrt(e11**two+e12**two+e13**two) 

             delta_eq_0=stateNew(k,15) 
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             delta_eq_f=stateNew(k,19) 

             P1=delta_eq_f*(delta_eq-delta_eq_0) 

             P2=delta_eq*(delta_eq_f-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_eq=Lc*sqrt(e11**two) 

             delta_eq_0=stateNew(k,16) 

             delta_eq_f=stateNew(k,20) 

             P1=delta_eq_f*(delta_eq-delta_eq_0) 

             P2=delta_eq*(delta_eq_f-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_eq=Lc*sqrt(e22**two+e33**two+e12**two+e13**two+ 

     &                        e23**two) 

             delta_eq_0=stateNew(k,17) 

             delta_eq_f=stateNew(k,21) 

             P1=delta_eq_f*(delta_eq-delta_eq_0) 

             P2=delta_eq*(delta_eq_f-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     !Matrix compression 

 

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

 

             delta_eq=Lc*sqrt(e22**two+e33**two+e12**two+e13**two+ 

     &                        e23**two) 

             delta_eq_0=stateNew(k,18) 

             delta_eq_f=stateNew(k,22) 

             P1=delta_eq_f*(delta_eq-delta_eq_0) 

             P2=delta_eq*(delta_eq_f-delta_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 

 

C///////////////////////////////////////////////////////////////////////////////////// 

 

      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,1)-(sigOld(k,1)-sigDampOld(k,1))) 

         sigDampNew(k,2)=b*(sigNew(k,2)-(sigOld(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 

 

C///////////////////////////////////////////////////////////////////////////////////// 

 

      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))*strainInc(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)) 

 

         enerInternNew(k)=enerInternOld(k)+stressPower/density(k) 

 

      end do 

 

      return 

      end 
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CHAPTER 3  

Prediction of transverse tensile strength of in-situ-consolidated 

Carbon/PEEK thermoplastic composite material based on 

micromechanical modeling and simulation 
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3. Prediction of transverse tensile strength of in-situ-consolidated 

Carbon/PEEK thermoplastic composite material based on 

micromechanical modeling and simulation 

Foreword 

The material properties reported in the Cytec datasheet [67] are based on composites produced 

through compression molding or autoclave treatment, which do not fully reflect the microstructural 

characteristics introduced by the AFP process. These include increased void content, non-uniform 

fiber distribution, and variations in crystallinity, all of which can significantly influence the 

performance of composite materials, particularly in the transverse direction, where the matrix 

phase plays a dominant role. Additionally, the presence of warpage in AFP-manufactured 

thermoplastic composite laminates, especially when a heated mandrel is not used, makes 

experimental testing of the final part more difficult. As a result, a knowledge gap exists in 

mechanical property data for AFP-processed thermoplastic composite materials. 

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 

aforementioned microstructural features introduced during the AFP in-situ consolidation process 

on the strength properties has not been fully investigated. This research work aims to predict the 

transverse tensile strength of Carbon/PEEK thermoplastic composites fabricated through AFP in-

situ consolidation, as outlined in the second objective of the present thesis. To achieve this, 2D 

micro-scale Representative Volume Elements (RVEs) were generated based on the composite 

transverse cross-section, incorporating data from micrographic examination and DSC analysis. 

Finite element simulations employed the DruckerïPrager plasticity model along with a ductile 

damage criterion to capture the matrixôs plastic behavior, as well as crack initiation and 

propagation in the neat PEEK resin. The results indicate that the AFP in-situ consolidation process 

may reduce the transverse tensile strength to about 46.9 MPa, a decrease of approximately 44% 

compared to the strength attainable through the autoclave method. This substantial reduction 

should be carefully considered in the design and simulation of AFP-fabricated thermoplastic 

composite laminates.  
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Abstract 

