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Stiffened thermosetting composite panels were fabricated with co-curing processing. In the co-curing process-
ing, the temperature distribution in the composite panels was nonuniform. An investigation into the three-
dimensional cure simulation of T-shape stiffened thermosetting composite panels was presented. Flexible
tools and locating tools were considered in the cure simulation. Temperature distribution in the composites
was predicted as a function of the autoclave temperature history. A nonlinear transient heat transfer finite
element model was developed to simulate the curing process of stiffened thermosetting composite panels.
And a simulation example was presented to demonstrate the use of the present finite element procedure for
analyzing composite curing process. The glass/polyester structure was investigated to provide insight into
the nonuniform cure process and the effect of flexible tools and locating tools on temperature distribution.
Temperature gradient in the intersection between the skin and the flange was shown to be strongly dependent
on the structure of the flexible tools and the thickness of the skin.
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1. Introduction

The use of resin matrix composites in aircraft
structures has the potential to decrease the structural
weight because of high stiffness-to-density and high
strength-to-density ratios of the composites. New fab-
rication techniques result in fewer parts and reduce
the assembly time and costs of aircraft structures[1,2].
Stiffeners are integrally cured with the skin in one cure
cycle, which is called co-curing. Co-curing techniques
are used to make aircraft composite components[1–4],
such as vertical fins, tail cones, and horizontal stabi-
lizers. And stiffened thermosetting composite panel
is primary aircraft structure. As shown in Fig. 1, the
panel is composed of skin, flange and web. Different
from other processes, flexible tools and locating tools
are used in co-curing processing[5].

Thermosetting resins are polymerized by applying
temperatures for some time. The heat required for
the polymerization in resins causes chemical changes
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in the molecular structure. Resins have cross-linked
structures with covalent bonds between molecules,
and the cross-linking reaction is strongly dependent
on the applied temperature. Additionally, internal
heat is also generated by chemical reactions. The me-
chanical properties of the thermosetting matrix com-
posites strongly depend on the curing process and the
highly exothermic nature of the cure reaction. The in-
vestigation into the curing temperature distribution
is important for assuring processability of the ther-
mosetting composites. And the curing temperature
distribution of the panel during the co-curing process-
ing is more complex than that during other processing
because of the influence of flexible tools and locating
tools.

Pusatcioglu et al.[6] investigated the temperature
gradient developed during the casting of unsaturated
polyester by solving the one-dimensional heat trans-
fer equation using the experimentally determined re-
action kinetics and thermal conductivities. Loos and
Springer[7] developed a one-dimensional model to sim-
ulate the curing process of a flat-plate by solving the
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Fig. 1 Schematic diagram of co-curing processing

governing equation using an implicit finite difference
method. Bogetti and Gillespie Jr[8,9] also studied
two-dimensional anisotropic cure simulations of thick
thermosetting composites laminates using a finite dif-
ference method. Yi et al.[10,11] developed a non-
linear transient heat transfer finite element model
to simulate the curing process of polymer matrix
composites laminates. Zhu et al.[12] developed a
three-dimensional coupled thermo-chemo-viscoelastic
model to simulate the heat transfer, curing, residual
stresses and deformation of a composite part during
the entire cure cycle. And they investigated the tem-
perature gradient developed of U-shaped composite
parts. Guo[13] investigated the influence of auxiliary
materials on the temperature distribution. The pre-
vious works have taken finite element approaches and
three-dimensional simulations. However, for those es-
pecial fabrication techniques, for example co-curing
processing, the influence of auxiliary tools must be
considered and fewer people have studied it. In the in-
tersection between the web and the skin, the strength
was the lowest as shown in the work by Huang[14].
So cure induced residual stresses in the intersection
between the web and the skin would influence the
strength of the stiffened panels.

In the present work, a nonlinear transient heat
transfer finite element model, in which the influence of
auxiliary tools was considered, was developed to sim-
ulate the co-curing process of the stiffened thermoset-
ting composite panels. It was assumed that no resin
flow or thickness reduction occurred during the co-
curing process. Temperatures inside the composites
were evaluated by solving the nonlinear anisotropic
heat conduction equations including the internal heat
produced by chemical reactions. Material parameters
were assumed to be constant. Different structures of
the flexible tools and different thicknesses of the skin
were investigated during the same co-curing process-
ing.

2. Model Description

2.1 Degree of cure and cure kinetics

The degree of cure rate can be expressed as a func-
tion of the rate of heat generation:

dα

dt
=

1
ρHu

q̇ (1)

where ρ is the polymer density, Hu is the amount of

heat generated during dynamic scanning until com-
pletion of the chemical reactions, and q̇ is the rate of
heat generation.

Two empirical schemes, the nth order and binodal
models[13,15], were widely used for modeling cure ki-
netics of thermosetting materials. The nth order ki-
netics can be expressed as

dα

dt
= k0(1 − α)n (2)

and the binodal model is
dα

dt
= (k1 + k2α

m)(1 − α)n (3)

where k0, k1 and k2 and are rate constants, which
depend on temperature, and m and n are constants
obtained by DSC[15–21]. The rate constants k0, k1

and k2 are usually assumed to be of the Arrhenius
form[13]. And Arrhenius equation can be expressed
as

k(T ) = Aexp(−E/RT ) (4)

where A is frequency factor, E is activation energies,
R is the universal gas constant and T is absolute tem-
perature. A and E can be obtained by DSC, too.
There are different kinetics models for different kinds
of polymer. Cure kinetics model for glass-polyester
system can be described as follows[8].

dα

dt
= Aexp(−E/RT )αm(1 − α)n (5)

2.2 Thermo-chemical model

Based on the energy balance principle and the
Fourier heat transference law, thermo-chemical model
is given by

