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ABSTRACT 
 
 

The curing process of carbon fiber/epoxy composite parts has always been a challenging 

task. One of the major concerns is that the final part geometry deviates from the desired, nominal 

geometry due to the process-induced residual stresses. The consequent distortion may add an 

extra process for repair or may lead to part rejection; in either case, the extra cost is an important 

concern. In addition to conventional remedies, which are usually not efficient or capable of 

addressing the problem completely, many studies have used finite element analysis to predict the 

final geometry of composite parts. However, shortcomings of such studies limited the use of 

finite element modeling to only simple shapes.  

In this study, a methodology was introduced to take into account several mechanisms of 

residual stress induction during cure in a fully 3-D coupled thermal-curing-mechanical finite 

element analysis and accurately estimate the final geometry of laminated composite parts. 

Different modules were developed in Fortran for different mechanisms and material properties. 

A ply-property approach was utilized in which experimentally measured ply properties were 

modeled and used. Due to the limitations of current available techniques to obtain pure thermal 

strain and cure shrinkage during cure, a method was developed and a series of tests were 

conducted to decouple such parameters during the cure process. 

To validate the simulation results, a flat square panel was cured experimentally as well as 

using simulation, a laser scanner was used to obtain the 3-D distortion pattern of the fabricated 

panel, and a Python code was written to obtain the estimated distortion from the nodal 

information. Good agreement was observed between maximum distortions as well as 3-D 

patterns of distortion estimated by simulation and measured experimentally. Finally, 94% 

reduction in computational costs was achieved using different hardware and software techniques.  
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CHAPTER 1 

INTRODUCTION 

 
 

1.1 Motivation and Scope 

The design and manufacturing of composites with required dimensions has become 

crucial in the assembly of polymer-based composite structures. In large parts, control over 

dimensional tolerance is imperative in order to effectively assemble and integrate composite 

systems. Failure to control the dimensional tolerance may result in uneven composite assemblies 

that must be either repaired or rejected. In any of the latter situations, increased manufacturing 

cost is always of concern.  

Loss of dimensional tolerance in composites is caused by final-part distortion due to 

residual stresses induced during the cure process. If residual stresses are considerable, the shape 

of the composite part is distorted, resulting in deformations that could greatly differ from the 

desired final dimensions. For small structures, process-induced deformations are not as critical; 

however, for large structures, these deformations may become crucial for the whole assembly. 

Residual stress induction during the curing process can be attributed to several 

mechanisms. The first is due to the inherent anisotropy of composite materials. This is evidenced 

by directional dependence of the coefficient of thermal expansion (CTE) of composites. It has 

been shown through experiments that the CTE in resin-dominated directions is much higher than 

in fiber-dominated directions. This difference in CTE can cause dimensional instability during 

the cure process. A unidirectional ply contracts more in the transverse and through-thickness 

directions than in the longitudinal direction upon the cooling of the part, thus generating residual 

stresses that are only balanced by the tool when the part is still in contact with it. Upon removal 
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of the part from the tool, residual stresses can only be balanced if the part deforms to its 

equilibrium state.  

Resin chemical shrinkage is another mechanism that can cause residual stresses in 

polymeric composites. During cure, the resin polymerizes and shrinks, generating volume 

changes. In resin-dominated directions of the material, shrinkage is more pronounced than in 

fiber-dominated directions. In addition to resin chemical shrinkage, resin bleeding and 

compaction are two other parameters causing a composite part to shrink. Resin bleeding or resin 

flow is the flow of excess resin to the outside of the laminate during the cure process in order to 

accompany the void and volatiles, and strengthen the mechanical properties. Due to the 

compaction mechanism, the thickness of the composite part decreases. Despite its benefits, the 

compaction is usually not uniform through the thickness and contributes more to the outermost 

layers of the laminate making thinner plies on top and thicker plies on the bottom. 

Cure shrinkage, therefore, contains the effect of resin chemical shrinkage, resin flow, and 

compaction. This mechanism can generate residual stresses at the micro-mechanical (fiber/resin) 

level as well as the macro-mechanical (ply) level. Residual stresses at the micro-mechanical level 

can generate microcracks and delamination in the composite, while macro-level residual stresses 

can cause part distortion. In either case, resin shrinkage plays a detrimental role in the quality of 

the part.  

Another mechanism that can generate residual stress in a composite structure is the 

interaction between the tool and the part during heating and cooling cycles. To obtain the desired 

composite part shape, the uncured plies are laid up and cured on a special-shaped tool. These 

tools are usually made of metals, mainly aluminum and steel. During heating, the composite part 

and the tool expand at different rates due to the CTE mismatch. As the tool expands, it stretches 
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the plies closest to it due to frictional forces exerted over the part. As the cure cycle progresses 

and the resin cures, the composite plies that were stretched are locked in the stretched position 

due to resin solidification. This generates a non-uniform strain distribution in the through-

thickness direction of the part causing bending moments that, upon cooling of the part, cause 

distortion after removing the part from the tool. 

A typical approach to reducing the distortion of composites is to modify the shape of the 

tool in the tool-design phase. Although this approach has been able to decrease distortion, it still 

has problems associated with efficiency in mold and part design. Such an approach requires a 

costly trial-and-error period where different molds must be physically made and tested until the 

desired final dimensions of the composite part are achieved.  

In contrast to such a costly method, simulation can be utilized to predict the final part 

shape given a particular tool geometry, tool and composite part properties, and cure cycle. This 

approach would reduce the tool development cost by allowing the designer to evaluate and 

iterate the tool shape and properties using simulations before actually constructing the tool. 

Although finite element modeling (FEM) is a powerful solution, it may have some 

limitations and shortcomings. In order to enhance FEM accuracy, its requirements should be 

addressed appropriately and the simplifications expanding its limitations must be avoided. For 

example, the simulation of distortion requires several non-linear models forming a 

comprehensive material database during cure. Any simplification in such models may aggravate 

the errors and consequently decrease the accuracy of estimated results. On the other hand, 

approaching decoupled or 2-D analysis is not an efficient remedy to lessen the computational 

costs. Instead, the solving time can be decreased by using a variety of techniques without 

reducing the accuracy of simulations.  Since a combination of these shortcomings has not been 
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addressed in previous studies, and due to the serious need for industries to accurately estimate 

the final geometry of laminated composite parts, the simulation of distortion is a highly 

motivated research topic.  

1.2 Overview of Thesis 

This study focused on the development of a process model to take into account different 

mechanisms affecting the residual stresses and introduction of a methodology to utilize a fully 3-

D finite element analysis (FEA) to accurately estimate the final geometry of laminated composite 

parts due to the curing process.  

The specific objectives of this research include the following: 

 To investigate different mechanisms and material properties that contribute to 

process-induced residual stresses. 

 To develop a module for each mechanism or material property to accurately 

estimate such contribution to residual stresses. 

 To develop a process model to consider those mechanisms and material models 

and estimate the part distortion. 

 To utilize a fully 3-D coupled thermo-mechanical FEA to run the process model. 

 To verify the simulation results using experimental results. 

 To offer solutions to significantly reduce the computational costs. 

In this thesis, above objectives are covered in the following sequence: Chapter 2 provides 

a comprehensive background of different material properties and mechanisms that are important 

in this study. Moreover, some common process models are introduced, and advantages and 

shortcomings of each are discussed. In Chapter 3, the developed process model and appropriate 

mathematical models for material properties and mechanisms will be described in detail. 



5 

Parameters of the finite element analysis will be also mentioned. Chapter 4 includes the results of 

models utilized in the simulation. Based on the experimental shown, the simulation results are 

verified. The results of different techniques to reduce computational costs will then be presented.  

Finally, Chapter 5 discloses the conclusions of this thesis and possible future work. 
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CHAPTER 2 

LITERATURE REVIEW 

 
 

Due to the importance of residual stresses and distortion of composite parts during cure, 

as a major issue in the design and manufacturing processes, many studies have been conducted to 

overcome this problem and offer some solutions. However, due to the problem’s complexity, 

which involves several parallel mechanisms that affect residual stresses, many studies have 

focused on specific issues, such as degree of cure and its variation in thick laminates [1-3], 

temperature field and heat transfer [4, 5], consolidation and chemical shrinkage [6, 7], resin flow 

[8-12], mechanical properties development during cure [13-15], and tool-part interaction [16-19]. 