Thermoplastic composite laminates 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 

research aims to predict the transverse tensile strength of in-situ-consolidated Carbon/PEEK 

thermoplastic composite material, considering inherent variations caused by the AFP process in 

fiber volume fraction, void content, interlaminar resin pocket and degree of crystallinity. To 

achieve this, two-dimensional Representative Volume Elements (RVEs) with randomly distributed 

fibers were developed at the micro-scale level. The Drucker-Prager model, combined with a ductile 

failure criterion, 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 AFP in-situ consolidation and 

autoclave re-consolidation techniques, underwent micrographic examination and thermoanalytical 

Differential Scanning Calorimetry (DSC) analysis. The results reveal that AFP in-situ 

consolidation can reduce the transverse tensile strength of Carbon/PEEK thermoplastic composite 

material up to approximately 44%, compared to the autoclave re-consolidation technique. Due to 

the lack of experimental data caused by warpage occurring in the manufactured laminate in the 

absence of a heated mandrel, the present work proposes a simulation methodology to predict the 

transverse tensile strength resulting from the in-situ consolidation process. This crucial difference 

in strength values, most notably in the transverse direction, must be carefully considered in finite 

element analyses, analytical evaluations, and design procedures involving AFP-manufactured 

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 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 costs, compared to conventional methods, such as the hand lay-up 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. The time-consuming and expensive 

curing process of thermoset-based composites has caused the increasing applications of 

thermoplastic counterparts as a possible alternative, offering more efficient and cost-effective 

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 processes. In-situ 

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 and non-uniform thermal profiles that can 

induce defects such as voids and incomplete bonding. In contrast, autoclave re-consolidation 

involves post-processing the preformed laminate at elevated temperatures (~380ï400 ÁC) under 

high pressure in a controlled environment, allowing a slower cooling rate and improved 

consolidation quality through enhanced bonding, removing voids and crystallinity control. 

Previous studies [5,9,34,35,37ï41] have shown that in-situ consolidation typically results in higher 

void content (up to 4%) and lower crystallinity levels (i.e., 15-30%), depending on the AFP 

processing parameters and type of the heating system, compared to autoclave-reconsolidated 

laminates, 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 literature [15,28,109], while the Interlaminar Shear Strength (ILSS) value of in-

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

autoclave re-consolidation 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-

situ-consolidated thermoplastic composite laminates. These variations can adversely influence 

their material properties when compared to their autoclave-reconsolidated counterparts. 

Thermoplastic composite samples produced through AFP in-situ consolidation display notable 

void content, interlaminar resin-rich regions and 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 material [5,37]. 

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 during the 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. Due to the 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 failure. This phenomenon plays a pivotal 

role in governing the progression of fracture and significantly influences the overall structural 

integrity of the laminate [9,34,35,38,39]. 

Warpage in AFP in-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 influencing warpage include the layup 

sequence, fiber orientation and the absence of uniform consolidation heat and pressure. Although 

experimental procedures remain crucial for accurately evaluating the material properties, the 

warpage induced during the AFP in-situ consolidation 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 distortion of open-edge thermoplastic samples [29], 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 in-situ consolidation process. Nonetheless, micromechanical modeling 

techniques, such as the Representative 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 materials [48]. There 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 (RSA) [52], Random Sequential Expansion (RSE) [53],  Event-

Driven Molecular Dynamics (EDMD) [51], and the Random Microstructure Generator 

(RAND_uSTRU_GEN) [54]. Moreover, Elnekhaily and Talreja [110] 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 analysis [42,45,55ï66]. Trias et 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 

Carbon-reinforced polymers. They showed that although periodic models 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 microstructure formed in a fiber-reinforced 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 stress states, in the 

transverse direction, and concluded that there is good agreement between the results of real and 

virtually generated microstructures. Ghayoor et al. [42] investigated the effect of intralaminar 

resin-rich 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 resin pockets could lead to approximately 20% lower failure initiation 

strain in the composite laminates. Wang et al. [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 considered 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. Mehdikhani et al. [57,58] investigated the effect of intralaminar voids, 

whose characteristics (such as size, shape, etc.) were obtained by micro-computed tomography, on 

the matrix cracking phenomenon in polymer-matrix composites. They developed a simulation 

approach consisting of micro- and meso-scales 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 affected by the presence of 

voids. Elnekhaily and Talreja [66] showed through computational modeling that micro-void size 

and position in an epoxy matrix, relative to the crack initiation zone, significantly affect fiber-

matrix debonding and kink-out phenomena during early stages of transverse crack development in 

unidirectional composite materials. 

