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ABSTRACT 

 

A computational model of residual stress is developed for AS4/polypropylene 

composites and implemented via user material subroutine (UMAT) in ABAQUS. The 

main factors included in the model are the cooling-rate dependent crystallinity, 

temperature-dependent elastic modulus, and temperature-dependent coefficient of 

thermal expansion (CTE) of the matrix, and the temperature-independent transversely 

isotropic properties of the carbon fiber. Numerical results are generated for the case of 

a single fiber embedded in a thin film of polypropylene sample to replicate the process 

history and test configuration. During single fiber composite processing, a precalculated 

weight (tensile preload) is applied at the fiber ends to eliminate buckling/waviness of 

the carbon fiber induced by matrix shrinkage in the axial direction of the fiber. 

Experiments and Finite element (FE) analysis have been conducted with different 

preloads (1g, 4g, and 8g) at 25˚C. Micro-Raman spectroscopy is utilized to validate the 

residual strain with different preloads at the bulk. The measured strain values show a 

good correlation with the predicted residual strain for various preload conditions.  
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INTRODUCTION 
 

Manufacturing of thermoplastic matrices composites over thermoset matrices 

has increased in the last decades due to their high throughput. Thermoplastic composites 

(TPCs) can be processed in several minutes compared to a much more time-consuming 

cure cycle of thermoset composites. Additionally, thermoplastics are well known for 

their toughness, weldability, chemical resistance, recyclability, etc. However, thermal 

residual stress forms after processing at relatively high process temperature (150-

250°C) and subsequent cooling to service temperature [1]. Residual stresses arise due 

to a mismatch in the coefficient of thermal expansion (CTE) of the matrix compared 

with the CTE of the fibers. Also, the inhomogeneous nature of fiber-reinforced 

polymers causes residual stresses. Residual stress can have significant effects on the 

dimensional stability/warpage and assembly tolerance and can contribute to the 

evolution of microstructural damage due to static and fatigue loading [1].  

 

Rapid consolidation during the manufacturing of TPCs can result in through-

thickness temperature gradients and non-uniform cooling-rate histories. In 

semicrystalline TPCs, complex cooling-rate histories influence the degree of 

crystallinity, which in turn influences the mechanical properties such as stiffness, 

modulus and fracture toughness, etc. [2] [3]. To accurately predict residual stresses, it 

is important to study the matrix cooling-rate dependent crystallization kinetics. The 

study of crystallization kinetics which is directly related to cooling rate is very important 

to measure residual stress. A material agnostic computational model was developed 

with detailed experimental inputs to predict the thermal residual stress developed in the 

TPCs. In this present study, AS4 carbon fiber and polypropylene matrix-based TPCs 

are the constituent materials of interest. Polypropylene’s cooling-rate-dependent 

crystallinity, temperature-dependent elastic modulus, and temperature-dependent 

coefficient of thermal expansion (CTE), and CTE mismatch of matrix and carbon fiber 

are measured and modeled to predict the residual stress as a function of process history. 

ExxonMobil polypropylene blended with 10% ExxonMobil PO MAPP adhesion 

promoter and unsized Hexcel AS4 carbon fibers-based TPCs are used in this study. The 

proposed model can be used for more complex geometries like fiber pullout tests 

(micro-level) [4], composite laminae/laminates (meso/macro level), and structures. 

 

RESIN THERMAL AND MECHANICAL PROPERTIES 

CHARACTERIZATION 
 

NON-ISOTHERMAL CRYSTALLIZATION KINETICS OF ISOTACTIC 

POLYPROPYLENE (IPP) 

 

 Polypropylene is a semi-crystalline polymer that forms crystalline structures 

when cooled from melt under isothermal/non-isothermal conditions. The cooling rate 

affects the crystallization behavior of the polypropylene, and thus the resulting 

microstructure which in turn has a significant effect on the ultimate properties of the 

matrix and composite material. The constitutive model must accurately predict 

mechanical performance for a range of processing-induced crystallinities since the 



specimen preparation for different purposes (for example pullout specimen/test for 

interface properties, resin characterization samples, etc.) have different cooling rate. 

Monitoring sample processing temperature allows us to predict crystallization and 

verify with differential scanning calorimetry (DSC).  

