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Abstract 

 

The temperature field in thick thermosetting composite laminate has a significant effect on the 

residual stresses during the curing process. In this study the temperature distribution of 18.28 

mm glass/epoxy composite laminate manufactured by autoclave vacuum bag process were 

measured. The finite difference formulation of the one-dimensional transient heat transfer 

problems including internal heat generation was developed to simulate the heat transfer inside 

the autoclave to the laminated composite. The boundary condition of the laminate part was 

simulated entirely to consider the asymmetric condition in vacuum bag process. The calculated 

temperature profile was compared with the experimental result and it was found that the 

measured temperatures through the thickness agreed well with the numerical values. The 

overshoot in internal layers led to the temperature and cure gradient which has to be considered 

for the stress distribution and the final quality of the thick part. 

Keywords: Thermal field, Transient finite difference analysis, Thick thermoset composite 

laminate 

 

1 Introduction  

The relevance of polymer composites, especially thick plate laminates to aerospace have 

increased to the point that they are used in the primary structures of aircrafts and have found 

several applications. Residual stress is the direct consequence of complex gradients of 

temperature and degree of cure and can have a significant effect on the mechanical performance 

of composite structures. Therefore, it is important to examine temperature distribution inside the 

part during the cure process. One of the concerns relates to high internal temperature due to the 

exothermic chemical reactions. Since the thermal conductivity of composites are low, the 

liberated heat during the irreversible chemical reaction cannot dissipate easily by conduction heat 

transfer mechanism, it raises internal part temperature leading to complex temperature and 

degree of cure gradients that develop during the curing process. Non-uniform curing is induced 
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owe to these gradients within the part may also result in spatial response of mechanical 

properties through the thickness which consequently lead to the process-induced stresses in the 

laminate plate. 

In this paper, the temperature distribution is obtained based on the transient one-dimensional 

finite difference heat transfer formulation which is coupled to the cure kinetics of the thermoset 

composite materials. Moreover, the temperature profiles for thick glass/epoxy laminate are 

predicted and compared with experimental results. It is found that the numerical results have an 

acceptable agreement with experimental ones. 

 

 

2 Thermo-Chemical Model  

To investigate the temperature distribution and degree of cure during the composite 

manufacturing, a one dimensional cure simulation analysis was developed. It is assumed that the 

convective heat transfer effect due to resin flow is ignorable and fiber and resin are in thermal 

equilibrium condition at any specific time. Hence, the principal governing equation which is 

used to analyze the one-dimension heat transfer in the model is expressed as the following 

equation: 

����,� ���� = ��
 ���,
 ���
� + �.  

(1) 

 
 

Here, the parameters T, ��,
, �� and ��,� are temperature, the through the thickness thermal 

conductivity, density and specific heat of the composite, respectively. In this study, these 

parameters are assumed to be constant during the curing simulation. In Equation (1), the term	�. is 

the internal heat generation, representing the transient heat liberated per unit volume of material 

from exothermic chemical reaction due to the cross-link polymerization. 

�. = ���� ���� 		
	(2)		  

Where  �� and  
���
   are the total liberated heat for the complete cure and the rate of cure, 

respectively. The rate of reaction,	���
 , is a function of degree of cure and temperature. It is 

required to compute the generated heat and degree of cure during the curing process [1]. The 

kinetic model utilized in this work is given by [2],  
 

dαdt = g(α, T) = (K" + K#α$)(1 − α)'		
	

(3)	
	

)*(�) = +*,-. �− /*0�� 											1 = 1,2 

 

 

(4) 
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 Here, m and n are the reaction orders. The kinetic parameters for glass/epoxy including the pre-

exponential coefficients, +" and +#, the activation energies, /" and /# , universal gas constant, 

R, and the total heat of reaction, �� are summarized in Table 1.  
 
 

Table 1. Cure kinetic parameters for glass/epoxy [2]. 
Parameter Dimension Value 

A1 sec
.-1

 55599 

A2 sec
.-1

 72908 

E1 J/mol 58383 

E2 J/mol 51341 

m - 0.58 

n - 1.43 �� J/ kg 541467 
 

 

The assumption of thermal equilibrium condition permits the rule of mixture to be valid for 

composite thermal properties including volumetric heat capacity (����,�), density (��) and 

longitudinal thermal conductivity. The volumetric heat capacity of the composite is expressed 

according to the Equation (5). However, the transverse conductivity is computed using Springer- 

Tsai model according to the following equations [2]:  

����,� = 23�3��,3 + (1 − 23)�4��,4 

 

 

(5) 

 

��
�3 = 51 − 26247 8 + 19 [7 − 4
61 − �9#24 7< �

]�>?@"61 − �9#24 7< �
1 + 9A24 7<

, 

9 = 2(�3�4 − 1) 
 

 

 

(6) 

 

f and m subscripts are used to express the fiber and matrix in the equations (5) and (6) . A 

summary of computed thermal properties of glass/epoxy composite are presented in Table 2. 
 