The mechanical behavior of Carbon and Glass fiber-reinforced polymer matrix composite under 

the transverse compressive loading condition was examined by González and LLorca [59]. They 

revealed that fiber-matrix interface strength and matrix yield stress have substantial effects on the 

outcome of the numerical analysis, such as compressive strength. Yang et al. [60] 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 by Drucker-Prager and cohesive zone models, 

respectively. Their findings indicated that even though fiber-matrix interfacial bonding is mainly 

responsible for the failure mechanism in tension, transverse matrix cracking and its plastic 

deformation govern the fracture response of polymer-matrix composites during the compressive 

loading stage. Using the experimental data about damage mechanisms introduced during the 

multiaxial loading state, Totry et 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 and Li [62] explored the failure behavior 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 were captured using 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. Fedulov et al. [63] proposed a material model that considers the 



71 

 

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 fiber pull-out tests and showed that 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 compression-dominated 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 AFP in-situ consolidation 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 direction [37], 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 AFP in-situ consolidation 

process. To accomplish this, 2D micro-scale Representative Volume Elements (RVEs) were 

developed based on random fiber distribution. In the numerical analysis, the Drucker-Prager 

model, coupled with a ductile failure criterion, is used to take into account the plastic behavior and 

damage progression within the PEEK resin. To obtain the essential inputs for micromechanical 

analysis, two groups of specimens, fabricated using the AFP in-situ consolidation and autoclave 

re-consolidation methods, were subjected to micrographic study 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 

geometries (refer to ñMATLAB code for transverse cross-sectionò section in the Appendix for 

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 information is predominantly attributed to 

the warpage and distortion arising during the AFP process when a heated tool is not used. The 

results confirm that the AFP in-situ consolidation process negatively affects the material properties 

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

element analyses and design procedures of AFP-made thermoplastic composite laminates. 
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3.2. Experimentation 

Although in-situ 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 compromise the mechanical performance of composite 

structures. The limited processing time associated with the in-situ consolidation method results in 

a very high cooling rate which adversely affects the crystallinity, the attainment of the desired fiber 

volume fraction, 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, resin-rich regions are prone to form between the composite layers, causing 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 the work plan to manufacture 

two Carbon/PEEK thermoplastic composite laminates by AFP in-situ consolidation and autoclave 

re-consolidation techniques. These laminates were subjected to micrographic study and 

thermoanalytical DSC analysis to gather the detailed information (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 on a 6-axis Kawasaki 

articulated robotic arm, which has a payload capacity of 125 kg and is supplied by the Trelleborg 

Group, as shown in Figure 3.1 (a). The fabrication of composite laminates utilized unidirectional 

AS4/APC-2 prepreg tape, supplied by the Solvay Group (Cytec) [67], which comprises a fiber-to-

resin weight ratio of 68:32, achieving a fiber volume fraction of 60%, with an individual ply 

thickness of 0.140 mm. During the AFP in-situ consolidation process, the applied parameters were 

meticulously adjusted to ensure obtaining a high-quality 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 lbf, 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 

performance [13,14]. 

Additionally, to establish a reference baseline, half of the in-situ-consolidated Carbon/PEEK 

thermoplastic composite laminate was sectioned, vacuum-bagged, and subsequently subjected to 

an autoclave re-consolidation process, as shown in Figure 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 minutes [67]. A 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 degree of crystallinity. 