These phenomena are discussed separately in detail in the sections that follow. 

2.1 Material Properties and Parameters 

2.1.1 Degree of Cure and Heat of Reaction 

The curing process basically consists of a series of chemical reactions in which the resin 

is converted from a viscose material to a stiff and elastic one, thus enabling load transfer from a 

fiber to its adjacent fibers. Since the resin experiences significant changes in material properties 

and so does the composite, it is very important to correctly estimate the status of the resin system 

at a specific time. Many studies have been conducted to correlate the rate of chemical reactions 

to the status of the resin system by introducing a parameter called “degree of cure” (DOC) or in 

some literature “degree of conversion” as shown in equation (1): 

  
 

     
 (1) 

where   is the DOC at a specific time, H is the summation of reaction heat from beginning until 

that specific time,    is the total reaction heat for the entire cure cycle, and    is the residual 
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reaction heat. A differential scanning calorimeter (DSC) can be used to obtain the DOC 

experimentally. To do so, several uncured, milli-sized specimens are prepared, placed inside the 

DSC, and subjected to a series of cure cycles. The instant heat of reaction is measured by DSC, 

and the DOC can then be calculated using different techniques, which have been well-established 

in the literature [1-3, 9, 10, 14, 15, 20]. For illustration purposes, Figure 1 shows a typical DSC 

response when a specimen is cured according to a single-step isothermal cure cycle.  

 
Figure 1. Heat of reaction during isothermal cure cycle [14]. 

 
It is necessary to provide the specimen with enough heat flow as activation energy to start 

the chemical reactions at the earlier stages of curing. This phenomenon is followed by 

exothermic reactions and an increase in the rate of DOC when the chemical reactions of the resin 

start. The heat flow then decreases until it reaches a plateau value (baseline), and during the later 

stages of curing, the rate of DOC gradually reaches zero. The heat of reaction, therefore, is the 

area between the heat flow curve and the baseline that can be represented as 
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 (2) 

The total heat of reaction is calculated in the same way but for the entire cure cycle.  To 

obtain the residual heat of reaction, the cure cycle is followed by a ramp-up to very high 

temperature, about 300° C for epoxy resin, so that all chemical reactions take place and the 

amount of heat generated due to such completion is calculated and reported as residual heat. 

The relation between the DOC and heat of reaction is a non-linear function of 

temperature, time history, and type of resin system. Despite different cure kinetics models, all are 

usually presented in the form of the rate of the DOC as a function of DOC and temperature: 

  

  
        (3) 

where   and T are DOC and temperature, respectively. Common cure kinetics models are listed 

in Table 1, and their parameters are introduced in Table 2.  

 

TABLE 1 
 

 CURE KINETICS MODELS 
 

Model  Expression 

Springer-Loos [1]    

  
                     

Cole with Diffusion [20, 21]    

  
 

 

                
   

         

Kamal with Diffusion [22]    

  
 

 

          
       

          

Kamal [23]    

  
        

          

White and Hahn [14]    
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TABLE 2  
 

PARAMETERS OF CURE KINETICS MODELS 
 

Parameter  Expression 

      
   
     Arrhenius factor 

    Resin (or composite) DOC 

T  Absolute temperature 

R  Universal gas constant 

      Activation energy 

     Pre-exponential factor 

m, n  Equation superscripts 

C  Diffusion constant 

          Critical degree of cures dependent and 
independent of temperature, respectively 

 
In order to obtain the constants of a cure kinetics model, the mathematical formula is 

usually fitted to the experimental data using MATLAB, Microsoft Excel, or other common 

statistical software.  

2.1.2 Thermal Properties 

Specific heat at constant pressure (Cp) is the amount of heat required to increase the unit 

mass of a substance by one degree of temperature. To investigate the effect of temperature and 

cure process on the Cp of composite materials, some studies have concentrated on obtaining the 

Cp as a function of temperature or degree of cure.  

Hartmann et al. [24] investigated the specific heat of different epoxy polymers using DSC 

at different temperatures (Figure 2a) and found that specific heat changes significantly when 

passing the glass transition temperature (Tg). Therefore, it was suggested to plot the specific heat 

as a function of the difference between temperature and Tg (Figure 2b). 
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Figure 2. Spesific heat as function of (a) temperature and (b) T-Tg [24]. 

 
Chern et al. [25] used DSC to partially cure specimens and then measure the specific heat 

of an epoxy resin at different temperatures for particular degrees of cure (Figure 3). Based on 

these results, Cp was more dependent on temperature than degree of cure.  

 
Figure 3. Specific heat as function of temperature [25]. 

 
Balvers et al. [26] used the modulated DSC (MDSC) to obtain the specific heat. For this 

purpose, specimens were partially cured at 160° C to a certain degree of cure, quenched, and 
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then subjected to a modulated temperature ramp to measure specific heat at different 

temperatures at that particular degree of cure. The results of different tests are shown as a 3-D 

curve in Figure 4. It should be noted that the second ramp in such tests could cause further curing 

and therefore may be considered a significant source of error.  

 
Figure 4. Specific heat as function of temperature and degree of cure [26]. 

 
Another important thermal property for simulation of distortion is thermal conductivity, 

which is the ability of the material to conduct heat. The higher the thermal conductivity, the 

faster the heat dissipates in the material. In orthotropic and transverse isotropic materials such as 

composite materials, thermal conductivity is a vector and direction-dependent. Several studies 

[25-28] have been conducted to obtain thermal conductivity of resin or composite materials as a 

function of temperature or degree of cure. 

Chern et al. [25] used the line-source method [29] to obtain thermal conductivity of 

partially cured epoxy-resin samples at different temperatures. Results showed that thermal 

conductivity is not significantly affected by the curing process and therefore can be assumed as a 

function of only temperature. 
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Johnston [21] obtained the thermal conductivity of an epoxy-based prepreg in the 

longitudinal and through-thickness directions according to ASTM E 1225. In the longitudinal 

direction, cured samples were tested, and a linear relation was found between thermal 

conductivity and temperature. In the through-thickness direction, both uncured and cured 

samples were tested at different temperatures, and results showed that the curing process may 

slightly increase the thermal conductivity. 

2.1.3 Cure Chemical Shrinkage 

In a series of chemical reactions occurring during cure, the Van der Waal bonds between 

resin molecules convert to stronger but shorter covalent bonds [7]. The polymerization tends to a 

reduction in resin volume called cure chemical shrinkage of the resin. Since this phenomenon 

occurs when other mechanisms such as resin flow and especially thermal expansion-contraction 

take place, it is very difficult to individually obtain chemical shrinkage during cure.  

Bogetti and Gillespie [13] presented a model to describe the volumetric change of an 

epoxy resin system due to the chemical reactions during cure (Figure 5). They divided the cure 

cycle into three regions. In the first region, the resin was considered in its B-stage condition as a 

viscous fluid. The second region was assumed to be the major curing stage in which the major 

chemical shrinkage occurs. The cure process was completed in the third region and therefore no 

further shrinkage was considered during this period. 

Based on this model, the volumetric chemical shrinkage in an increment is a linear 

function of the change in DOC: 

    
  

     
        

  (4) 
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where     and     
  are the incremental and total volumetric chemical shrinkage, respectively, 

   is the incremental change in the DOC, and      
    is the DOC at the moment chemical 

shrinkage ends and diffusion starts. 

 
Figure 5. Bogetti-Gillespie model for resin chemical shrinkage during cure [13]. 

 
White and Hahn [15] subjected single-ply specimens to a desired cure cycle and removed 

each specimen at a specific time. By measuring the dimensional change of a specimen before and 

after this process at room temperature and knowing the degree of cure at the moment of 

removing the specimen, a discrete chemical shrinkage versus degree of cure was found. The 

model fitted to the experimental data was as an exponential function of degree of cure in the 

transverse direction (Figure 6). 

Johnston [21] used two different methods to obtain the ply-shrinkage strain during cure. 

In the first method, a thermo-mechanical analyzer (TMA) was used to measure the dimensional 

change in test specimens (Figure 7). He also performed experiments similar to the one in the 

work of Daniel et al. [30] and obtained “effective cure shrinkage” to verify the simulation and 

TMA results.  
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Figure 6. White-Hahn model for chemical shrinkage of prepreg in transverse direction [15]. 