ρcc
∂T

∂t
= kxx

∂2T

∂x2
+ kyy

∂2T

∂y2
+ kzz

∂2T

∂z2
+ q̇ (6)

where T and t are the temperature and time; ρc, c, kii

are the density, the specific heat and the anisotropic
thermal conductivity of the composites, respectively;
and q̇ is the heat flow rate per unit area. According
to Eq. (1), q̇ can be expressed as

q̇ = ρHu
∂α

∂t
(7)

2.3 Finite element formulation

According to variation approach, virtual temper-
ature δT is introduced. The integral expression of
Eq. (6) can be shown as

∫
V

(ρc
∂T

∂t
)δTdV =

∫
V

(kxx
∂2T

∂x2
+ kyy

∂2T

∂y2
+

kzz
∂2T

∂z2
+ q̇)δTdV (8)

In discrete Eq. (8) by finite element method, the tem-
perature and the degree of cure at arbitrary position
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Table 1 Material properties of the glass/polyester plate

ρc/kg·m−3 c/J·kg·K−1 K33/W·m−1·K−1 K11/K33

1890 1260 0.2163 2

Table 2 Cure kinetics parameters for the glass/polyester composites

A/min−1 m n ΔE/J·mol−1 Hu/J·kg−1 R/J·mol−1·K−1

3.7×1022 0.524 1.476 1.674×105 77500 8.3143

Table 3 Material properties of auxiliary tools

Density/kg·m−3 Specific heat/J·kg−1·K−1 Thermal conductivity/W·m−1·K−1

Rubber 1350 1400 0.756

Steel 7800 502 16.3

in an element can be expressed as nodes temperature
and the degree of cure:

T =
m∑

i=1

NiTi (9)

α =
m∑

i=1

Niαi (10)

where Ti and αi are the node temperature and the
node degree of cure, respectively, and Ni is the
element form function. The finite element proce-
dure CURESIMULATION was developed based on
the above formulations, which has three-dimensional
isoparametric elements.

3. Numerical Results

Firstly, a simulation example was presented to
demonstrate the use of the present finite element
procedure CURESIMULATION for analyzing com-
posite curing processes. A glass/polyester compos-
ite laminate was analyzed, and thermal properties
and equations for the rate of curing were reported
as shown in Tables 1 and 2 from the work by Bo-
getti and Gillespie[8]. The composite laminate was
15.24 mm×15.24 mm×2.54 mm. And the bound-
ary conditions were the same as ones in the work
by Bogetti and Gillespie[8]. Figure 2 shows the node
temperature in the center of the laminate vs the
manufacturer′s recommended cure cycle (MRC). The
simulated results shown in Fig. 2 are in good agree-
ment with the work by Bogetti and Gillespie. And in
the present solution, the peak value of cure temper-
ature was 125◦C at 170 min after heating began. In
the work by Bogetti and Gillespie[8] the peak value of
cure temperature was 126◦C at 164 min.

Cross section scale of stiffened thermosetting com-
posite panels is shown in Fig. 3. The length is 0.5 m.
The flexible tools were composed of silicon rubber and
fiber, and the locating tools were made up of steel.
Thermal properties of auxiliary tools were listed in
Table 3.

Fig. 2 Temperature for glass/polyester composite lami-
nate

Fig. 3 Cross section scale of stiffened thermosetting com-
posite panels

Fig. 4 Temperature in different positions of glass-
polyester stiffened panels
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Fig.5 Temperature distribution in the stiffened panel at
165 min

Fig. 6 Different structure forms of flexible tools

We introduced auxiliary tools to the simulation of
cure temperature. The relationship between temper-
ature in different positions of the stiffened panel and
the curing time is shown in Fig. 4. And the tempera-
ture in the interface between the skin and the flange
was the highest. The peak value of curing tempera-
ture was 91.4◦C at 165 min. It was 1.4◦C above the
temperature of MRC. The temperature distribution
in the stiffened panel at 165 min is shown in Fig. 5
and the highest temperature was present in the mid-
dle of composite parts throughout the length. In the
intersection between the skin and the flange, the tem-
perature gradient along direction y was higher. It was
about 257.

Figure 6 shows the flexible tools with different
structures. And the temperature gradient distribu-
tions using different flexible tools are illustrated in
Fig. 7. Temperature gradients along direction y in the
intersection between the skin and the flange for (a)–
(c) were 257, 259 and 197, respectively. The struc-

Fig. 7 Distributions of temperature gradients along di-
rection y during co-curing processing for using dif-
ferent flexible tools. (a)–(c) correspond to (a)–(c)
in Fig. 6, respectively

tures of flexible tools influenced temperature distri-
bution during co-curing processing. And the struc-
ture (c) was better for temperature distribution.

In fact, the thickness of the skin influenced
the cure temperature distribution during co-curing
processing, too. The peak value of the cure tem-
perature vs the thickness of the skin is illustrated in
Fig. 8. And when the thickness of the skin increased,
the temperature in the intersection between the skin
and the flange also increased. When the thickness of
the skin was 10 mm, the peak value of temperature
was 94.3◦C.
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Fig. 8 Peak value of temperature versus the thickness of
skin

4. Conclusions

(1) A transient finite element model has been es-
tablished successfully to simulate the cure tempera-
ture distribution of T-shape stiffened thermosetting
composite panels.

(2) By using the code CURESIMULATION, the
temperature distribution of stiffened composite panel
during co-during processing was obtained. The tem-
perature gradient was higher in the intersection be-
tween the skin and the flange. And different temper-
ature distributions were obtained by using different
flexible tools or different thicknesses of the skin.
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