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Abstract 

  Fiber reinforced thermoplastic composites are attractive for automotive applications due to 

their increased throughput potential over their thermosetting counterparts. Understanding and 

predicting thermal residual stress is a key factor in designing components to maximize 

performance by reducing warpage/defects and optimizing the processing method. Thermal residual 

stress, resulting from the coefficient of thermal expansion (CTE) mismatch of the matrix and fiber, 

can be significant because of the large thermal gradients between melt/processing and service 

temperatures. Further residual stress can be induced upon crystallization if the matrix exhibits 

crystalline/semi-crystalline behavior. A computational model predicting the process-induced 

residual stress is developed for AS4/polypropylene micro-composites and implemented via user 

material subroutine (UMAT) in ABAQUS. The model includes the cooling-rate dependent 

crystallization, temperature-dependent elastic modulus, and temperature-dependent CTE of the 

matrix, and the temperature-independent transversely isotropic properties of carbon fiber and can 

replicate the experimental conditions (initial fiber preload to prevent buckling) and process history. 

Post-process, micro-Raman spectroscopy is utilized to validate and quantify the residual strain 

developed in the fiber for different preload (1 – 8 g) far away from the free edge of the sample. 

The measured compressive strain values show a good correlation with the FE predicted residual 

strain for various preload conditions. 
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Introduction 

In the last decades thermoplastic composites (TPCs) gain traction over thermoset 

composites due to their high throughput [1]. Thermoplastics are well known for toughness, 

weldability, chemical resistance, recyclability, etc. Carbon fiber reinforced polypropylene 

provides higher specific stiffness and strength than glass fiber composites and offers higher weight 

savings for various applications such as automotive, construction, and consumer products [2][3]. 

However, due to mismatch in the coefficient of thermal expansion (CTE) between the matrix and 

the fiber and the formation of crystals due to the crystallization of polypropylene result in the 

thermal residual stresses during processing from relatively high process temperature and cooling 

rates [4].  Additional loading on the microstructure can be induced due to the mismatch in CTE 

between layers of different ply orientations and non-isothermal cooling of the layers (thermal 

gradients through thickness that vary with time). Crystallization shrinkage can also contribute to 

volumetric shrinkage and residual stress in the case of semicrystalline polymers such as 

polypropylene [5]. Residual stress results in loss of dimensional stability/warpage and reduced 

assembly tolerance as well as contribute to the microstructural damage due to static and fatigue 

loading of the structure.  



The prediction and validation of residual stress development in AS4 carbon fiber in a 

polypropylene (PP) matrix at the microstructural length scale is the focus of this paper. In the 

previous study, we made a simplifying assumption to define the stress–free temperature (Tsf) as 

the end of the crystallization temperature (cooling rate dependent) for the residual stress 

calculations  [6]  [7]. In the present study, we relax this assumption by starting the residual stress 

calculation in the melt and include non-isothermal crystallization effects to predict processing-

induced residual stress. PP’s cooling-rate-dependent crystallinity, temperature-dependent elastic 

modulus, temperature-dependent coefficient of thermal expansion (CTE), crystallization-

dependent shrinkage, and CTE and CTE mismatch of PP and carbon fiber (AS4) are measured and 

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

Experimental comparison is required for the validation of the model developed. There are 

many experimental methods are available in the literature for measuring the strain in the 

composite. But at the fiber length scale (diameter of carbon fiber is ~7 μm), Raman spectroscopy 

has been proved to be a better technique to measure the in-situ fiber strain states  [8] [9]. Residual 

stress predicted at different preloads (pre-defined weight at the end of fiber ends) was validated 

using the Raman spectroscopy method in the present study. 

Resin Thermal and Mechanical Properties Characterization 

 PP is a semi-crystalline polymer; the cooling rate affects the crystallization behavior and 

thus affects the resulting microstructure which in turn has a significant effect on the ultimate 

properties of the matrix and composite material. The relationship between Young’s modulus and 

crystallinity of isotactic polypropylene (iPP) under the influence of different service temperatures 

is shown in Figure 1 from the literature  [10]. Since the crystals are embedded in the amorphous 

iPP, it follows a constant stress condition. The inverse rule of mixture (IROM) is used to calculate 

the temperature-dependent amorphous modulus and obtained the crystal modulus value as ~6300 

MPa  [10] [11]. Figure 1 compares the temperature-dependent modulus versus crystallinity with 

literature and the inverse rule of mixture (IROM). IROM is a good assumption to model 

crystallinity and temperature-dependent modulus. 

 

Figure 1. Comparing temperature-dependent modulus versus crystallinity with literature and 

inverse rule of mixture (IROM). 



The Young’s modulus at different temperatures (strain rate of 1e-4 s-1 and 50% 

crystallinity) is shown in Figure 2. In Figure 2 experimental results are fitted with exponential law. 

Using IROM and inputting crystal modulus, temperature-dependent amorphous modulus has been 

calculated. The modulus in the melt above the onset of crystallization is assumed to be zero. 