 
Khoun and Hubert [31] characterized the cure shrinkage of an epoxy resin system using 

modified rheology and gravimetric methods and established a bi-linear relation between the 

shrinkage and DOC (Figure 8) where at gelation, the rate of shrinkage changes.  

 
Figure 7. Cure shrinkage of an epoxy resin system in transverse direction [21]. 
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Figure 8. Shrinkage as function of degree of cure [31]. 

 
Shah and Schubel [7] used a rheometer, a TMA, and a pycnometer to investigate the resin 

shrinkage during cure. Based on their study, a linear relation was found between the shrinkage 

and degree of cure (Figure 9). 

 
Figure 9. Linear relation between shrinkage and degree of cure [7]. 
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2.1.4 Coefficient of Thermal Expansion 

In many research studies, the CTE of a cured specimen was used for the CTE of uncured 

composites. Despite numerous studies conducted on cure chemical shrinkage, only a few studies 

concentrated on the CTE of a resin or composite during cure.  

Bogetti and Gillespie [13] assumed the resin’s CTE to be constant and used a 

micromechanics model to obtain the composite’s CTE. Johnston [21] also used the same 

approach, and Zhu et al. [32] considered a constant CTE during cure. 

White and Hahn [15] used strain gages installed on the surface of the outermost lamina to 

measure the thermal strain of unidirectional specimens in the longitudinal and transverse 

directions during cure. This method showed negligible change in the transverse thermal strain 

during the entire cure cycle. Moreover, the measured thermal strain was much smaller than the 

chemical shrinkage (Figure 10). 

 
Figure 10. Comparison of thermal and chemical strains [15]. 
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It should be noted that thermal strain during cure is coupled with cure chemical shrinkage 

and resin flow so that each parameter contributes to the measurement of other parameters if 

ordinary techniques are utilized. 

2.1.5 Mechanical Properties 

To estimate the residual stress and distortion, it is necessary to have mechanical 

properties and perform mechanical analysis. The state of the composite material is changing 

during cure and so are the mechanical properties, from rubbery viscous to stiff elastic. It has been 

a point of interest in many studies [13-15, 32-41] to develop or use models that can estimate the 

process-induced residual stresses and consequent distortion.  

Bogetti and Gillespie [13] used a self-consistent field micromechanics model developed 

by Hermans [42] and Whitney [43] to obtain the properties of a unidirectional lamina from the 

properties of its constituents. Bogetti and Gillespie also assumed fiber properties to be 

temperature-independent but resin modulus to be only a function of DOC, as shown in Figure 11.  

 
Figure 11. Changes in resin modulus during cure [13]. 
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Similar to their model for cure chemical shrinkage, Bogetti and Gillespie considered 

three distinct regions. In the first and third regions, the resin modulus is constant; however, the 

resin modulus changes significantly in second region. Redrawing this S-curve as a function of 

DOC, the piece-wise linear Bogetti-Gillespie model for resin modulus can be obtained. Johnston 

[21] used the same approach, except he considered the resin modulus to be a function of both 

temperature and DOC. For this purpose, the modulus in his model was drawn verses temperature 

and, degree of cure acted as a shift factor (Figure 12).  

 
Figure 12. Resin modulus vs. temperature with degree of cure as shift factor [21]. 

 
White and Hahn [15] tested partially cured specimens in the longitudinal direction and 

found a linear relation between the lamina modulus and DOC, similar to the Bogetti-Gillespie 

model (Figure 13a). They also performed tests in the transverse direction and established a 

quadratic relation between the lamina modulus and DOC (Figure 13b).  
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              (a)                                                                (b)  

Figure 13.  Resin modulus development during cure in (a) longitudinal direction and (b) 
transverse direction [15]. 

 
2.2 Process Model 

Despite profound knowledge achieved in several mechanisms discussed above, the 

residual stresses could not be estimated accurately by considering only an isolated mechanism or 

decoupled analyses. Rather, a combination of several mechanisms is required to enhance the 

estimation of residual stresses. Some researchers have presented process models in which 

different mechanisms have been considered to more accurately estimate the final geometry of 

composite parts [13-15, 32-39, 44]. Some of the more common process models will be discussed 

in this section. 

2.2.1 LamCure 

White and Hahn [14] presented the LamCure model containing cure kinetics and residual 

stress modules (Figure 14). Cure kinetics was solved using a numerical integration procedure and 

a finite difference method (FDM) was used to obtain residual moments at each time increment. A 

linear viscoelastic model was considered in the residual stress module and the model was 

developed for 2-D analysis. The use of this model was, however, limited to thin composite 
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laminates due to the lack of thermal analysis. White and Hahn [19] also assumed that thermal 

strains were independent of cure state and much smaller than chemical shrinkage strains.  

 
Figure 14. LamCure process model developed by White and Hahn [14]. 

 
2.2.2 Bogetti-Gillespie 

Bogetti and Gillespie [13] introduced a strategy to estimate residual stress accumulation 

during the curing process for thick laminates (Figure 15). A one-dimensional cure simulation 

was implemented for predicting temperature and degree of cure. Cure shrinkage and changes in 

material properties during cure were also estimated using two models for an asymmetric thick 

panel. As mentioned earlier, a micromechanics model was used to predict the lamina’s material 

properties from the fiber and resin properties. In the micromechanics model, however, the effect 

of fiber-matrix interface development on the lamina’s material properties was neglected. This led 
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to overestimating the mechanical properties in the earlier stages of curing and may be considered 

a considerable source of error. Like the LamCure model, the effect of tool-part interface and 

resin flow was not considered in this model. 

 
Figure 15. Bogetti-Gillespie process model [13]. 

 
2.2.3 COMPRO 

Johnston et al. [36] developed a 2-D plane-strain model, called COMPRO, that included 

chemical shrinkage, CTE mismatch, tool-part interface, and resin flow (Figure 16). Ply 

properties in the model were calculated from resin and fiber properties using the Bogetti-
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Gillespie micromechanics model. A shear layer was placed between the tool and part elements to 

simulate the tool-part interface during cure; however, the computational cost was expensive. To 

address the limitations of COMPRO in modeling of 3-D composite parts, Fernlund et al. [45] 

offered a six-step procedure in which the 2-D process model in COMPRO was used along with a 

3-D structural shell model. While providing good agreement between the experimental and 

simulation results for two case studies, this approach required extensive engineering judgment, 

which limited effectiveness. 

 
Figure 16.  COMPRO Schematic developed by Johnston et al. [36]. 

 
In spite of these informative works, in general, the discussed studies suffer one or several 

shortcomings, such as considering a 2-D simulation, decoupling thermo-mechanical analysis, 

and, in some cases, simplifying or neglecting some of the stress-induction mechanisms.  
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CHAPTER 3 

TECHNICAL APPROACH 

 

 

3.1 Scope 

To address the shortcomings described in the literature review, a comprehensive method 

is needed in order to consider the effect of different mechanisms on residual stress during cure 

and accurately estimate the distortion of composite parts using 3-D coupled thermal-curing-

mechanical analysis. In this study, such a model was developed by taking into account the 

following phenomena: (1) cure kinetics, (2) non-linear orthotropic chemical cure shrinkage, (3) 

uniform orthotropic resin flow, (4) uniform through-thickness compaction, (5) non-linear 

orthotropic thermal and mechanical properties changes due to curing, (6) non-linear mechanical 

and thermal contacts at tool-part interface, and (7) different non-linear CTE models for during 

cure and after cure. 

On the other hand, the majority of previous studies have focused on micromechanics as a 

basic tool to predict the ply properties by having only fiber and resin properties and neglecting 

the significant effect of fiber-matrix interface on such properties. In this study, however, ply 

properties were directly measured and used in the simulation. This approach may have several 

advantages. Direct measurement of ply properties using unique contemporary methods improves 

the accuracy of the material database during cure and therefore the accuracy of the simulation. 

