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Simulation analysis of resin-based
composites on temperature and degree of
cure fields by thermoforming process
considering the influence of temperature
distribution inside the autoclave

F. Sun, D. M. Liao”, Z. C. Zhang, L. Cao and }. X. Zhou

The curing process is critical in the production of composite materials. In this paper, a heat transfer
and curing kinetics of the two-way coupling model reflecting the resin-based composite curing
process was built. The degree of curing and temperature fields simulation programme using the
finite difference method independently was also developed. With this programme, a numerical
simulation for a flat plate was conducted. The distributions of temperature and degree of curing
fields were obtained. The simulation results indicated that temperature distribution plays an
important role in the resin curing process. The internal temperature of autoclave is
inhomogeneous. The temperature of the composite has a non-linear relationship with the
gradient temperature distribution in the autoclave. Moreover, the existence of temperature
difference inside the autoclave can have a more significant influence at a low temperature than
that of a high one. This research provides a certain basis for optimising the moulding process

parameters, mould design and product quality control.

Keywords: Resin-based composite, Numerical simulation, Thermoforming, Autoclave

Introduction

Resin-based composites are one of the most-advanced
composite materials. They are widely used as aerospace
material because of excellent properties, such as high
specific strength, high specific modulus, strong design
ability, fatigue resistance and corrosion resistance.' The
curing process is important during the production of com-
posites. The internal temperature distribution depends on
the heat, released from the cure reaction of the resin
matrix, and the heat transfer of the materials. The non-
uniform temperature field is responsible not only for
causing residual stress and residual deformation, but also
for the early damage of the composite layer.> However,
the relationship between the temperature distribution and
the curing degree is not sufficiently understood. Hence, it
is necessary to study the distribution of temperature and
curing degree during the curing process of the composites
to design reasonable technology parameters.

Researchers have proposed simulation methods for
curing processes of resin-based composites. By calculus
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of the differences, Bogetti® reported two-dimensional
numerical simulations of thermosetting composite
materials’ curing process. Sung* proposed a curing
process simulation by using the finite element method
of non-linear heat conduction without considering the
flow of the resin. Using the finite element method,
Zhang Zuoguang® analysed the effect of the specific
heat capacity, thermal conductivity, density and packa-
ging materials on the temperature field and curing
degree field in the hot forming process of composite
materials.

There are many limitations of the models mentioned.
For example, the simulation only considered two dimen-
sions, which missed the two-way-coupled relationship of
resin curing and heat transfer. Also, the boundary con-
ditions are needed, especially in the case of not consid-
ering the effect of actual asymmetrical temperature
distribution in autoclave moulding for the curing
process. This paper established a three-dimensional
transient numerical analysis model for the curing
process in resin-based composites moulding, which
obtained the temperature and curing field simulation
results of a flat plate. Considering the asymmetrical
temperature distribution inside the autoclave, the influ-
ence of temperature on a flat plate curing process was
discussed.
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Mathematical model

In the thermoforming consolidation process of composite

materials, the heat passes from the external of composite

to the internal with the growing-up air in the autoclave.

Meanwhile, the resin cures gradually.® In this process,

the temperature of the resin matrix affects its curing

rate. The heat from the curing resin also affects the temp-
erature distribution. Figure 1 shows the relationship
between them.

Thus, it can be seen that the temperature and curing
degree of resin are correlated. To make their relationship
clear, it was necessary to comprehend the chemical
model, including a heat transfer model and a cure
kinetic model. Considering the complexity of the real situ-
ation, this study had the following premises:

(i) resin and fibre were treated as a whole material, which
was a homogeneous anisotropic material on the
macroscale;

(ii) the heat transmission caused by resin flowing was

ignored;

(iii) the temperature of the resin and fibre was the same
when they were located in the same internal of the
composite materials;

(iv) the influence of the internal composite porosity was
ignored.