Table 2. Thermal-physical properties of  E773/S2glass [2]. 

Material 
Volume 

fraction (%) 

Thermal 

conductivity k 

(W/m.K) 

Specific Heat 

Cp (J/kg.K) 

Thermal expansion coefficient 

(10
-6

/ºC) 

Density 

(gr/cm
3
) 

S2-glass 53 0.218 737 16 2460 

Epoxy 47 1.04 1238 60 1280 

 

Glass/Epoxy 
 kct = 0.385 871.545 

�"=1.75 e-5 �#=5.998e-5 

 

1915.8 
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3 One –dimensional Finite Difference Method for Temperature Field-

Explicit Method  

In typical lay-up of autoclaved-cured composite, the stacked prepreg is placed on the tool plate 

covered by the release film, caul plate and bleeder. The assembly is bagged with a standard 

nylon bagging. The scheme of boundary condition is shown in Figure 1. Thus, during the one-

dimensional transient finite difference modeling, not only the laminate, but the tool, caul plate, 

release film, bleeder and vacuum bag are also included to examine the influence of tooling and 

bagging assembly on the temperature and degree of cure profiles. The effective thermal 

conductivity across the thickness of the release film, bleeder and vacuum bag are calculated from 

the thermal conductivity and thickness of individual components as shown in Equation (7) [3].  

�BC44 = ℎEF + ℎ4G + ℎE�ℎE��E�,B + ℎEF�EF,B + ℎ4G�4G,B
 

 

(7) 

   

Where  ℎEF ,ℎE� , ℎ4G , �EF,B	, �E�,B	and �4G,B	are the thickness and thermal conductivity of the 

vacuum bag, bleeder and release film through the thickness. It is worth mentioning that since 

there is a significant difference between the conductivity of the caul plate and the upper 

boundary material including release film, bleeder and vacuum bag, they are considered 

separately. The release film placed under the caul plate and on top of the peel ply is also modeled 

exclusively because of its location and small conductivity compared to caul plate.  According to 

Equation (8), the equivalent density for the vacuum bag, bleeder and release film through the 

thickness are estimated. 

�CH = ∑J*∑K* = +∑(�*ℎ*)+ ∑ℎ* = �EFℎEF + �4Gℎ4G + �E�ℎE�ℎEF + ℎ4G + ℎE�  

 

(8) 

 

Here, �* and ℎ* are represented the density and thickness of each material. The heat balance 

formulations for each node are expressed according to Equation (9) to (12).  The nodes extend 

from the top air-exposed surface, to the bottom surface of the plate. 

 

ℎ+L�M* − �* *N + �BC44+ ��O* − ��O@"*�ℎ
 = �CH�PQ,�(ℎ
2 +) ��O*R" − ��O*��  

 

(9) 

 Here, ℎ
 is the total thickness of the vacuum bag, bleeder and release film. Since the specific 

capacities of these materials are close to each other, the average value is selected. 

 

��G+��O@"* − ��O*�ℎ�G + �BC44+��OR"* − ��O*�ℎ
 = (�CH�PQ,�(ℎ
2 +) + ��G��G,�(ℎ�G2 +)) ��O*R" − ��O*��  

 

 

(10) 
 

 

 In this equation ℎ�G , ��G and ��G,� are the thickness, density and specific heat of the caul plate. 

�4G+��O@"* − ��O*�ℎ4G + ��G+ ��OR"* − ��O*�ℎ�G = (��G��G,�(ℎ�G2 +) + �4G�4G,�(ℎ4G2 +)) ��O*R" − ��O*��  

 

 

(11) 
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In this equation ℎ4G , �4G and �4G,� are the thickness, density and specific heat of the release film. 

��,
+ ��O@"* − ��O*�
 + �4G+��OR"* − ��O*�ℎ4G + ����(∆
2 +) ������O
* = (�4G�4G,�(ℎ4G2 +) + ����,�(∆
2 +)) ��O*R" − ��O*��  

 

 

 

(12) 
 

 
Figure 1. Schematic diagram of the asymmetric boundary condition. 

4 Experiment 

Experiments were conducted to verify the validity of the simulation and consider the 

effectiveness of the recommend cure cycle, using unidirectional glass/epoxy prepreg. The 

glass/epoxy prepreg used in this work was E773/S-2 Glass. The laminated plate was built up of 

the stacked plies with 4(1?) × 	6(1?) × 0.72	(1?) dimension. When the stacked prepreg was 

placed on the tool plate with the thickness of 50 mm, it was covered by the release film. 