Moreover, the implementation of ply properties in the simulation is easier, and computational 

costs will be reduced considerably by bypassing the micromechanics calculation and releasing 

the memory required to store extra variables. For example, in a 3-D simulation with 10,000 brick 

elements where each element has 16 plies and each ply has four integration points, adding one 

simple mathematical operation tends to create 640,000 extra mathematical operations. 
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Another major issue that obstructed previous studies from moving to a 3-D coupled 

analysis was the extensive computational costs and excessive memory required for conducting 

such simulations.  In this study, however, several hardware and software techniques were utilized 

to reduce the computational costs so that the simulation of distortion for a large sophisticated 3-

D composite part could be feasible in a reasonable, timely manner. 

3.2 Material and Process 

Having a comprehensive material database during cure, IM7/977-2 unidirectional prepreg 

was used as the primary material for this study. Manufactured by Cytec, Cycom 977-2 is a 

toughened epoxy resin formulated for press molding and autoclave processes. Because of its high 

impact resistance and low weight, this material is being used for aircraft and space structures.  

The manufacturer’s recommended cure cycle (MRCC) for a thin laminate (up to 32 plies) 

is a one-stage curing that consists of a heat-up cycle with a ramp rate of 2.78 °C/min to 177 °C 

followed by three-hour holding at that temperature. The same ramp rate was applied during cool-

down. The autoclave was pressurized up to 585 kPa with a rate of 15–35 kPa/min. The pressure 

was then kept constant during cure until reaching room temperature during the cool-down cycle. 

This cure cycle was utilized in both simulation and experimental studies. 

3.3 Methodology 

To accurately estimate process-induced residual stresses and distortion, several modules 

were developed to input material properties and processing parameters during the entire cure 

cycle. The order of loading such modules into the simulation was also important, especially 

when the output of some modules was used as input for others. For example, modules predicting 

the mechanical properties must be loaded just after the modules predicting the thermal properties 

since several mechanical properties were related to temperature and degree of cure. Accordingly, 
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while performing a complete uncoupled thermal analysis and then a complete uncoupled 

mechanical analysis could reduce the computational cost, it would result in severe errors because 

thermal properties are related to mechanical properties and the deformation of the composite 

part.  

Therefore, the procedure shown in Figure 17 was introduced to appropriately take into 

account all important parameters for the 3-D simulation of distortion. Cure kinetics was the first 

module loaded to predict the degree of cure. Using the cure rate, the heat flux due to the cure 

chemical reactions was obtained and fed into the thermal analysis. Next, heat capacity and 

thermal conductivity were estimated, and then the heat flux from different sources, such as 

curing, external heat flux, and friction work, were added to a transient thermal analysis to 

calculate the temperature for the current time increment. After estimation of the temperature, the 

cure shrinkage model was loaded to predict strain arising from cure chemical shrinkage, resin 

flow, and compaction at a particular degree of cure. This strain was later added to other strains 

induced by thermal and mechanical loadings. Finally, mechanical analysis was conducted to 

estimate the stress and other related parameters. To guarantee that the temperature, strains, and 

stresses were being accurately predicted, the procedure must be repeated for each time 

increment, which implies conducting staggered coupled thermo-mechanical analysis with errors 

within only one time increment. 
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Figure 17. Proposed procedure for simulation of distortion. 
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3.4 Modules and Implementation of Material Properties 

3.4.1 Cure Kinetics 

Degree of cure, one of the most important parameters for the simulation of distortion, was 

estimated in the cure kinetics module using a mathematical model, which is usually presented as 

the rate of DOC as a function of DOC and temperature: 

  

  
        (5) 

where   and T are DOC and temperature, respectively. With the temperature and DOC of the last 

increment, a finite difference method (FDM) can be used to estimate the DOC for the current 

time increment: 

                    
  

  
 
   

 (6) 

where n and t are the increment number and time, respectively. Employing the FDM in FEM is 

typically accomplished by using a one-step finite difference. This approach is appropriate when 

time increments are small; however, errors may not be negligible when time increments of up to 

several hundred seconds are encountered. To overcome this problem, a code was written to 

accurately perform a multi-step FDM within one time increment in FEM. 

Another point of interest was the estimation of DOC during cool-down. Regular 

mathematical models estimate a negative rate of DOC for this cycle, which is physically 

incorrect. The DOC reaches a plateau value at the end of the MRCC, and therefore, the rate can 

be neglected during cool-down. This modification was applied through the developed code. 

Among the different models that could be used to estimate the DOC for Cycom 977-2, 

the Springer-Loos model [1], as shown in equation (7), was selected. Based on the experimental 

results [46], this model was simple yet precise enough to follow the experiment.  
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              (7) 

where     is the activation energy, R is the universal gas constant, T is the absolute 

temperature, and    and B are constants usually determined by curve fitting to the experiment. 

3.4.2 Thermal Properties 

Two thermal properties required are specific heat capacity (Cp) and thermal conductivity. 

MDSC was used to obtain the Cp during cure as a function of DOC and temperature. For this 

purpose, uncured specimens were subjected to single-ramp cure cycles with different 

temperature ramp rates while temperature was fluctuating with a known period. Performing 

temperature oscillation makes this possibility to deconvolute the heat flow signal into two 

separated reversing and non-reversing heat flow signals. The effect of some material properties 

that are reversible such as Cp can be seen in the reversing signal. In other words, the amount of 

heat required to increase the specimen’s temperature by one degree is the same as the amount of 

heat required to decrease it by one degree. Universal Analysis software was used to deconvolute 

the heat flow signal, and Cp was measured during the cure process.  

Based on available experimental data, thermal conductivity was assumed to be constant 

but orthotropic. Thermal conductivity in the fiber direction is approximately an order of 

magnitude higher than thermal conductivity in other principal directions [21]. Table 3 shows the 

thermal conductivity used for the simulation. 

3.4.3 Cure Shrinkage 

The cure shrinkage module estimated three parameters: cure chemical shrinkage, resin 

flow, and compaction. It was assumed that resin flow and compaction are independent of 

position but have the same trend as cure chemical shrinkage. Although this assumption infers 

uniform composite thickness, it significantly reduces the computational costs. It should be noted 
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that, in reality, resin flow and compaction usually start before chemical shrinkage and they may 

not significantly contribute to final residual stresses, especially because the material is in its low-

viscosity state, and the residual stresses induced in this step may vanish later due to the stress 

relaxation phenomenon [15].  

TABLE 3 
 

THERMAL CONDUCTIVITY OF 977-2 UD IN DIFFERENT DIRECTIONS 
 

Direction 
Thermal Conductivity  

(W/m-K) 

Longitudinal 6.7 

Transverse 0.7 

Through-thickness 0.7 
 

In general, the cure shrinkage module has two discernible sections. In the first section, 

the model estimates the cure shrinkage trend during cure and accordingly generates volumetric 

shrinkage for each increment. Among the few available models for cure shrinkage during cure, a 

modified version of the Bogetti-Gillespie shrinkage model [13] was used. Bogetti and Gillespie 

applied the model to pure resin and then estimated the ply shrinkage using a micromechanics 

model; however, in the current study, the model was directly used to obtain the ply shrinkage.  

In the second section, the cure shrinkage for a particular direction was estimated using 

equation (8):  

  
          

  
    (8) 

where     is the cure shrinkage in direction i,   
  is the volume cure shrinkage, and    is the 

coefficient of directional cure shrinkage determined from experimental results using the 

following procedure: First, total cure shrinkage in each direction was obtained by curing 

specimens in dynamic mechanical analyzer (DMA) and TMA, and measuring the difference in 
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length before and after curing. Choosing a proper value for total volume cure shrinkage and 

solving equation (8) for total values, the parameter C was then determined for each direction. 

The associated properties and parameters for this module are shown in Table 4. 