Heat transfer model

The temperature field of the resin-based composite curing
was a heat conduction issue with a non-linear inner heat
source. The inner heat source came from the exothermal
reactions of the resin matrix. Therefore, the Fourier
heat equation and the energy conservative relations to
were used to establish the three-dimensional transient
equation of heat conduction.” It was given by equation
(1) as follows:

*T

+kzﬁ+q @)

T
ya—yz

orT T

PO = ke
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where p is the density of the material, Cp, is the specific
heat capacity of the material, T is the temperature, ¢ is
the time, k., k, and k. are three hegat transfer coeffi-
cients in three main directions, and ¢, which relates to
the curing rate, is the heat released from the resin
curing in unit time. The definition of ¢ is shown as
equation (2).%

da

g = p(1 — Vp)H,
q = p( Vf)Rdt

()

curing releasing heat affects temperature

heat curing

reaction

transfer

temperature affects curing rate

1 Relationship between heat transmission and curing
reaction in the hot-press process
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where V; is the fibre volume content and Hy is the total
reaction heat released from the curing of a unit quan-

. . . . da . .
tity. « is the degree of resin curing and T is the resin

curing rate.

According to the two equations, it could be seen that
the degree of curing and temperature couple with each
other. Furthermore, the density and specific heat capacity
of composite materials were obtained by using the
mixing law. The heat conductivity of composite material
depended primarily on the combination of the resin and
fibre. And, it was generally anisotropic and could be cal-
culated using the volume weighted average method.® The
calculation method is shown as the following formulas:

pp = Vipe + (1 = Ve)p, 3)
Cp = Vfo + (1 - Vf)Cr (4)

ky = Vike + (1 — Vp)k; (k =k, ky, k) (5)
where p,,, C,, and k;, are the density, specific heat capacity
and heat transfer coefficients of the composite. pr, Cr and
k¢ are the density, specific heat capacity and heat transfer
coefficients of the fibre. p,, C; and k, are the density,
specific heat capacity and heat transfer coefficients of
the resin matrix. V;is fibre volume content.

Curing kinetic model

The curing process for composite materials is a complex
chemical reaction. The resin goes through a complex chan-
ging process from viscous flow state to gel state, then
glassy state, and eventually to a solid state, along with
the phenomenon of chemical exothermic. Until now, the
kinetic model has been divided into two main models, the
phenomenological model and the mechanism model.” !
The former one is widely applied. Based on the curing
future, Kamal'? proposed the following autocatalytic model:

d

d—“ = (K1 + Ka™)(1 — )" (6)
t

K, = die ™ (i=1,2) 7

where K; is the speed constant and A4; is the pre-exponential
factor. E;is the activation energy. m and n are reaction orders.

In this model, when m plus n equals two, meaning that
the reaction order is two, the above equations were widely
used to describe the isothermal curing reaction kinetics of
unsaturated polyester resin and epoxy resin. It was necess-
ary to measure two curing kinetic parameters of the
equation, the curing state and curing rate, at the same
time. A method that is often used to measure these two
curing kinetic parameters is thermo analysis technology,
such as differential scanning calorimetry.'> When the
kinetic parameters were obtained, they were used to
predict the degree of cure for any temperature history
by the following formula:

a=J (%)dz )
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Numerical method

In this study, the finite difference method (FDM) was
used to detect the mathematical models, and get the
heat balance equation of all nodes in the system, assum-
ing that the system had a total of n nodes. Then, the nth
order linear algebraic equations were obtained as follows:

anxy +apxy + -+ apux, = b
axnxy + anxy + - -+ ayx, = by ©)

an1 X1 + amXx2 + -+ -+ Xy = bn

These equations are represented in the form of matrices
and vectors, that is,

AX = b (10)

In the above formula, coefficient matrix 4 characterises
the nature of the problem to solve. It is related to physical
parameters of the system. Matrix b characterises the
initial conditions and boundary conditions. Meanwhile,
the curing exotherm of resin can be considered in
Matrix b. By solving the equation, the distribution of
the temperature field and the curing degree at next
moment were obtained.

According to the numerical model, a universal curing
simulation programme was developed. The calculation
process is shown in Fig. 2, and the details are as follows:
(1) Set the relevant parameters, such as the boundary

conditions, initial conditions and calculation par-
ameters, etc. Then assemble coefficient matrix A;

Parameter settings

Calculate cure field

Begikito pute 2 and curing heat

Calculate
temperature

Time cycle end ?

2 Numerical calculation process

(i1) According to the autoclave heating specification, cal-
culate the applied temperature loads at current time
step. Then assemble matrix b;

(iii) Determine whether the resin is beginning to cure in
the current temperature field. If the curing start con-
ditions are met, proceed to step 4, otherwise go to
step 5;

(iv) Calculate the curing degree’s change at the current
time step and get the distribution of the curing
degree field. At the same time, calculate the heat

(6.1) released by resin according to the curing rate.