 

A literature review was conducted to develop a computational model to predict 

crystallinity at different cooling rates. Different published mathematical models for the 

non-isothermal crystallization kinetics of iPP are available in the literature [5] [6] [7] 

[8] [9]. A proposed model by Hammami et al. represented a more accurate model 

compared to others were reported in  [10]. The parameters for the crystallization model 

were determined by correlating and fitting the model with the experimental cooling rate 

studies. A non-isothermal crystallization model has been generated from the 

measurement of the crystallization behavior at different cooling rates. These parameters 

have been used to predict the processing induced crystallinity of the pullout samples and 

resin characterization samples as shown in Figure 1. 

 
Figure 1. Crystallization prediction at different cooling rates from 2 – 40 K/minutes, singe fiber thin film 

sample, and resin characterization sample. 

Onset and end temperature of crystallinity decrease with a cooling rate increase. 

The end temperature can be considered as a stress-free temperature for the residual 

stress calculation [11] [12] [13] [14] [15]. This generates a prediction of stress-free 

temperature as a function of cooling rate, shown in Figure 2. Crystallinity at the 

termination of the crystallization process is almost 50% for cooling rate range from 2-

40 K/minute.  With this information, it is possible to predict the composite residual 

stresses where the cooling rate may induce local variations. 



 
Figure 2. Stress-free temperature vs cooling rate. 

 

RESIN CHARACTERIZATION AT DIFFERENT STRAIN RATES AND 

TEMPERATURES 

 

 The stress-free temperature at different cooling rates has been shown in Figure 

2. This can be used as a reference for resin characterization at different temperatures. 

An initial computational study has been performed for the pullout/model composites to 

identify the local strain rates (1e-3 s-1 – 1e-1 s-1) around the fiber/matrix interface for a 

particular range of applied far-field strain rates. The stress-strain responses of 

ExxonMobil PP were developed using quasi-static compression test on standard 

cylindrical specimen at different strain rates (1e-3 s-1, 1e-2 s-1 and 1e-1 s-1) and 

temperatures (120˚C, 60 ˚C, 25 ˚C, 0 ˚C, -30 ˚C and -40 ˚C). Modulus and yield stress 

were significantly affected by strain rates and temperatures as shown in Figure 3 and 

Figure 4. Incorporating these temperatures and rate-dependent factors in the model will 

provide a more accurate resin behavior than the simple analytical cases. 

 
Figure 3. Modulus at different strain rates and temperatures. 



 
Figure 4. Yield stress at different strain rates and temperatures. 

CALCULATION OF CTE USING THERMOMECHANICAL ANALYSIS (TMA) 
 

The next step was to measure the CTE as a function of temperatures. TMA was 

used to measure the dimensional changes of a material as a function of temperature. 

CTE is the slope of dL/dL0 vs temperature curve. Figure 5 shows the dL/dL0 vs 

temperature. The fitted bi-linear curve represents the CTE above Tg and below Tg (CTE 

= 0.0002 /˚C above Tg and CTE = 0.00007 /˚C below Tg). 

 
Figure 5. CTE calculation at different temperature 

POLYPROPYLENE CONSTITUTIVE MODEL  
 

We have developed a UMAT in ABAQUS for constitutive properties for PP, 

which incorporates the polypropylenes cooling-rate dependent crystallinity, 

temperature-dependent elastic modulus, and temperature-dependent coefficient of 

thermal expansion (CTE). The mathematical 3D Constitutive equation is shown in Eq 

6. The Jacobian matrix of the constitutive model in Abaqus is shown in Eq 7. 

 

𝜎𝑖𝑗 =  𝐶𝑖𝑗𝑘𝑙휀𝑖𝑗 −  𝐶𝑖𝑗𝑘𝑙𝛿𝑖𝑗αΔT                                                                                           (6) 

 

where  𝜎 is stress tensor, 휀 is strain tensor, C – Stiffness matrix (function of temperature) 

α is the Coefficient of thermal expansion (function of temperature) and T is temperature. 

 



𝐽 =  
𝜕∆𝜎

𝜕∆𝜀
                                                                                                                             (7) 

 

where 𝐽 is Jacobian matrix in ABAQUS 

 

𝜎𝑛𝑒𝑤 = 𝜎𝑜𝑙𝑑 + ∆𝜎                                                                                                             (8) 

 

∆𝜎 = 𝐽∆휀                                                                                                                           (9) 

 

The resulting resin constitutive equation can serve as inputs to both the residual 

stress prediction and fiber pullout FE models. Accurate prediction of residual stress is 

only possible by matching the exact experimental procedures. The next sections explain 

the experimental procedures to measure the residual stresses and correlate/validate with 

this predictive capability at the single fiber level. 
 

