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APPLICATION OF CONJUGATE SIMULATION FOR DETERMINATION OF TEMPERATURE AND STRESS DISTRIBUTIONS 
DURING CURING PROCESS OF PRE-IMPREGNATED COMPOSITE FIBERS

The composites made of continuous fibers in the form of unidirectional and fabric prepregs are widely used in many fields of 
engineering for the production of lightweight and durable parts or whole structures. To achieve this, we not only need to possess 
knowledge of the composite mechanics, but also have to master the technology. In most cases, particularly for parts with advanced 
geometric shapes, autoclaving technique is used. The success of the carried out process occurs when the prepreg reaches the 
proper temperature throughout its volume in the specified time, where there are no overheated or unheated zones as well as when 
the prepreg is correctly pressed against the mold. In order to ensure adequate stiffness, the mold has much greater thickness than 
formed composite and the stiffening ribs. The result is that the time required for prepreg heating is greatly extended. To prevent 
this, the appropriate electric heaters embedded in the silicone grips are used.

The paper presents problems related to the mold structures and application of numerical methods aiming at early verification 
of the temperature and stress distribution. The coupled analysis of CFD (computational fluid dynamic) and heat transfer structural 
simulations were performed in Abaqus program. The studies were carried out for the airfoil fragment. A total of 12 simulations 
were conducted, 6 cases in which heat was supplied only from air flowing through the autoclave and 6 cases which included heaters 
inside the silicone grips. In the result the inhomogeneity of prepreg heating for each of the mold geometry was compared, and the 
average temperature was obtained after 60 seconds from the process initiation. Both the pressure inside the silicone grips (before 
inserting the mold into the autoclave) and the non-uniform temperature distribution result in the formation of stresses whose values 
were analyzed for molds made of aluminum. For this purpose the temperature dependent elastic – plastic material model was used 
for aluminum molds.
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1. Introduction

Manufacturing of products made of fiber composites with 
prepregs is very complicated. Curing process of a polymer matrix 
takes place in a strictly defined temperature, which should be 
uniform in the entire volume of composite structural elements. 
When the element shape is complicated e.g. an airfoil, it is neces-
sary to use a mold with variable thickness. It is due to nonuniform 
heating, when autoclave or an oven are used. This requires an 
additional heat supply from specially distributed internal heat-
ing elements. These problems were analysed in several papers:
• The authors in [1] proposed replacement of the autoclaving 

process by thermal process curing (TPC). They compared 
products obtained by both techniques and they did not no-
tice differences in their quality. The TPC method is more 
economical, because heat delivery comes from the electric 
heaters, which are close to prepreg surface. However, ap-
plication of the TPC method is limited only to simple, open 
surface structural elements.

• A new electromagnetic induction method for heating dur-
ing curing processes was proposed in [2]. This method is 
mainly used for making connections of metal – composite 
or composite – composite. However, non – magnetic ma-
terials require additional susceptors which can transform 
electromagnetic energy into heat.

• Heating in the autoclave [1] has disadvantage as the cure 
cycle can last up to 24 hours. Therefore in [3] a method 
of supplying heat by microwaves was proposed. In spite 
of advantages it is not a widely used method both in 
industry and research centers. The paper presents the 
use of microwave heating for carbon – epoxy prepregs. 
Investigations were conducted for flat samples subjected 
to curing by microwave and oven. Obtained results in me-
chanical tests lead to conclusion that the Young’s modulus 
and tensile strength have similar values in comparison to 
heating in the autoclave, but for samples cured by mi-
crowave a significantly higher compressive strength was 
achieved.
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• Discussion how to get uniformity of the curing process was 
reported in [4] by numerical example of 3D simulations 
taking into account heat from the exothermic curing reac-
tions and Carbon Fiber Reinforced Plastics (CFRP) mold 
heating. In order to model heat transfer from the curing plate 
to environment during curing a convection coefficient of 21 
W/mK was used. However, in the numerical analysis very 
simple laminate plate of thickness 30 mm was modeled. The 
whole technological process consisted of 3 steps: heating 
up, exothermic reaction, cooling down and hold.