Considering the coupled relationship between
curing degree and the temperature field, we put
the heat in the matrix 5 from step 2;
(v) Calculate equations Ax = b to get the systems’ temp-
erature field distribution at current time step;
(vi) Determine whether the time cycle is complete. If
reached, then stop the calculation. Otherwise,
return to step 2 for the next time step calculation.

Structure and parameters

Structure of the numerical model

The autoclave is the key equipment of hot-press forming
process for resin-based composites. And autoclave
moulding has been adopted widely in advanced aerospace
composite materials preparation as it has the following
characteristics: the uniformity of pressure and tempera-
ture inside, stable and reliable moulding process, the rela-
tively simple mould, and high efficiency.'* In this
moulding process, the air or inert gas was used as a
heat carrier medium to complete the process of heating
and pressurising so that the resin was gradually curing.
Before the process, some encapsulation processes
needed to be done. One complete system structure
diagram after encapsulation is shown in Fig. 3.

By simplifying the encapsulation structure of compo-
sites in Fig. 3 and considering the effects of tools and
auxiliary materials, the structure of the numerical model
was established and shown in Fig. 4.

Calculation parameters

In this paper, the FDM was used to detect the mathemat-
ical model described and the corresponding thermal
curing simulation programme was developed. The non-
uniform grid technology was adopted to mesh the struc-
ture shown in Fig. 4. The adopted autoclave temperature
cycle presented in Fig. 5 is a two-stage cycle.

The composite material used for simulation was the
AS4/3501-6 graphite/epoxy resin system with the thick-
ness of 30 mm and the length and width were both
300 mm. The material properties of AS4/3501-6 graph-
ite/epoxy are given in Table 1. The curing kinetics par-
ameters are given in Table 2. The curing kinetics
equation is as follows:'?

9% _ K+ Kom(1 — (047 —a) a<03

dr
d
d%‘: K(1l—a) a>03
E E E
K = Ale_R_lT; K, = AQE_R_ZT; K; = A3€_R_3T

(1D
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= vacuum film
(I —}—ventilated felt
I cover plate
}—isolating membrane
i +—bleed material

[ 3+—isolation material

stopper

composite

sealing tape

No hole
3= stripping faric

tool
3 A complete system structure of composite after encapsulation

heat source (gas) . .
= 7 auxili Results and discussions

L - materials

Uniform temperature distribution

ﬂ oA ° h Degree of cure and the temperature profiles are shown in

Composite Fig. 6, which had three points in the horizontal centre flat
(Curing reaction) plate of the composites: the boundary point, the centre
| point and the point between them, i.e. A, B and C
Tool points shown in Fig. 4. Through the three degrees of
T cure profiles, the curing process was divided into two
stages by the point that the degree of cure was equal to
0-3. It was consistent with the epoxy resin curing kinetics

4  Structure of the numerical model

180 177
160 A (a)
140 1.01
—~ 1201 116
e 0.8 4
© 100 -
2
g 997 2 06
g o
£ 604 —
2 ©
40 - 2 044
20 20 53
(=}
0 — T T T T T T — 024 —— Center(B)
0 50 100 150 200 250 300 350 —— Boundary(A)
Time (min) 0.0 4 —— Between(C)
5 Autoclave temperature cycle T T T T 1
0 50 100 150 200 250
Table 1 Material properties of AS4/3501-6 graphite/epoxy Time (min)
Parameters (unit) Value (b)
200
Density p (kg m~5) 1578 180 4
Polymer specific heat C,, [J (kg K)™" 862
Thermal conductivity k, [W (m K)™"] 0-4135 160 -
ka kyv kz 1,5, 10 140 4
2 120
Table 2 Cure kinetics parameters for AS4/3501-6 graphite/ o ]
epoxy a(-:’u 100
Parameters (unit) Value “é. 80
L 60 —
Aq (min~") 2-102x 10° = Conter )
in—1 9 40 4 —— Boundary(A)
Ap (Min™ ) —-2.014x 10 —« Between(C)
As (min~") 1.960 x 10° 20 4 M
Ei(Jmol ™) 8.07x 10" 1
E2(Jmol™) 7.78x 10* 0 . . r .
E5 (J mol 1) 5.66 x 10* 0 50 1.00 . 150 200
R[J (mol K)™"] 8.3143 Time (min)
4 5
/‘;IR Wkg™) (1)958'6 <10 6 Degree of cure and temperature profiles at different points
A .