PREDICTION AND VALIDATION OF MICRO-COMPOSITE RESIDUAL 

STRESS  
 

 Using the FE model with implemented UMAT, we can predict residual stress 

induced by factors such as CTE mismatch between the resin and fiber, cooling rate 

dependent crystallinity, and applied mechanical load. The specimens’ complete strain 

history must be accounted for (including from processing through testing) before any 

accurate predictions are made. Using the simple case of a single fiber fragmentation test 

(SFFT) specimen, we validate the predicted residual strain and compare it with a 

matching experimental condition. Varying fiber pretension (preload) is applied during 

and through sample processing to change the room temperature/cooled strain state. As 

pretension increases, the compressive fiber strain in the SFFT specimen reduces toward 

zero. 
 

SINGLE FIBER SAMPLE PREPARATION 
 

 SFFT samples need to be optically transparent and uniform in thickness to 

match the FE model geometry and observe using the Micro-Raman technique. This was 

achieved by hot-pressing thin, 100µm films out of the polypropylene pellets. The as-

received polypropylene pellets were pressed between two precision ground aluminum 

plates lined with Kapton films. The aluminum plate stack was hot-pressed in a Carver 

press with 6x6 at 220°C, a slight pressure of 1000lbs was applied to achieve the desired 

thickness with the shims. The sample was then forced air-cooled to room temperature 

at an approximate rate of -10°C/min. 

 

 Single AS4 fibers were separated and tabbed with Kapton. The prepared PP 

sheets were cut into two 2.5x5 in rectangles. One layer of Kapton film was placed on 

the aluminum platen, then the PP film. Fibers were laid across, then the second PP film 

was placed on top sandwiching the fibers. Kapton film shims were placed around the 

PP/fiber stack to minimize resin flow, careful attention was paid to prevent the fibers 

from contacting the shims so the applied pressure would not induce an 

unfavorable/uncontrolled strain state. A final layer of Kapton film and the top aluminum 

plate was placed on top, and the stack was transferred to the hot press, where the preload 

weights were attached to the tabbed fibers. The specimens were then forced air-cooled 



to room temperature (-10°C/min). The preload weights, and then Kapton films were 

subsequently removed. 

 

Weight selection was an important factor for designing these validation 

experiments. The different applied pre-loads had to induce a discernable strain shift 

(estimated by the model) to be quantified by the micro-Raman strain measurement 

technique  [16] [17]. Additionally, the pre-load had to maintain a straight fiber through 

processing, which could induce fiber bending resin flow and/or buckling upon CTE 

contraction. In the end, 1g, 4g, and 8g weights maintained a straight fiber while 

providing a discernible change in the initial strain state. 

 

FE MODEL TO PREDICT MICRO-COMPOSITE RESIDUAL STRESS 
 

Accurate FE models of experiments are required to predict the residual stresses 

in micro-model composites. The simplest case of a model composite is a single fiber 

micro-composite, comprising of a single fiber embedded mid-plane in a matrix film. 

Carbon fiber has been modeled as a transversely isotropic elastic material with different 

CTE in the longitudinal and transverse direction as shown in Table 1.  

 

Table 1. Material properties for AS4 carbon fiber  [18]  [19]. 

Elastic 

constants 

E11 

(GPa) 

E22 

(GPa) 

ν12 ν23 G12 

(GPa) 

G23 

(GPa) 

α11 

(μstrain/˚C) 

α22 

(μstrain/˚C) 

AS4 

Carbon 

fiber 

 

235 

 

14 

 

0.2 

 

0.25 

 

2.8 

 

5.6 

 

-1.2 

 

5.5 

 

With the use of Raman spectroscopy, we can validate the residual stress 

predictive capability before moving on with more complex geometry, such as the 

pullout model, where resin thickness has significant variation around the meniscus. 