• The role of tools in composite production process was 
emphasized in [5]. The tools for providing geometry of ele-
ments also serve to consolidation and help in heat transfer 
to polymer matrix of the composite. The authors distinguish 
6 different parameters affecting the heated tools with fluid 
flow: channel geometry, channel profiles, channel layout, 
material type, fluid type, flow mode. The aim of the paper 
was selection of the most important parameters to achieve 
the most uniform temperature in the shortest time. To choose 
the optimal solution the Taguchi method was used. Thick-
ness of the tool should be as small as possible to ease heat 
transfer, but thick enough to withstand the internal pressure. 
In conclusion, it was found that the channel cross–section 
has little effect on temperature distribution. The most im-
portant parameter is the channel routing.

• The papers [6,7] concerned heating of tools by oil for lami-
nar and turbulent flow. The authors analysed influence of 
a flow rate effect on: (1) temperature distributions along the 
channels and (2) temperature inside the tool. The advantage 
of this solution is that the oil can also serve as a cooling 
medium of the tool after the process. The temperature 
distribution affects not only the curing process of com-
posite product, but also contributes to the level of internal 
stresses in the mold. However, the analysis was limited to 
the heat tool with a simple flat surface. The laminar flow 
(for Re < 2300) results in uniform heating of the tool, but 
the process is long and takes about 2 hours. For Re > 10000 
we have turbulent flow and inhomogeneous temperature 
distribution, which arises during the first few minutes, but 
the tool heats up much faster.

• According to [8] the proper design and construction of mold 
is the most crucial step in manufacturing of new composite 
products. The numerical analysis concerned production 
of composite element with the omega cross-sections was 
done with use of electric heating. Both a Liquid Composite 
Holding Method (LCHM) and the autoclaving technique 
have disadvantages, i.e.: (1) inefficient heavy and expensive 
forms, (2) intensive energy processing. Therefore other 
methods should be proposed with processing outside the 
autoclave. One option is designing the mold as a sandwich 
structure, getting in this way homogeneous temperature 
distribution in the tool.
In conclusion, composite production is a difficult process, 

because it is necessary to guarantee appropriate temperature dis-
tribution, e.g. [9]. To prevent manufacturing of defective products 

an initial analysis of the mold heating and stress analysis are 
needed. Conjugate Fluid Dynamics (CFD) simulations [10-12] 
are commonly used in many engineering fields where flows occur 
and can also be used to determine the temperature distribution 
during the mold heating in an autoclave. This is particularly 
important when the shape of the tools has a changeable geometry.

Therefore, in this paper, we proposed a new method with 
application of the CDF to describe:
• heating process of the mold with complex shape by air 

flowing
• behavior of the additional internal heating of the tool by 

system of channels to get a more uniform temperature 
distribution.
By using the CFD method, the time after which the mold 

reaches the required temperature can be also determined.

2. The tools with internal heating

The tools with internal heating [9] have embedded special 
heating elements inside. One can distinguish hard and soft heat-
ing systems of temperature equalization. In the hard system of 
temperature equalization a small distance between the heating 
elements and the prepreg surface is introduced, what results in 
large temperature fluctuations. During production of extremely 
precise structural parts to achieve stability of the final dimen-
sions and good mechanical properties of the product, the uniform 
heating is required in the process. Thus the soft system of mold 
temperature equalization is much better. The greater distance 
from the prepreg surface to heating wires and smaller spacing 
between them are assumed. In this case we get less intensive heat 
transfer, but the temperature uniformity will be much higher. 
The use of tools with internal heating elements often affect 
improvement of the products quality. This applies particularly 
to products with large dimensions and having complex shapes. 
It is very difficult to create uniform heating and cooling molds 
of such products in dryers, because their size and shape dis-
rupt continuous air flow and temperature distribution. Electric 
heating elements can be used for tools of any complex shape. 
Another advantage of this approach is the ability to calculate 
accurately the required heat power depending on the desired 

Fig. 1. Heating element
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heating temperature and applied voltage. Detailed data such as: 
power consumption, voltage, reached temperature are provided 
by the heaters manufacturers. Gerster company offers mats in 
which the heating elements are made of carbon roving uniformly 
distributed on a flexible substrate (Fig. 1). This allows for forma-
tion of tools with complex shapes made of silicone casting. The 
information provided by the manufacturer is also the basis for 
performing FEM simulations (Fig. 2) concerning temperature 
distribution during curing process.