 
(a) 

 
(b) 

Figure 3.1. Manufacturing Carbon/PEEK thermoplastic composite laminates with two techniques: (a) 

HGT-assisted AFP machine available at CONCOM and (b) autoclave re-consolidation of AFP-made 

laminate. 
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3.2.2. Micrographic examination 

A detailed microstructural analysis of Carbon/PEEK thermoplastic composite laminate samples 

manufactured using autoclave re-consolidation and AFP in-situ consolidation offers valuable 

insights into the fundamental causes of the observed differences in their mechanical 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, particularly in terms of interlaminar resin-rich regions, void 

content, and void distribution, as shown in Figure 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 AFP in-situ consolidation 

process induces notable 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, yielding a more uniform 

laminate structure with indistinguishable layer boundaries. Unlike In-situ-consolidated 

thermoplastic laminates, those subjected to autoclave treatment exhibit no evident layer separation 

or resin-rich regions between adjacent plies, signifying a 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 within the composite 

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 re-consolidation substantially reduces the presence of voids and resin-rich areas, 

achieving a fiber volume fraction of approximately 60%. In contrast, the AFP in-situ consolidation 

process results in an average fiber volume fraction of 56%, accompanied by an average void 

content of 1.5% and an interlaminar resin pocket of 12%. Further details regarding the 

measurement methodology for each factor can be found in our previous research work [37]. 
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(a) 

 
(b) 

Figure 3.2. Typical micrographs of thermoplastic composite specimens manufactured by (a) autoclave re-

consolidation and (b) AFP in-situ consolidation processes (20X magnification): threshold set to 0-105. 

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 voids. Intralaminar 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 mitigated during 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 governed by the 

degree of intimate contact attained between plies, which is strongly influenced by the AFP 

processing parameters. According to the micrographic study of in-situ-consolidated thermoplastic 

composite specimens available in the literature, the elimination of interlaminar voids can be 

achieved by utilizing the optimum processing parameters during the in-situ consolidation process 

[9,34,38,39]. Therefore, the microstructure of AFP in-situ-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 their effectiveness in 

enhancing layer consolidation. It is important to highlight that, in the present research, the 

Carbon/PEEK thermoplastic composite specimens fabricated through AFP in-situ consolidation 

exhibit mostly intralaminar voids. This outcome can be attributed 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 in Figure 3.2.  
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When resin-rich 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 initiation and 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 delamination 

[14,34,38,39] rather than influencing the strength value in the transverse direction. Thus, it is of 

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 transverse 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 extracted from both in-situ-consolidated 

and autoclave-reconsolidated Carbon/PEEK thermoplastic composite laminates and subjected to a 

heat-cool-heat cycle. The testing procedure involved heating at a controlled rate of 10 °C/min up 

to a peak temperature of 390 °C under a Nitrogen atmosphere, followed by cooling at a rate of 5 

°C/min. The degree of crystallinity, ὢ, was calculated using the following equation [5,112]: 

ὢ
ЎὌ ЎὌ

ЎὌ ρ ‌
 (3.1) 

where ‌ represents the weight fraction of Carbon fibers (i.e., 68%) within the Carbon/PEEK 

thermoplastic composite tape. The terms ЎὌ  and ЎὌ  correspond to the enthalpies of fusion at 

the endothermic melting point and exothermic crystallization peak. The enthalpy value for fully 

crystalline PEEK, ЎὌ , was taken as 130 J/g as reported in the literature [113]. Table 3.1 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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Table 3.1. Mean values of degree of crystallinity and melting temperature of Carbon/PEEK thermoplastic 

composite material manufactured by AFP in-situ consolidation and autoclave re-consolidation methods. 

 Crystallinity (%) SD*  Melting temperature (°C) SD*  

AFP In-situ consolidation 25.07 0.82 345.31 0.17 

Autoclave re-consolidation 34.96 0.38 345.52 0.15 

*SD = Standard Deviation 

Depending on the AFP processing parameters (i.e., temperature, compaction force and deposition 

rate) and type of heating system, such as a hot gas torch, the in-situ consolidation process may 

result in a degree of crystallinity ranging from 15% to 30% [5,38,40,41]. For instance, higher 

deposition rate or insufficient compaction pressure can lead to rapid cooling and insufficient heat 

transfer, thereby reducing the degree of crystallinity. Several 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 modulus [30,46,47] and tensile strength [46,112], 

with an approximately linear correlation within the AFP-related 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 degree of crystallinity 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 estimation [30,46,47,112]. 