Afterwards, the caul plate was situated and the sample was surrounded by the dams in four 

edges, covered with the bleeder. The assembly was bagged with a standard nylon bagging 

according to Figure 2. The individual material properties are shown in Table 3. The convective 

heat transfer coefficient is 70 W/m
2
 and the thermal contact resistance was assumed to be 

negligible. The recommended cure cycle in Figure 6 includes two stages; first, consolidation and 

then full cure. The former begins with temperature raise from room temperature to 170 ºF with 

the rate of 2 ºF/min and then the temperature is kept constant for about 60 minutes. Resin 

bleeding occurs during the first stage. While in the latter stage, the temperature rises with the 

same heat rate as the former stage. As soon as the temperature reaches 275 ºF, the resin cure 

temperature, the temperature is maintained for 60 minutes. In this way, the full cure of the 

sample is achieved. 
 

Table 3. Thermal-physical properties of the bagging process material [4]. 
Material  Thermal Conductivity (W/m K) Specific Heat (J/g K) Density (g/cm

3
) 

Aluminum  220 0.903 2.72 

Release film  0.5 1.04 2.2 

Bleeder 0.07 1.35 0.26 

Bag 0.24 1.67 1.14 
 

Mid-plane  

Z 

�M(t),

�M(t),

∆Z 

n
1
 

ni 

Vacuum Bag 
Bleeder 
Release Film 

Release Film 

Caul Plate 
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Figure 2. The typical composite lay-up cured in the autoclave. 

 

As can be seen in Figure 2, in order to examine the variation of temperature inside the laminate 

during the curing process, total of five thermocouples were located in the laminate: over the 

plate/under the center point of the bottom layer, at center of the laminate, and at the top surface 

of the laminate.  

 

 
 

5 Results and Discussion 

Due to the low thermal conductivity and large thickness of glass/epoxy composites, usually a 

significant amount of temperature lag and overshoot at the center of laminates is experienced 

during the cure cycle. In this study, the temperature profile of 18.28 mm thick glass/epoxy 

laminate during an autoclave vacuum bag process was assessed from numerical simulation and 

experiment. According to temperature measurements through thermocouples, the temperature 

profile for unidirectional laminate is presented in Figure 3. A temperature overshoot is observed 

from the experimental results. It can be seen from Figure 3, the temperature overshoot related to 

the mid-point of the center section is 305 ºF, and the maximum temperature difference between 

the center section and upper and lower edges is respectively 15 and 50 degree after 195 min 

during the curing process. Accordingly, this cause severe temperature gradient and non-uniform 

curing inside the part. 

 
Figure 3. Temperature profile in unidirectional glass/epoxy laminate from experiment. 

 

In Figure 4, the temperature distributions at different time during the cure cycle are illustrated for 

unidirectional laminate. At beginning, the maximum temperature happens on the outside and the 

Dam 
Nonporous release film 

Prepreg Thermocouple 
Nonporous release film 
Caul plate 

Porous release film 
Bleeder 

Tool plate 

Vacuum Bag 
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t ro sional lo da s. It should be strong enough to h lo d ht e bl eda  yet flexible ne ou hg  
to allow for ht e flapping mot oi n. Hence, it is ess ne tial to understand the 
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These failure criteria are coded in ABAQUS through user subroutines. The bolt holes act as 
stress concentration regions in the beam, where the failure behavior is studied utilizing the 
above criteria. The effect of different loading, such as bolt pre-tension, bending on the failure 
of the composite thick beam are investigated.  

 

MODELING 

 

Dimensions for components like flex beam, bolts, washer and rigid fixed support are 
used from the Figure.1 modelled in ABAQUS. All the dimensions are converted to 
millimeters in the model. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Figure.1:  Dimensions, Load and Clamped Area 

 

Material Properties 

Flex beam specimen is assigned with material data shown in Table 1. Bolts, Washers 
and Steel Clamping blocks are assigned with Steel (UNS30400) Alloy [3] Material 
properties shown in Table 2. Buffer pads are assigned glass material properties taken 
from literature survey. To perform the elastic-plastic analysis, the elastic mechanical 
properties are still required because this will provide the stress-strain relationship up 
to the yield point but additional information is required to ensure the plastic range is 
accurately developed. To develop the plastic range in FEA, the yield stress and plastic 
strain need to be manually loaded into the material properties.  
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TABLE I. FLEX-BEAM MATERIAL PROPERTIES          TABLE II. OTHER COMPONENTS 

Flex beam Material 

Properties 

E11 (GPa) 49.9 
E22 (GPa) 7.9 
E33 (GPa) 7.9 
G12 (GPa) 4.9 
G13 (GPa) 4.9 
G23 (GPa) 3.8 

12 0.3 

13 0.3 
23 0.4 

 
 

The Equation (1) below is used to generate Stress Strain Curve. Figure.3 shows Stress 
Strain curve from Yield Stress (612Mpa) to Ultimate Stress (782Mpa).  