Crystallization prediction versus time for the thermal histories in the single-fiber thin film sample 

is shown in Figure 3. Inputting the temperature and cooling rate dependent crystallinity and 

amorphous modulus, crystallinity and cooling rate dependent resin modulus is calculated using 

IROM and is shown in Figure 4. For the case of 50% crystallinity, the temperature-dependent 

modulus is shown in Figure 2.  Figure 4 shows the temperature-dependent modulus including 

crystallization effects using the thermal history given in Figure 2. 

 

Figure 2. Modulus versus temperatures at a strain rate of 1e-4 s-1 and 50% crystallinity (Dots – 

experiment, dash lines – fitting)  [7]. 

 

Figure 3. Crystallization prediction versus time for the thermal histories in the single-fiber thin 

film sample  [7]. 

 



 

Figure 4. Temperature-dependent modulus for the thermal history is shown in Figure 3. 

The isotropic shrinkage strain of a unit volume element of resin, ∆𝜀𝑟
𝑐𝑟𝑦

, resulting from an 

incremental volume resin shrinkage, ∆𝑉𝑟
𝑐𝑟𝑦

, may be calculated as  [12] [13]: 

∆𝜀𝑟
𝑐𝑟𝑦

=
−1 + √1 + 4/3∆𝑉𝑟

𝑐𝑟𝑦
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The incremental volume resin shrinkage computed for each time increment is calculated 

by the ratios of instantaneous densities based on instantaneous crystallinity: 

∆𝑉𝑟
𝑐𝑟𝑦

=
𝜌(𝑋𝑐)𝑡−1 − 𝜌(𝑋𝑐)𝑡

𝜌(𝑋𝑐)𝑡
 

The resin density at the current time increment is calculated using the equation as 𝜌𝑚 =
𝜌𝑐𝑉𝑐 + (1 − 𝑉𝑐)𝜌𝑎 ( 𝜌𝑐 = 946 kg/cm3, 𝜌𝑎 = 855 kg/cm3).  

The incremental thermal shrinkage strain is determined from the instantaneous, 

temperature-dependent resin thermal expansion coefficients and the temperature increment 

between time steps, as,  

∆𝜖𝑐𝑡𝑒 =  𝛼(𝑇). ∆𝑇 

 

The total processing-induced resin shrinkage, ∆𝜖𝑡ℎ = ∆𝜀𝑟
𝑐𝑟𝑦

+ ∆𝜖𝑐𝑡𝑒. In Figure 5, the total 

processing-induced resin shrinkage strain for different cooling rates is shown. 



 

Figure 5. The predicted total processing-induced resin shrinkage strain for the thermal history is 

given in Figure 3. 

The effective CTE at the crystallization shrinkage can be calculated from the total 

processing-induced resin shrinkage strain. The total processing-induced resin shrinkage, ∆𝜖𝑡ℎ =
𝛼eff(𝑇). ∆𝑇 as shown in Figure 5. The effective CTE during processing induced resin shrinkage is 

𝛼eff(𝑇) =
∆𝜖𝑡ℎ

∆𝑇 
 and as shown in Figure 6. 

 

Figure 6. The effective CTE during processing induced resin shrinkage (CTE after crystallization 

is 1e-4 /˚C). 

Polypropylene Constitutive Model 

 UMAT in ABAQUS has been developed for constitutive properties for PP to incorporate 

the effects of cooling-rate dependent crystallinity from the melt to the room temperature on the 

temperature-dependent and crystallinity-dependent Young’s modulus, and temperature-dependent 



shrinkage strains (crystallization shrinkage and thermal expansion. A detailed description of the 

constitutive model is given in  [6] and [7].  

Prediction and Validation of Micro-Composite Residual Stress 

 A FE model incorporating the developed UMAT has been used to predict residual stress 

developed in a single fiber fragmentation test (SFFT) specimen from melting temperature to room 

temperature (including all processing conditions). We validate the predicted axial strain in the fiber 

using Micro-Raman spectroscopy to measure the fiber strain in the SFFT specimen at room 

temperature. Additional validation is provided by varying fiber pretension in both the models and 

experiments.  Fiber pretension is achieved by applying preload (a measured weight at the fiber 

ends) to the fiber during the fabrication of the SFFT samples.  This is commonly done during SFFT 

testing to minimize the waviness in the fiber due to the mismatch in axial shrinkage between the 

fiber and matrix.  In the present study, fiber pretension alters the axial strain of the fiber after 

processing and provides an opportunity to validate the model over a wide range. The compressive 

fiber strain is reduced due to the increase in the preload. 

Single Fiber Sample Preparation 

Optically transparent and uniform thickness SFFT samples are needed to observe under the 

Micro-Raman technique and match with FE model geometry. Thin 100 μm films were obtained 

by hot pressing the polypropylene pellets. Two precision ground aluminum plates lined with 

Kapton films were used to press the as-received polypropylene pellets. 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. Then the setup is air-cooled (thermal history as shown 

in Figure 3) to room temperature. 

Single AS4 fibers are separated and placed between two PP thin sheets. This stack of sheets 

was placed between two Kapton-lined aluminum caul plates. AS4 fiber with preload weight on the 

fiber ends (1 – 8 g) sandwiched between the thin PP film is hot pressed at 220˚C for 10 minutes. 