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. Utilizing this information, RVEs 

representative of AFP in-situ 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 resin phase, the transverse cross-section 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 in-situ consolidation and autoclave re-consolidation 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 determine suitable positions for 

new fiber center points. Thus, in the present research, an advanced algorithm originally proposed 

by Melro et al. [54] and subsequently refined by Ghayoor et al. [50] was employed. This method 

enhances the spatial distribution of fibers by strategically repositioning the most isolated fibers 

(called fiber stirring [54]) 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., resin-rich regions) 

observed in AFP in-situ-consolidated samples on the transverse tensile strength of composite 

laminates, a boundary constraint approach [37] 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 generation of fibersô center points within a predefined range along the y-direction of the 

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 approach effectively relocated the 

fibers toward the core of the RVE to generate resin-rich regions 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 generates a new point. 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 is successfully attained. The final geometries of RVEs representing AFP 

in-situ consolidation and autoclave re-consolidation processes are depicted in Figure 3.3 (for more 

information on void generation strategies and determining the RVE geometries, see our previous 

research work [37]). 
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Fiber volume fraction = 60% 

Void content = 0% 

Interlaminar resin pocket = 0% 

(a) 

 
Fiber volume fraction = 56% 

Void content (intralaminar) = 1.5% 

Interlaminar resin pocket = 12% 

(b) 

Figure 3.3. Examples of RVE geometries generated to predict the transverse tensile strength of 

Carbon/PEEK thermoplastic composite material manufactured by (a) autoclave re-consolidation 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 three-dimensional representation, such as the 

volumetric morphology of voids or fiber waviness. In addition, only a limited set of material 

properties (stiffness and strength), which can be investigated through the transverse cross-section 

of the composite materials, can 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, micro-scale finite element analysis was 

carried out on the transverse cross-section of the thermoplastic composite materials. These 

simulations were executed through the ABAQUS Scripting Interface (ASI), implemented in 

Python (refer to ñPython script for strength predictionò section in the Appendix for more details), 

using an explicit solver with double-precision accuracy. The Representative Volume Elements 

(RVEs) were modeled with a length of 140 ɛm, which equals the thickness of a single 

Carbon/PEEK ply, along with 7-ɛm-diameter Carbon fibers that were randomly arranged within 
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the RVE, ensuring a minimum separation distance of 0.01 times the fiber radius. This RVE 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 fiber-reinforced composites, the size of the 

representative volume element (RVE) is generally determined by the ratio of the RVE length to 

the fiber radius, expressed as ‏ ὰὶϳ. Selecting an appropriate RVE size is critical to ensure the 

materialôs morphology and mechanical behavior are accurately captured in a statistically 

representative way. According to the dimensions of the given RVE, the ratio ‏ equals 40, with ὰ = 

140 ɛm and ὶ = 3.5 ɛm. This value is a good fit for the analysis because it has been shown to 

effectively characterize Carbon-reinforced polymers [50,114]. 

After conducting a mesh convergence analysis, quadrilateral 4-node bilinear plane strain elements 

with reduced integration (CPE4R) were selected, with an element size set to one-fourteenth (1/14) 

of the fiber radius, as shown in Figure 3.4. 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 computer. To this end, all numerical simulations were carried out using the High-

Performance Computing (HPC) facility, SPEED [115], which consists of twenty-four 32-core 

compute nodes. This HPC system is specifically designed to accommodate multi-core 

computations, memory-demanding operations, and iterative processing tasks. It also provides 

support for a wide range of open-source and commercial software, including ABAQUS, enabling 

efficient execution of computationally intensive analyses. 

 

Figure 3.4. A portion of the RVE meshed using CPE4R elements with a size equal to 1/14 of the fiber 

radius. 








































































































































































