Fig. 2. FEM simulation with using of internal heating (unit in [°C])

3. Curing model formulation with application 
of the CDF 

Figure 3 shows 3 different geometries of analysed models 
during curing process. The most important parameter in the 
analysis is the shape of the aluminum mold, which is proposed 
in 3 versions. The most technological is model 1. Its advantage 
is the higher stiffness. However, its major disadvantage is not 
uniform thickness, which significantly hampers free heat trans-
fer. The model 2 has a constant thickness of the aluminium 
mold equal to 10 mm, whereas the model 3 is, to some extend, 
a mixture of both previous models. Thickness of the prepreg was 
equal to 1 mm, whereas the silicone layer thickness – 10 mm. 
The silicone in the models has to meet a double role. It serves as 
a grip and allows for mounting of the heater within its structure. 
For this purpose, the silicone layer is made as an assembly in 
order to obtain a continuous surface (4), see Fig. 3. The model 
of the aluminum mold, which is in fact formed of two halves, is 
also simplified by omitting of connecting flanges.

model 1 

model 2 

model 3 
Fig. 3. Structure and analyzed mold shapes (1 – aluminium mold, 2 – 
prepreg, 3 – silicone, 4 – interface in silicone grip)

It is not possible to use the CFD simulations for 2D models 
analysis, hence the thickness equal to 10 mm was introduced 
to the model to get 3D structure. Figure 4 shows the external 
dimensions of the model. The fluid domain must be relatively 
high so that there is no boundary effect of walls. Figure 5 shows 
the FEM mesh both for the fluid (a) and the structure (b). The 
global dimension for the fluid mesh was 40 mm, however near 
the boundary of the structure this mesh density was condensed 
to the size equal to 10 mm. Global mesh size for the mold was 
5 mm. The precise data concerning the quantity of used FEM 
elements are shown in Table 1.

Fig. 4. External dimensions of model (unit in [mm])

a) 

b) 
Fig. 5. FEM mesh (a – fluid, b – structure)

TABLE 1

FEM mesh

Fluid Structure
FC3D8 FC3D6 DC3D8 DC3D6

Model 1 3691 — 7659 113
Model 2 3268 117 5241 67
Model 3 3353 94 6305 95

In order to investigate temperature and stress distribution 
during curing process we studied totally 12 cases for 3 different 
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geometries of the curing systems, as shown in Fig. 3. The differ-
ence in simulations consisted of the following facts:
a) boundary conditions related to the air flow direction were 

changed (from the leading edge and from trailing edge), 
i.e. 6 cases,

b) after calculation of the above cases (a) without internal 
heating and heat flux analysis in the prepreg layer we took 
decision where the silicone grip with internal heating should 
be placed to improve curing process – 6 additional cases.
Each simulation lasted 60 s, and the initial temperature both 

for structure as well as air was 20°C. Velocity of the air was deter-
mined experimentally for the real technological stand in industry 
and was equal to 1.23 m/s. The inlet air temperature was 130°C.

The conducted co-simulation concerning the heat transfer 
involved running of two tasks simultaneously. Therefore, nec-
essary data related to the heat flow were collected in Table 2.

TABLE 2

Material data

Conductivity 
[W/mK]

Density 
[kg/m3]

Specifi c heat 
[J/kgK]

Viscosity 
[kg/ms]

Fluid (air) 3,34 0,898 1009 2,285e-5
Aluminum 

mold 164 2700 883 —

prepreg 0,6 1583 1000 —
silicone 0,2 1200 1250 —

4. The results of conjugate-simulation

Figure 6 shows results of temperature distributions after 
60s for the 3 different geometries of the curing systems without 

additional internal heating and for air inlet from the leading 
edge. Obtained nonuniform temperature fields lead to the con-
clusion that the temperature distribution in the prepreg layer is 
also affected by orientation of the mold in the autoclave or the 
oven. To minimize non-uniformity of the curing process, i.e. 
the temperature differences, it would be advantageous to apply 
a rotary table. However, there are difficulties with connecting 
wires for vacuum and sensors. Therefore, in order to determine 
optimal places for insertion of additional heaters, results of the 
numerical simulation are necessary.

The detailed analysis of temperature distribution in the 
structural element (Fig. 7) leads to the conclusion, that addi-
tional heaters are not required around the leading edge, but along 
a relatively straight section of the trailing part. For this purpose 
the Gerster heater with 2475 W/m2 of power surface was 
used.

The additional heating has an effect on the increase of aver-
age temperature in the prepreg layer, see Fig. 8. In this configura-
tion of the curing system the orientation of the mold in relation 
to the air flow is not so important. On the other hand, the mold 
shape is very important. The greatest influence was recorded 
for the model 1, for which the prepreg temperature was higher 
approximately 21-26%.