Next, the sample is forced to air cool to room temperature, and preload weights and Kapton sheets 

were removed from the sample (see Figure 3). Given the inherent uncertainty in the Raman strain 

measurement technique, the applied preload levels have to be large enough so that measured strains 

are discernable [14] [15]. Ultimately 1 – 8g preloads were sufficient for the validation experiments. 

The typical failure load of the AS4 carbon fiber was 15 - 17 g. 

FE Model to Predict Micro-Composite Residual Stress 

To predict the residual stresses in micro-model composites accurate FE models of 

experiments are required. SFFT specimen is the simplest case of a model composite that has been 

modeled in an account of the experimental dimensions. Carbon fiber has been modeled as a 

transversely isotropic elastic material with different CTE in the longitudinal and transverse 

directions as shown in Table 1. 

Table 1. Material properties for AS4 carbon fiber  [16] [17]. 

Elastic 

constants  

E11  

(GPa)  

E22  

(GPa)  

ν12  ν23  G12  

(GPa)  

G23  

(GPa)  

α11  

(μstrai

n/˚C)  

α22  

(μstrain/

˚C)  



AS4 

Carbon 

fiber  

235  14  0.2  0.25  2.8  5.6  -1.2  5.5  

 

The FE model replicated the experimental steps as follows: 

1. At melt processing temperature fiber preload is  

2. From the melting temperature to room temperature the system cools down with the 

preloads 

3. At room temperature removed the preload 

 

Figure 7. FE model for single fiber fragmentation (t/d ≈ 14.5, L/d ≈ 285). 

Micro-composite model has been generated for the analysis as shown in Figure 7 as a 

quarter-symmetric model. A mesh size of 2μm is obtained as the converged mesh after the mesh 

convergence study (by changing the mesh size from 3 – 0.75 μm). A symmetry boundary condition 

is applied to the plane y = 0 and z = 0. The stress-free boundary condition is applied to the plane 

y = B/2 and z = t/2. After removing preload of 1g considering Tsf = 150˚C (melt temperature), 

residual strain is measured and shown in Figure 8. Due to the end effects, the shear–lag strain 

distribution is visible in Figure 8. The residual axial strain considering E independent of T and E 

function of T is shown in Figure 8. Most of the literature assumes E independent T [18] [19] for 

measuring residual stress and over-predicts the stresses and strain.  Figure 8 clearly shows the 

importance of including temperature-dependent properties. 

 

Figure 8. the residual axial strain considering E independent of T and E function of T. 



Figure 9 shows the residual stress calculation considering the simplified assumption that 

Tsf is defined as the temperature at the end of (cooling rate dependent) and the present study starts 

in the amorphous melt and includes all non-isothermal effects of temperature and crystallization 

kinetics on modulus and shrinkage. The predicted residual stress between the two approaches is 

within 5% variation. In the case of PP that undergoes 50% crystallization shrinkage, the correlation 

shows that the approach defining the Tsf as the temperature at the end of crystallization is accurate.  

A key feature of this approach is to recognize that the temperature at the end of crystallization is 

cooling rate dependent.  Slow cooling rates have a higher stress-free temperature (resulting in 

higher residual stress) than fast-cooling rates (lower residual stress).  In the case of PP, the final 

crystallinity for all cooling rates is approximately 50%.  The contribution of crystallization 

shrinkage to residual stress is small since the modulus of PP during crystallization is also small. 

 

Figure 9. εxx along the length of the fiber after removing preload 4g (Free fiber end at 1000μm) 

with Tsf as the end of crystallization and melting temperature. 

Raman Measurement Results 

A strain versus Raman peak shift calibration curve was generated for AS4 fibers using a 

Renishaw Qontor Raman microscope. Carbon fibers with different processing-applied preload 

were observed in the matrix using the calibration curve. Comparing the bulk residual strain in the 

micro-composite with the FE model was a good metric for validation. Both experimental and 

model measurement was made far away from the end of the SFFT specimen to avoid end effects. 

There was a good correlation between the FE model and the experiment for all three preload cases 

(1g, 4g, and 8g) and are with1g, 4g, and 8g in the standard variation of the experiments as shown 

in Figure 10. This is a good indication that the FE model and experimental inputs are mimicking 

the physical specimens we can produce experimentally. 

 



 

Figure 10. Bulk-level FE calculated residual strain for given preload conditions compared with 

experimentally measured values (1000μm from the edge). 

Conclusion and Future Work 

 

FE model residual stress predictions including the thermal and mechanical preloading show 

a good correlation with the experimental Raman strain measurements in the bulk. These methods 

provide more accurate residual stress by including the temperature-dependent crystallization 

modulus build-up from melting temperature to room temperature. However, the previous 

simplified approach of considering Tsf as the end of crystallization is within a 5% variation of this 

more complex modeling approach. We can apply this methodology to more complicated 

geometries, such as the pullout test geometry where residual stress plays an important role in the 

mechanical response once validated in a simple case. 
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