(a degree of cure, b temperature)
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of equation (11). In addition, it could be seen from the
degree of cure profiles that the curing starting time at
the centre point was later than the point on the boundary.
Since at the early stage of the curing, the curing rate was
low and degree of cure at the centre was smaller than the
boundary, the composite material was cured gradually
from the boundary to the centre. However, as the resin
was cured constantly, especially at the time of the
second heating up stage, the curing reaction near the
centre was very strong and emitted a large amount of
heat. The heat promoted the progress of the resin
curing, which resulted in the rapid increased curing
speed at the centre, and the resin at the centre completed
curing at the same time as the boundary at last.

It can be seen from the temperature profiles that the
temperature rising at the centre showed an obvious
delay from the boundary. This was mainly because the
boundary of the composites was closer to the heated gas
inside the autoclave. The heat from the gas to the compo-
site system used convection heat transfer and then moved
by heat conduction means from the boundary to the
centre of the composites. In this process, the resin gradu-
ally completed the curing process. In addition, through
the profiles, there were two obvious exothermic peaks in
two stages. Since the curing rate was low at the first
stage, the heat released by the resin curing reaction was
less. The peak could be not obviously seen at the first
stage. While at the second stage, a clear peak temperature
in the profiles could be seen because the heat released was
much greater than the first stage as the curing rate was
higher. Relative to the boundary, the surrounding resin
at the centre is rich. And the released heat is greater and
the peak owing to the exothermic curing was more promi-
nent. By measuring the centre point, the peak tempera-
ture of the first stage was higher than the autoclave air
of 5°C and the second stage was higher than the autoclave
air of 14°C.

To clearly see this phenomenon of internal curing of
composite materials, the temperature field was displayed
in the interception of the one-fourth composite plate

167

-
€D
(o)}

Temperature (C)

=
=]
a

164
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8 Temperature of the centre of inner composite under
different temperature difference (local zoom)

according to the symmetry, as shown in Fig. 7, where
the exothermic phenomenon is very obvious.

Non-uniform temperature distribution
In the actual production, the temperature in the autoclave
was not uniform. In order to simulate the actual autoclave
production, the simulations with 4 and 10 temperature
difference in the axial direction along the cylinder were
performed.
Magnifying the temperature curve around 128 minutes,
as shown in Fig. 8, the temperature under the condition
with four temperature difference differed about 0-5°C
with the condition with no temperature difference. And
the temperature under the condition with 10 temperature
difference differed about 1-3°C under the condition with
no temperature difference. So it could be deduced that
if the temperature difference was increased in the
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autoclave, the actual composite temperature would have a
linear relationship with the condition with no temperature
difference.

Compared to the first temperature rising process, the
temperature gradient in the second process was not very
significant. The reason was that the average temperature
of the system was higher in the second process, and the
temperature difference had a smaller proportion with
the average temperature. So the conclusion could be
drawn that the higher temperature the system has, the
smaller the effect of the temperature difference will be.

Because the actual temperature gradient in autoclave is
usually tiny, the effect that the temperature has on the
composite temperature field and the degree of curing
field can be ignored. And, the temperature difference
has no obvious effect on the uniform temperature field
of the whole composite system.

Conclusion

This paper presented a two-way coupled model of heat
transfer and curing kinetics in resin-based composite
curing process. Based on the finite difference method,
simulation programme was developed to simulate the
curing and temperature fields. The simulation results of
a flat plate illustrated the significant two steps of AS4/
3501-6 graphite/epoxy resin systems. The curing time of
the centre part material was later than the boundary at
the beginning. However, the temperature growth in the
centre was higher during the curing process. The asymme-
trical temperature difference inside the autoclave
increased gradually. Thus, the actual resin-based compo-
site had a linear relationship with no temperature differ-
ence. This was more obvious at a low temperature
situation. Moreover, with the higher temperature of the
system, the effect of the temperature difference was
smaller. The model and programme developed in this
research have a general application in the curing
process. They are not limited in a certain product shape
or forming process.
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