Further application of the predictive residual stress will be in the traction laws derived 

from pullout testing. However, the first step in generating accurate FE models is to 

incorporate the residual stresses induced from processing. Such residual stresses 

originate from the coefficient of thermal expansion (CTE) mismatch between 

constituents, in this case, the fiber and matrix. It is critical to accurately account for 

thermally induced residual stresses so that the appropriate applied strain matches in both 

the FE simulation and experiment. Figure 6 shows the FE model geometry for the single 

fiber micro-composite, these dimensions are representative of experimental specimens.  

 

The following experimental steps are modeled using the FE geometry and simulations: 

1. Applying preload (pre-defined weight) to the fiber at melt process 

temperature 

2. With the preload, cooling the system down to room temperature (from 

the stress-free temperature to room temperature) 

3. Removing the preload 



  
(a)                                                                                      (b) 

Figure 6. FE model for single fiber fragmentation (t/d ≈ 14.5, L/d ≈ 285). 

  
(a) 

 
(b) 

Figure 7. (a) εxx (residual axial strain) after removing preload of 1g (b) Residual axial strain considering 

E independent of T and E function of T 

 A quarter-symmetric micro-composite model has been generated for the 

analysis as shown in Figure 6. Mesh convergence studies have been done from a mesh 

size of 3 to 0.75μm. It has been determined that mesh is converged when mesh sizes 

were less than 2μm. Plane y = B/2 and z = t/2 are in the stress-free condition; a 

symmetric condition is applied to plane y = 0 and z = 0. Figure 7 shows the residual 

strain (axial strain) observed after removing preload of 1g. The end effects due to the 

shear-lag along the fiber are visible in Figure 7 (a). It’s important to note that most of 

the literature assumes E independent T for measuring residual stress and over-predicts 

stresses and strains  [20] [21]. Figure 7 (b) shows the residual axial strain considering E 

independent of T and E function of T. It is very clear that axial strain predicted by 

considering E function of T is almost half the value compared to the case where E is 

independent of T. Figure 8 shows εxx along the length of the fiber after removing preload 



1g, 4g and 8g (Free fiber end at 1000µm). An increase in the preload will decrease the 

residual stress in the micro-composites. Practically it is difficult to achieve zero residual 

stress as the required preload is very close to the fiber breaking strength.  

 
Figure 8. εxx along the length of the fiber after removing preload 1g, 4g, and 8g (Free fiber end at 

1000µm). 

 The residual stress (strain) calculation for the single fiber specimens offers a 

refined mesh that can be implemented in short fiber array representative volume 

elements (RVEs) [22]  [23]. Calculating the residual thermal stress is an important factor 

when replicating an experimental procedure. This builds upon the SFFT model and will 

be used to validate the simplest case of a single fiber micro-composite once cohesive 

traction separation laws are generated for the interface. After validation, the residual 

stress model can then be applied to model-fiber-array composites with added 

complexity.  
 

RAMAN MEASUREMENT RESULTS 
 

 Using a Renishaw Qontor Raman microscope, a strain vs. Raman peak shift 

calibration curve was generated for AS4 fibers.  Using the calibration curve, carbon 

fibers with different processing-applied preloads were observed in the matrix. A good 

metric for validation was comparing the bulk residual strain in the micro-composite with 

the FE model. This measurement was made in the center of the SFFT specimen, far 

away from the edges, where the strain would be constant. For the three pretension loads, 

1g, 4g, and 8g, there was a good correlation between the FE model and the 

experimentally measured values (at most 5% mismatch), as shown in Figure 9. This is 

a good indication that the FE model and experimental inputs are mimicking the physical 

specimens we can produce experimentally. 
 



 
Figure 9. Bulk-level FE calculated residual strain for given preload conditions compared with 

experimentally measured values (1000µm from the edge). 

 

CONCLUSION AND FUTURE WORK 
 

The Raman strain measurement technique provides a good overall correlation 

with the FE model predicted residual stress. For the given thermal processing conditions 

(thermal loading) and mechanical loading, the predicted residual strains are on the right 

order of magnitude. The compressive loading, in this case, thermal & mechanical pre-

loading, matches the simple analytical and developed FE models. A material agnostic 

computational model was developed with detailed experimental inputs to predict the 

thermal residual stress developed in the TPCs. Having validated a simple case with the 

FE model, we can apply it to more complicated geometries, such as the pullout test 

geometry where residual stress greatly influences the mechanical response.  
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