TABLE 4 
 

 COEFFICIENTS OF DIRECTIONAL CURE SHRINKAGE 
 

Parameter Associated Property Value 

   Longitudinal cure shrinkage 0.42 

   Transverse cure shrinkage 2.11 

   Through-thickness cure shrinkage 4.82 

  
  Total volumetric cure shrinkage 0.01 

 
3.4.4 Coefficient of Thermal Expansion 

A module was dedicated to estimating the coefficient of thermal expansion (CTE) during 

cure. For fully cured composites, the CTE is a non-linear function of temperature. For uncured or 

partially cured composites, the CTE can be up to an order of magnitude higher than that of fully 

cured parts and should be determined as a function of both temperature and DOC. In addition to 

these dependencies, the orthotropic behavior of the CTE for a unidirectional composite ply had 

to be considered since the CTE in the longitudinal direction is negative and close to zero, while 

the CTE in the transverse and through-thickness directions can be 50% higher than aluminum’s 

CTE. Due to the shortcomings of available techniques for obtaining pure CTE during cure, a 

method was developed and is presented in detail in section 3.5. To implement such a non-linear 

orthotropic behavior, a Fortran code was developed to estimate the CTE during cure as well as 

cool-down. 
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3.4.5 Mechanical Properties 

A separate module was devoted to determining mechanical properties during cure, 

including elastic and shear moduli in the three principal directions and three Poisson’s ratios in 

the three principal planes. Due to the similarity observed in the trend of modulus development 

during cure for all elastic and shear moduli, the experimental results for elastic modulus 

development in the first (longitudinal) and third (through-thickness) directions were used as 

reference curves, and other properties were obtained accordingly. Figure 18 shows the 

development of elastic modulus during cure in the longitudinal and through-thickness directions 

for a specimen cured and tested in TA Instruments DMA Q800. The DOC obtained for the same 

cure cycle using TA Instruments DSC Q2000 is also shown in this figure. 

 
Figure 18. Normalized storage moduli and degree of cure for 977-2 UD. 

 
Using the DOC, the modulus development can be represented as a function of DOC 

(Figure 19). This data was employed to obtain the parameters for the modified Bogetti-Gillespie 

modulus model. The original model was used to estimate the modulus development of a resin 
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system during cure. However, in the current study, the Bogetti-Gillespie modulus model was 

applied to a composite containing both fiber and resin systems: 

    

 
 
 

 
   

                                                                                           
 

  
  

    
 

  
    

    
    

                                     
      

 

  
                                                                                       

   

  (9) 

where   
  and   

  are the uncured and cured moduli, respectively, of the composite in direction i, 

  
  is the DOC at which the composite modulus in direction i starts to rise, and   

  is the DOC 

when the composite modulus reaches its plateau value. These values can be determined from 

Figure 19.  

 
Figure 19. Normalized storage modulus as function of degree of cure. 

 
Using this approach, the ply properties obtained from the experiments were directly 

imported to the simulation. It should be noted that using the Bogetti-Gillespie modulus model for 

composites instead of only the resin system sets up two groups of parameters: one for fiber-

dominant properties and another for resin-dominant properties. Table 5 shows the two sets of 
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parameters for the longitudinal and through-thickness directions. Based on which set the 

property belonged to, the proper normalized trend was selected and then scaled by the fully cured 

specimen property. For example, to obtain the elastic modulus in the transverse direction, the 

resin-rich set was used; then the transverse elastic modulus for a fully cured specimen was 

obtained by conducting a tensile test in transverse direction, and the normalized trend was scaled 

accordingly. The same procedure was utilized to obtain other elastic and shear moduli. 

Following mechanics of materials approach, the Poisson’s ratios were also estimated.  

TABLE 5 
 

PARAMETERS OF MODIFIED BOGETTIE-GILLESPIE MODEL FOR COMPOSITE 
MODULUS DEVELOPMENT 

 
Model Parameter Set 1 (Fiber-Dominant) Set 2 (Resin-Dominant) 

   0.165 0.025 

   1 1 

     0.33 0.48 

      0.85 0.95 
 

By assuming the same properties in the transverse and through-thickness directions and 

different properties in the longitudinal direction, the unidirectional ply was modeled as a 

transversely isotropic material which required five independent parameters. The composite 

element was considered to be completely orthotropic. 

3.5 Deconvolution of Dimensional Change into Thermal Strain and Cure Shrinkage 

3.5.1 Methodology 

Both thermal strain and cure shrinkage cause dimensional changes in a composite part 

during cure; therefore, separation of these two parameters and measuring pure thermal strain as 

well as pure cure shrinkage have always been challenging tasks. 
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Although both parameters cause dimensional change, the nature of the change is 

different. Dimensional change due to thermal strain is reversible, while cure shrinkage causes 

irreversible dimensional change. To use this phenomenon for separation of two parameters and 

obtaining pure CTE and cure shrinkage, five different cases can be considered.  

The first case contains an isothermal cycle (Figure 20). Dimensional change during this 

cycle is only due to cure shrinkage since the starting and ending temperatures are the same. This 

case does not lead to measuring thermal strain. Moreover, conducting such a test in reality is 

difficult because it is impractical to start the test at a high temperature.  

 
Figure 20. Case #1: isothermal cycle; CTE cannot be obtained. 

 
The second case includes a heat-up cycle with a slow temperature ramp, as can be seen in 

Figure 21. Since the temperature changes, the dimension of the part can change respectively, but 

there is also cure shrinkage due to chemical reactions. Therefore, the second case results in 

measuring thermal strain and cure shrinkage at the same time; however, it is incapable of 

dividing the dimensional change into two thermal strain and cure shrinkage signals. 

The third case, as shown in Figure 22, includes one heat-up cycle and then one cool-

down cycle to the initial temperature. Since the initial and end temperatures are the same, there 

should be no thermal expansion; therefore, the total dimensional change is only related to cure 
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shrinkage. By knowing the dimensional change due to cure shrinkage, the pure thermal strain 

during the heat-up and cool-down cycles can be estimated.  

 
Figure 21. Case #2: heat-up cycle; impossible to deconvolute the dimensional change. 

 

 
Figure 22. Case #3: (a) consecutively heating and cooling cycles and (b) 

deconvolution is possible but performing test is impractical. 
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Although the third case results in separation of cure shrinkage and thermal strain during 

cure, it is impractical in real situation to have sharp transition from heat-up to cool-down due to 

the thermal lag and thermal hysteresis of the sample and the system. As such, the fourth case can 

be alternatively used in reality where the profile of temperature is sinusoidal (Figure 23). Using 

the discrete Fourier transformation, the signal of total dimensional change can be deconvoluted 

into thermal strain and cure shrinkage signals during cure. However, the results are not functions 

of temperature since the test is performed at constant temperature.  

 
Figure 23. Case #4: (a) isothermal cycle with sinusoidal temperature profile 
and (b) deconvolution is practical but result is not function of temperature. 
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The fifth case represents a sinusoidal temperature profile when the average temperature 

follows a heat-up cycle (Figure 24). The thermal strain and cure shrinkage for this case can be 

obtained using the discrete Fourier transformation. Since the temperature changes, the thermal 

strain and cure shrinkage are functions of both DOC and temperature. 

 
Figure 24. Case #5: (a) heat-up cycle with sinusoidal temperature profile and 
(b) deconvolution of total dimensional change into two signals as functions of 

DOC and temperature. 
 

3.5.2 Design of Experiments 

In the current study, case number 5 was used to deconvolute the total dimensional change 

into the thermal strain and cure shrinkage. The CTE was then obtained from the thermal strain. A 

TA Instruments Modulated TMA Q400 was used to perform tests with the modulated 

temperature and obtain reversing and non-reversing signals. The reversing signal corresponded 
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to the thermal strain and the non-reversing signal to the cure shrinkage. Tests were conducted at 

different ramp rates to have enough data for obtaining each parameter as a function of DOC and 

temperature. 

3.6 Finite Element Modeling 

The developed approach could be applied to 1-D, 2-D, 2.5-D, and 3-D simulations. 

Previous studies have focused primarily on 1-D or 2-D simulation of a composite part’s cross 

section to estimate the distortion during cure mainly because of reduction in computational costs; 

however, such predictions might not represent the maximum distortion of the part. It is also 

inaccurate to estimate the 3-D pattern of the distortion using such 2-D simulations. In this study, 

however, 3-D simulations were conducted to overcome aforementioned issues. Two points of 

interests were the maximum distortion and 3-D pattern of distortion. MSC Marc 2008 r1 

software was used to implement the developed procedure in which different modules were 

written in Fortran and loaded by Marc as user-subroutines for each time increment. In addition to 

its unique solvers for handling several types of non-linearities, Marc supports coupled thermo-

mechanical analysis for a composite element with variety of conditions. 