 

ε =
𝜎−𝜎0.2

𝐸0.2
+ 𝜀𝑢 ∗

𝜎−𝜎0.2

𝜎𝑢−𝜎0.2

3.746
+ 𝜀0.2     For     σ > 𝜎0.2                   ... (1) 

 

To perform this analysis 39 yield stresses and plastic strains points were manually 
loaded into the plastic material properties module. Note that the fully elastic material 
properties are also present in the material properties to ensure that stress applied up 
to the yield point is elastic. The way ABAQUS analyzes an elastic-plastic problem is 
by using the fully elastic material properties until the yield point is achieved and then 
it starts to apply the plastic material properties. Table III shows strength properties 
where tensile and compressive allowable strengths for lamina are denoted by 
subscripts T and C, respectively. XT, YT, ZT denotes the allowable tensile strengths 
in three respective material directions. Similarly, XC, YC, ZC denotes the allowable 
tensile strengths in three respective material directions. Further, S12, S13 and S23 
denote allowable shear strengths in the respective principal material directions. 

 

TABLE III. GLASS/EPOXY FAILURE MATERIAL PROPERTIES 

Longitudinal Tensile Strength XT  (GPa) 1000 

Longitudinal Compressive Strength XC (GPa) 600 

Transverse Tensile Strength YT (GPa) 30 

Transverse Compressive Strength YC (GPa) 120 

Longitudinal Shear Strength S12 (GPa) 70 

Transverse Shear Strength S13 (GPa) 70 

 

Clamping block  

(Steel) 

E(GPa) 188 
 0.3 

Bolt (Steel) 

E(GPa) 188 
 0.3 
Washer (Steel) 

E(GPa) 188 
 0.3 

Buffer pad (Glass) 

E(GPa) 70 
 0.23 
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        Figure.3: Stress Strain Curve for Steel (UNS30400) Alloy. 

 

Element Selection 

 

Unidirectional 80 plies are considered in the analysis. Through thickness 8 elements 
are used. Each element takes 10 plies. For all other Components like Bolts, Washers, 
Steel clamping blocks and Buffer pads Continuum three dimensional 8 noded 
Incompatible (C3D8I) element is used. Rigid fixtures are modelled with Rigid three 
dimensional 4 noded (R3D4) and Rigid three dimensional 3 noded (R3D3) elements. 
The modes of failure that examined are delamination, matrix compression failure, 
fiber compression failure, matrix tensile failure and fiber tensile failure, interlaminar 
tensile failure and interlaminar matrix failure.  Hashin [2], Puck [3], Christensen [3], 
Tsai-Wu [4], Quadratic delamination [5] and Hoffman failure [4] criterion are coded 
in subroutine for finding the critical regions of failure and mode of failures 

 

BOUNDARY CONDITIONS AND LOADING 

 

Flex beam buffer pads and steel clamping blocks are modelled as single component. 
It means there is node to node connectivity between all these components. This is 
done mainly to avoid contacts between flex Beam and buffer pads. Tie constraints 
are applied between steel block and washers, washers and bolts, and, buffer pads and 
rigid fixtures. Surface to surface contacts are applied between bolt hole surface, steel 
block, washer, buffer pads, flex-beam and rigid fixtures as shown in Table IV. Bolts 
are grounded using weak springs (stiffness is2N) to avoid rigid body mode. Strain 
free adjustment of nodes is allowed after pretension loading to avoid Contact 
Convergence issues. Two load steps are considered during this analysis. First loading 
step is pretension and second loading step is bending. 
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TABLE IV. CONTACT DETAILS FOR VARIOUS COMPONENTS 

 Bolts Washers Steel 

Plate 
Buffer 

Pad 
Flex 

beam 
Rigid 

Stand 

Bolt  Bonded 

(Tie)  
Standard Standard Standard 

  
Standard 

Washer Bonded 

(Tie) 
 Standard    

Steel 

Plate 
   Standard   

Buffer 

Pad 
  Standard  Bonded 

(Tie) 
 

Flex 

Beam 
   Standard   

Rigid 

Stand 
    Standard  

 

 

                           Figure.7: Pretension boundary condition and loading details. 

  

 

Figure.8: Bending load boundary condition and loading details 

 

Pretension load of 60.4KN as shown in Figure.7. Bending displacement of 40mm is 
applied at loading end of rigid fixture. Red lines in the Figure.7 and Figure.8 indicate 
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