Application of additional heating allows also for reduction 
of the temperature difference in the prepreg layer, Fig. 9. In 
this case orientation of the mold is very important, e.g. for the 
model 1 this difference may vary from 3,7% to 8,7%. However, 
decreasing of the temperature difference at this level is not sat-
isfactory because the work effort of the grip implementation is 
disproportionate to the resulting effect. In this case, efforts should 
be made for greater diversity of heater power and to improve the 
thermal conductivity of silicone.

a)  b)

c) (unit in [°C]) 

Fig. 6. Temperature distribution in air (a – model 1, b – model 2, c – model 3)
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5. Stress analysis of the mold

One can notice that the CFD conjugate simulation results in 
the non – uniform temperature distribution in the structure. The 
most responsible element in the forming system as for production 
of structural elements with corrected dimensions is the mold. 
Therefore, it is important to determine stresses and displacements 
occurring during heating process and simultaneous interaction 
from silicone grip. For this purpose the temperature dependent 
data – taken from the paper [13] – were used for aluminum 
2024 T4. They are shown in Table 3.

TABLE 3

Material data for the mold

[°C] E [GPa] Rel [MPa] Rm [MPa] At [%]
25 68,563 367,5 488,8 23,9
50 66,879 367,5 483,0 23,2
75 70,403 361,8 471,1 23,4
100 65,564 360,3 466,2 18,4
125 62,863 354,0 440,7 16,5
150 62,082 348,3 422,5 17,7
175 66,814 318,2 394,2 19,1
200 46,624 312,9 383,2 22,2

For stress analysis more than 8 times denser mesh was 
used than in the conjugate simulation. Additionally, the ana-
lyzed model was loaded by pressure inside grip with value of 
0.1 MPa. The boundary displacement conditions were also as-
signed, assuming that the element operates in a flat strain state. 
The results of stress are shown for three cases (Fig. 10) without 
internal heating and for inlet air coming from the leading edge.

For the mold 1 the maximum values of Mises stresses con-
centrated on the dividing line, i.e. in the place where a flange can 
be mounted. Other areas of the structural element are not efforted. 
Different situation takes place for the mold 2 having a constant 
thickness equal to 10 mm. In this case, the heat exchange is more 
beneficial as we get more than twice faster heating, but the mold 
is not stiff enough and requires additional ribs, which can not 
be modeled by 2D simulation. The presented study shows that 
the mold design is always a compromise between heat exchange 
rate and stiffness.

6. Conclusions

Nowadays designing process of the molds is carried out 
using the traditional method. Correctness of this methodology 
strongly depends on long-lasting designer experience. This tra-

a) b)

c)
Fig. 7. Temperature distribution in structure (a – model 1, b – model 2, c – model 3), (unit in [°C])

Fig. 8. Percentage increase of the prepreg temperature with application 
of the additional heaters

Fig. 9. Percentage of decrease of the temperature difference in the 
prepreg layer with application of the additional heaters
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ditional approach is mostly trial and error method, which implies 
a high cost and time – consuming design process.

The present paper proposes improvement of the above 
procedure using coupled simulations to determine temperature 
and stress distributions in the mold. It allows for faster and more 
accurate mold design. Obtained results in numerical simulations 
lead to the following conclusions:
• due to the low thermal conductivity of silicone layer, the 

other materials with similar elastic properties must be 
sought,

• 2D simulations allow to roughly determine places to apply 
additional heating elements as well as the mold shape, but 
for detailed stress analysis it is necessary to perform 3D 
simulations due to the ribs consideration,

• the increase of mold external dimensions leads to increasing 
of the internal heating system. For the model 1 we observed 
increase of the average temperature about 21%-26%, while 
for the model 2 which has fixed thickness 10 mm this 
change was equal to 9%,

• percent decrease of temperature difference in the prepreg 
layer is dependent on the air flow in relation to the mold 
position in the autoclave. However, for considered cases 
obtained maximum decrease was equal to only 8,7%. There-
fore, one should endeavor to diversify power of heaters in 
different places of grips and to increase thermal conductivity 
of elastic silicone layer.
It is necessary to extend the paper to the curing model 

which will include also description of the existence of microc-
racks initiation and development of applied numerical models, 
e.g. [13-21].
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