3.6.1 Thermo-Mechanical Analysis 

A coupled thermo-mechanical analysis was used during the entire cure cycle. Although it 

is considered to be a coupled analysis, Marc uses a staggered approach, whereby the matrices for 

thermal and mechanical analyses are established and solved separately for each increment, and 

then the thermal and mechanical properties are updated for the next increment. In addition to 

significantly reducing the computational cost, this method keeps the error of decoupling within 

only one time increment. Transient heat transfer analysis was performed in order to consider the 

heat of chemical reactions and also simulate heating and cooling cycles. Static but non-linear 

mechanical analysis was performed. Mechanical analysis faces severe non-linearity due to 
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significant change in anisotropic properties during cure as well as complex friction and thermal 

contact behavior at the tool-part interface. 

The governing equation for typical transient thermal analysis [47] is 

                          (10) 

where   is the nodal temperature vector,    is the time derivative of  , and C and K are specific 

heat and thermal conductivity, respectively, in which both are functions of DOC and 

temperature. Also,       and    are external heat flux vector, heat generated due to curing, and 

heat flux generated due to friction and plastic work, respectively. 

Since a large distortion may occur during cure, the total Lagrangian approach was used to 

perform non-linear mechanical analysis. In this case, stress and strain were represented as second 

Piola-Kirchhoff stress and Green-Lagrange strain tensors, respectively. The typical virtual work 

principle (equilibrium equation) for such non-linear approaches [47] is given as 

            

  

    
        

  

    
        

  

 (11) 

where     is the symmetric second Piola-Kirchhoff stress tensor,     is the Green-Lagrangian 

strain,   
  and   

  are the body force and traction vector, respectively, in the reference 

configuration, and    is the virtual displacement. A full Newton-Raphson algorithm was chosen 

as the main iterative procedure because of its ability to handle non-linearities encountered in the 

simulation of distortion. 

3.6.2 Element Description 

In this study, an 8-node composite brick element (Figure 25) was used, whereby the ply 

properties were imported directly as the layer properties. The composite element is a unique 

feature in Marc that consists of different layers with four integration points per layer and accepts 



40 

both thermal and mechanical analyses. Each layer can have its own material type, properties, 

orientation, and thickness [48]. 

 
Figure 25. 3-D composite element in Marc [48]. 

 
3.6.3 Setup 

The setup for the distortion simulation of a flat composite panel is shown in Figure 26. 

The composite part was held between a tool at the bottom and a caul plate at the top, which is 

similar to the realistic setup. Autoclave pressure was applied on the caul plate so that the 

composite part indirectly received the pressure. Cure cycle temperature was applied to exterior 

faces of the tool and the caul plate through the Marc’s Ufilm user-subroutine. The initial 

temperature for the composite part, tool, and caul plate was set to the room temperature (25 °C). 

3.6.4 Contact 

In order to simulate the tool-part interface, two types of contact between the tool and 

composite part were considered. The first was mechanical contact dealing with frictional forces. 

The state of composite material changes significantly during cure, from viscous to rubbery and 

then to stiff solid; therefore, it is expected to observe changes in the coefficient of friction during 

cure. The Coulomb model with non-linear changes in the coefficient of friction was used for this 

study. Figure 27 shows the changes in the friction coefficient during cure [49]. 
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Figure 26. Set-up used for distortion simulation of flat composite panel. 

 

 
Figure 27. Changes in friction coefficient during cure. 

 
Thermal contact, the second type, was coupled with frictional forces and used in this 

study. For this purpose, a threshold distance between contact surfaces was defined to activate or 

deactivate the heat transfer between the tool and part. If the gap between the tool and part at a 

specific point is less than the threshold, conduction takes place, and the transferred heat flux 

between contact bodies can be estimated by 
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            (12) 

where q is the heat flux,    is the film coefficient between surfaces of two contact bodies, and    

and    are surface temperatures at the contact point. Due to distortion, there may be changes in 

normal contact forces, which can cause changes in the film coefficient. Therefore,    should be 

defined as a function of state of material as well as normal stress at the contact point. This 

assumption is crucial for curing composite parts on composite tools when thermal contact is the 

major heat transfer mechanism. For this study, however, the composite parts were relatively 

small, and tools were made of aluminum so that changes in    had a negligible effect on 

temperature distribution. 

3.7 Validation of Finite Element Modeling 

Two steps were followed to validate FEM results. In the first step, values of the specific 

properties or parameters, estimated using the developed modules, were validated. As such, 

simulation was conducted for one element, and the results of different modules were compared 

with the material properties and process parameters experimentally measured.  

After the first-step validation, simulation was conducted for a composite panel, and the 

results were compared to an experimental one to assure that the simulation accurately predicts 

the distortion. To do so, a flat composite panel measuring 430 mm by 430 mm with a stacking 

sequence of [0/45/90/-45]4 was modeled. The asymmetric stacking sequence was intentionally 

selected to check the capability of simulation for prediction of severe distortion. A real 

composite panel similar to the simulated one was laid up and cured in an autoclave with the same 

process parameters as those used in the simulation.  

A seven-axis Romer arm equipped with a laser scanner was used to measure three types 

of parameters: maximum distortion, 3-D pattern of distortion, and pattern of thickness variation. 



43 

The maximum distortion of a flat panel was defined as the maximum deviation of the panel from 

a flat-surface reference when three out of four corners were in contact with the reference. The 3-

D pattern of distortion was obtained by comparing each point of the surface with its equivalent 

point on the reference surface. The panel was vertically held during scanning to minimize the 

effect of weight on the measured distortion. In comparison to probe scanning, the laser scanner 

had two important advantages. Touching the surface with a probe during measurement could 

have significant effect on measured data, especially when scanning thin laminates. Therefore, a 

contactless measuring technique such as laser scanning helps in obtaining true distortion. 

Moreover, scanning several thousand points per second by the laser led to increased 

measurement accuracy of the maximum distortion and a smoother pattern of distortion. 

3.8 Parallel Processing 

Marc software uses a domain decomposition method (DDM) to perform the simulation 

using multiple processors on a single workstation or different workstations on a network. The 

decomposition of the finite element model into domains of elements can be done using different 

techniques and methods, such as Metis Best. After decomposition, each element must be in one 

and only one domain although the total number of nodes in parallel mode can be larger than the 

number of nodes in serial mode due to duplicating inter-domain nodes. During simulation, 

domains should communicate with each other to transfer the data and maintain equilibrium using 

a communication protocol called message passing interface (MPI). Marc can then combine the 

results of different domains and form a single post file. Using parallel processing, less memory 

may be required to store and solve smaller systems when they are being run simultaneously; 

therefore, this technique significantly reduces computational costs. 
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CHAPTER 4  

RESULTS AND DISCUSSION 

 

 

4.1 Modules and Implementation of Material Properties 

To verify each module, simulation was carried out for a single element, and the results 

were compared to appropriate models and experiments.  

4.1.1 Degree of Cure 

Based on the experimental data, the parameters for the Springer-Loos model, shown in 

Table 6, was obtained using the least squares fit method in Microsoft Excel. 

TABLE 6 
 

 PARAMETERS OF SPRINGER-LOOS CURE KINETICS MODEL 
 

Parameter Value Unit 

   2.46E+02 1/sec 

   –4.18E–05 1/sec 

   8.26E+04 J/mol 

   2.65E+04 J/mol 

  6.26E+03 -- 
 

Figure 28 shows the comparison of DOC among the simulation, experiment, and 

Springer-Loos model. Both model and simulation results were in good agreement with the 

experiment. As expected, multi-step FDM resulted in more precise estimation of the DOC than 

single-step FDM, especially for long time increments during ramp-up. The computational cost 

for using multi-step FDM was negligible. 
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Figure 28. Comparison of DOC obtained using experiment, model, and simulation. 

 
4.1.2 Specific Heat 

MDSC was used to cure the specimens at a desired temperature and measure the Cp 

while the temperature was oscillating. Figure 29 shows a typical temperature profile applied 

using the MDSC to obtain Cp as a function of DOC and temperature. The effect of DOC on Cp 

was determined from cycle “A” since the temperature was constant during this cycle while the 

specimen was being cured. The same cure cycle was applied on similar specimens in DSC to 

obtain the DOC. Cycle “B” was applied to assure that the composite specimen was fully cured. 

Cycle “C” was then applied to obtain the Cp as a function of temperature since the DOC was 

assumed to be one. Cp and DOC were then obtained for different isothermal cure temperatures 

during cycle “A” using MDSC and DSC (Figure 30). 
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Figure 29. Cure cycle to obtain Cp as function of DOC and temperature. 

 

 
Figure 30. Cp and DOC for different isothermal cure temperatures. 
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Plotting Cp as a function of DOC (Figure 31) shows that the curing process does not have 

a considerable effect on Cp, except when the DOC is close to one. For the simulation, therefore, 

it was assumed that Cp is independent of DOC.  

 
Figure 31. Cp as function of DOC. 

 
Cp was also obtained during cycle “C,” and the results are shown in Figure 32. Based on 

these results, Cp was assumed to be a linear function of only temperature. It should be noted that 

exceeding the glass transition temperature would affect the measurement of Cp, which is in good 

agreement with the literature [24]. 

4.1.3 Cure Shrinkage 

As shown in Figure 33, the developed code performed well in estimating cure shrinkage 

from the simulated DOC. Volumetric cure shrinkage was assumed to be positive. Cure shrinkage 

in the longitudinal direction was very low, while significant cure shrinkage was observed in the 

transverse and through-thickness directions (Figure 33). Cure shrinkage in the through-thickness 
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direction was considered to be the summation of chemical cure shrinkage, resin flow, and 

compaction; however, for the longitudinal and transverse directions, it was assumed to be the 

summation of only chemical cure shrinkage and resin flow. 

 
Figure 32. Cp as function of temperature for fully cured specimens. 

 
4.1.4 Coefficient of Thermal Expansion 

The developed CTE module was used to predict thermal strains in different directions, 

and the results for a prepreg ply are shown in Figure 34. As expected, the thermal strain in the 

longitudinal direction was negligible, while the thermal strain in the other two directions was 

high, especially during ramp-up. In order to verify this module, the derivative of thermal strain 

with respect to temperature was taken to obtain the CTE. Figure 35 shows good agreement 

between the simulation and semi-empirical model during cool-down in the through-thickness 

direction. Similar agreement was also observed during different stages of curing for other 

directions.  
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Figure 33. Comparison of cure shrinkage between Bogetti-Gillespie model and simulation. 

 
4.2 Deconvolution of Dimensional Change into Thermal Strain and Cure Shrinkage 

As shown in Figure 36, applying a sinusoidal temperature profile created a sinusoidal 

response of dimensional change in the specimen. On the other hand, increasing the temperature 

during the heat-up cycle increased the specimen’s dimension. Universal Analysis was used to 

apply the discrete Fourier transformation and deconvolute the dimensional change signal into 

reversing and non-reversing signals. Dividing the reversing and non-reversing results by the 

length of the part, the thermal strain and cure shrinkage were obtained. To obtain the CTE, the 

derivative of the thermal strain with respect to temperature was calculated. The cure shrinkage 

and CTE results are also shown in Figure 36. It should be noted that tests had a cool-down cycle 

similar to the heat-up cycle, which is not shown in this figure. 
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Figure 34. Thermal strain in different directions for single-ply element. 

 

 
Figure 35. Comparison of CTE between semi-empirical model and simulation 

for fully cured ply in through-thickness direction. 
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Figure 36. Test designed to obtain thermal strain and cure shrinkage during cure. 

 
Conducting the tests at ramp rates of 0.25, 0.5, 1.0, 2.0, and 2.78 °C/min, the CTE and 

cure shrinkage during cure are shown in Figure 37 and Figure 38, respectively. Very good 

agreement was observed between the CTE during cool-down and the CTE of fully cured 

specimens. This validates the CTE results. As can be seen in Figure 37, the CTE during cure can 

be about five times higher than the CTE after cure. The peaks may represent glass transition 

temperature, compared to the literature for Tg of this material [46].  

DOC was obtained for the cure cycles with different temperature ramp rates using a DSC 

and the results are shown in Figure 39. The CTE (Figure 37) and cure shrinkage (Figure 38) were 

plotted against DOC (Figure 39) in order to investigate the effect of curing and temperature on 

the CTE and cure shrinkage. As shown in Figure 40, curing has a great effect on the CTE, 

especially when the resin is uncured. During the later stages of curing, however, the CTE is 

weakly dependent on the DOC.  
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Figure 37. CTE during cure at different temperature ramp rates. 

 

 
Figure 38. Cure shrinkage during cure at different temperature ramp rates. 
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Figure 39. DOC for different temperature ramp rates. 

 

 
Figure 40. CTE as function of DOC and temperature. 

 
As can be seen in Figure 41, cure shrinkage increases rapidly at the earlier stages of 

curing but shows a relatively linear relation to the DOC after a certain point, which is close to the 

gel point. 
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Figure 41. Cure shrinkage as function of DOC and temperature. 

 
4.3 Interpretation of Simulation Results During Cure 

Simulation of distortion was conducted for the panel described in the technical approach. 

The simulation steps were the system pressurization, ramp-up cycle, isothermal cycle, cool-down 

cycle, and system depressurization. The von Mises stress distribution at different time increments 

is shown in Figure 42.  

Starting with zero stress at the beginning, the stress increased at earlier stages of the 

ramp-up cycle due to CTE mismatch between tool and part as well as significant CTE mismatch 

between different layers of the part. At later stages of the ramp-up cycle, the cure shrinkage 

mechanism also started when the DOC exceeded 0.05, and consequently, the stress increased 

with a higher rate. At minute 57 (Figure 42c), the beginning of the isothermal cycle, the CTE 

mechanism was not effective anymore, and changes in stress occurred due to storage modulus 

development and cure shrinkage mechanisms. As expected, this behavior had a greater effect on 

stress during earlier stages of the isothermal cycle, and the effect of both mechanisms gradually 

diminished upon reaching the vitrification point.  
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Figure 42. Von Mises stress distribution during cure. 

 
During the earlier stages of the cool-down cycle (Figure 42e), the major active 

mechanism affecting stress was CTE mismatch. For this cycle, the CTE of the part was 

considered to be only a function of temperature, and due to its negative effect, von Mises stress 

showed a negative trend. Continuing the cool-down cycle, the stress type changed, and the final 

stress was found to be significant at lower temperatures (Figure 42f). Unlike during the ramp-up 

cycle in which the part was sticking to the tool, stick-slip behavior was attributed to the friction 



56 

at the tool-part interface, and due to irregular slippage of some elements, local changes in stress 

pattern were observed. Figure 42g and Figure 42h show the stress distribution just before and 

after depressurizing, respectively. After the autoclave was depressurized, the part was 

significantly distorted to reach stress equilibrium. During this stage, an active frictionless contact 

was assumed between the tool and the cured part in order to let the part naturally deform on the 

tool. 

4.4 Interpretation of Simulation Results After Cure 

The distorted composite part, shown in Figure 43, appears to sit undesirably on the tool, 

and its contact points with the tool are not those indicative of a real situation. This could lead to 

misjudging the evaluation of the simulation with the experiment. 

 
Figure 43. Panel distorted after conducting simulation; caul plate not shown. 

 
To overcome this problem and correctly interpret the simulation results, a user-friendly 

Python code was developed to obtain the displacement vectors of the distorted part nodes that 

were initially in contact with the tool nodes, and then convert them to a format readable by 

PolyWorks. A surface was then created in PolyWorks from the imported data, and three out of 

four corners were assumed to be in contact with an imaginary, flat surface in order to obtain 

results comparable to experiment. Figure 44 shows the simulation results before and after 
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applying the aforementioned procedure. The negative region in the converted results illustrates 

that one of three mounted corners is not the actual contact point between the part and a flat 

surface. 

 
Figure 44. (a) Raw simulation result and (b) simulation result after exporting 

to PolyWorks and defining appropriate reference points. 
 

After curing a real panel in an autoclave under conditions similar to the simulation, a 

Romer arm equipped with a laser scanner was used to obtain the distortion of each side of the 

panel. The 3-D distortion pattern was produced in PolyWorks by creating an appropriate surface 

from digitized data and then fixing three corners of the panel on a flat surface, as was done for 

the simulation. By comparing simulation and experimental results for the tool-side, as shown in 

Figure 45, good agreement was observed not only between maximum distortions but also 

between 3-D patterns of distortion. It should be noted that obtaining such a 3-D pattern of 

distortion for a flat panel is feasible only by conducting a fully 3-D finite element analysis. 

Accurate estimation of the significant distortion (about 17 mm) can also be considered as another 

proof of the ability of simulation for prediction of the final geometry of composite parts.  
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Figure 45. Comparison of distortion between simulation and experiment for 

tool-side of flat composite panel. 
 

4.5 Complementary Measured Parameters 

In order to assure that the flatness of the aluminum tool did not attribute to the distortion 

of the fabricated panel, the tool surface in contact with the composite part was scanned using the 

laser scanner and analyzed in PolyWorks (Figure 46). Based on the results illustrated in Table 7, 

the tool flatness was in an acceptable range and its effect on distortion of the composite part was 

neglected. 

The surface roughness of the same surface was also measured using surface roughness 

tester and the results are shown in Figure 47. The tool surface in the simulation was assumed to 

be ideally smooth and the surface roughness of the tool was implemented in contact model. 
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Figure 46. Distortion of aluminum tool. 

 

TABLE 7 
 

 GEOMETRIC DIMESIONING AND TOLERANCING OF ALUMINUM TOOL SURFACE 
 

Parameter Value Datum 

Flatness 0.146 - 

Surface profile 0.303 Parallel to ideally flat surface of granite measuring table 

Parallelism 0.152 Parallel to ideally flat surface of granite measuring table 
 

In addition to the tool-side, the distortion was experimentally obtained for the bag-side. 

Holding the panel vertically helped to scan both sides together in one coordinate system, and 

therefore, thickness variation pattern of the panel was precisely obtained (Figure 48). To achieve 

comparative results in simulation, it is necessary to develop a challenging non-linear module for 

resin flow, which has been left as future work. 
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Figure 47. Surface roughness pattern of aluminum tool. 

 

 
Figure 48. Fabricated panel: (a) 3-D pattern of distortion for bag-side, and (b) 

pattern of thickness variation. 
 

4.6 Parallel Processing 

Performing 3-D analysis usually leads to a dramatic increase in computational costs. In 

order to conduct a 3-D simulation in a reasonable time, several techniques were utilized. All 

developed Fortran codes were optimized in order to be faster and more efficient while requiring 

less variables and mathematical operations. On the other hand, by employing different 
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technologies commercially available, it was determined that using the Intel Xeon processor 5500 

series instead of its previous generation reduced the computational cost by approximately 60%. 

For further reduction in solving time, parallel processing, as mentioned in the technical approach, 

was applied on a Dell 7500 single workstation with two six-core Intel Xeon processors W5680 

(3.33 GHz, 6.4 GT/s QPI) and 96 GB (12x8 GB DDR3-1333 MHz ECC RDIMM) memory. 

Using these techniques, a computational cost reduction of approximately 94% was obtained. It 

should be noted that a total of 4 GB memory was enough for conducting the simulation of the 

composite part shown in this study; therefore, 96 GB memory did not have contribute to a further 

time reduction. 

The same simulation was conducted on different numbers of cores, and as Figure 49 

shows, significant reduction was observed in computational costs when moving from single to 

parallel processing with several cores. In general, lower computational costs can be achieved by 

conducting the simulation using more cores. However, further increasing the number of cores 

does not lead to a considerable reduction in time. Therefore, there is an optimum number of 

cores in which parallel processing can save time as well as be cost efficient. Under this optimum 

condition, the large matrices, such as the global stiffness matrix, are broken into smaller 

matrices, while the duplicated inter-domain nodes do not significantly increase the computational 

costs, and communication between different sub-domains is not excessive. Based on these 

results, a combination of about 400 regular and composite brick elements per core is 

recommended to achieve such optimum conditions. By decomposing a domain properly, this 

study also showed that the simulation converges to the same results for different numbers of 

cores used. 
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Figure 49. Parallel processing: reduction in computational cost by increasing number of cores. 
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CHAPTER 5 

CONCLUSIONS 

 

 

5.1 Conclusions 

Understanding the distortion of laminated composite parts due to the curing process has 

become crucial in the assembly of composite structures. Control over dimensional tolerance in 

large parts is imperative in order to effectively assemble and integrate composite systems. 

Estimation of final geometry of such composites during the design stage would be a critical 

remedy in which appropriate modification during design could be considered. Provided that a 

desired geometry is required, the modification, instead, can be applied to the mold in such a way 

that the distorted part shows the final desired shape. In both cases, it is evidenced that finite 

element modeling can be an efficient and precise method for estimating the final geometry of 

composite parts. Although several studies have focused on using finite element analysis, each 

method had several limitations and shortcomings. In this study, however, a comprehensive 

approach was proposed to address the shortcomings of previous studies.  

The major progress achieved in this study was to employ a fully 3-D coupled thermal-

curing-mechanical finite element analysis considering all boundary conditions and complex 

mechanical and thermal contacts at the tool-part interface. Several modules were developed to 

model and incorporate non-linearities in the degree of cure, cure shrinkage, coefficient of 

thermal expansion, and mechanical properties development during cure into the simulation.  

Another important achievement made in this study was to obtain, model, and import ply 

properties directly into the simulation. Unlike previous studies that concentrated mostly on 

obtaining ply properties from fiber and resin properties using micromechanics models, this 
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approach significantly improved the accuracy of during-cure properties by taking into account 

the effect of all parameters including the fiber-resin interface throughout the entire cure cycle.  

A method was also developed to address the shortcomings of current techniques for 

measuring pure thermal strain and cure shrinkage during cure. In this method, a sinusoidal 

temperature profile was applied to specimens during cure and a discrete Fourier transform was 

used to deconvolute the dimensional change signal into the reversing signal, which corresponds 

to thermal strain, and the non-reversing signal, which corresponds to cure shrinkage. A series of 

tests were conducted according to this method and changes in the coefficient of thermal 

expansion and cure shrinkage were obtained as functions of temperature and degree of cure. 

Validation of simulation was then performed in two steps. In the first step, each 

developed module was verified using experimental results or appropriate models in order to 

assure that all developed modules work as expected. In the second step, simulation was used to 

estimate the distortion of an asymmetric-balanced square panel cured according to the 

manufacturer’s recommended cure cycle. A panel with the same stacking sequence and geometry 

as those in the modeled panel was fabricated and cured under the same conditions as those used 

in the simulation. A procedure was introduced to obtain the maximum distortion and 3-D 

distortion pattern of the fabricated panel using a Romer arm equipped with a laser scanner. A 

code was also developed to attain the nodal information of the distorted tool-side surface for the 

simulated panel. It should be noted that only a 3-D simulation would lead to such 3-D patterns 

and true estimation of maximum distortion. By comparing the experimental and simulation 

results for the tool-side surface, good agreement was observed not only between the maximum 

distortions but also between 3-D patterns of distortions. This proves that the developed procedure 
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can accurately estimate 3-D distortion of composite parts induced by residual stresses during 

cure. 

In order to significantly reduce the computational costs of such 3-D simulation, parallel 

processing was used as another point of interest in this study. This technique along with 

optimization of developed codes and implementation of the latest hardware technologies at the 

time of investigation reduced the computational cost by approximately 94%. This extraordinary 

reduction in solving time may open new windows in future research for employing fully 3-D 

simulations and performing realistic virtual analyses.  

5.2 Recommendations for Further Studies 

The methodology developed in this study may be further improved by the following: 

 Instead of using a uniform resin flow, a non-uniform, spatial-dependent resin flow 

module could be utilized to estimate the pattern of thickness variation and also pattern 

of distortion for the bag-side of the composite part. 

 During-cure stress relaxation module could be considered to enhance the accuracy of 

estimating the process-induced residual stresses.  

 Instead of an 8-node brick composite element, other types of composite elements, 

such as a 20-node brick element, could be used and the results could be compared to 

the results of simulation with 8-node elements. 

 A new 3-D element could be developed specifically for simulation of distortion in 

order to appropriately take into account the non-linearities of material properties and 

process parameters while optimizing the computational cost. 
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 The developed approach could be applied to non-flat composite parts to obtain the 

spring-in as well as warpage of such parts due to the curing process. The warpage of 

these non-flat parts could be compared to the warpage of flat panels. 

 Use of this approach could be extended to simulation of distortion of flat or non-flat 

sandwich panels, and the results could be compared to the experimental ones to 

validate the simulation. 

 The final part geometry estimated using the current approach could be used in tool 

design/modification to achieve the desired part shape after cure. 
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