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Local overheating during curing of thermosetting resins is likely to occur for thick laminates or during fast
curing. Overheating may lead to heterogeneous mechanical properties along the laminate thickness or even to an
uncontrolled reaction. To avoid overheating, most thermoset resin manufacturers recommend a “safe” cure cycle.
However, these cure cycles can be improved to shorten cure times in thin laminates and may not be good enough
to avoid overheating in thick laminates. In this paper, we propose a new analytical model to determine the
critical thickness above which thermal runaway occurs when the laminate is heated at a constant rate up to a
constant temperature. The model considers different thermal boundaries between the mould and the laminate, i.
e., from a perfect thermal contact to a contact of infinite resistance. The analytical model was corroborated
through the numerical integration of the equations governing it and experimental data from the curing process of
a thick laminate composed of the commercial VTC401 epoxy resin and M55J carbon fiber system. Model pre-
dictions indicate that, under the manufacturer’s recommended cure cycle, which includes an initial heating rate
of 2 K/min, thermal runaway occurs in laminates thicker than 12.4 mm, aligning with experimental observa-
tions. A 20-mm-thick laminate, exceeding this threshold, was cured using a reduced heating rate of 0.3 K/min
based on our criteria, successfully preventing overheating. The maximum temperature gradient recorded

Cure behaviour
Process modeling
Autoclave

experimentally remained below 1 °C, confirming the model’s prediction of uniform thermalization.

1. Introduction

The main problem of fast curing and curing of thick carbon-epoxy
laminates lies in the removal of the heat generated by the exothermic
reaction (Lorenz et al., 2022). Due to the low thermal conductivity of the
thermoset, in fast cure cycles and thick samples, the heat released by the
curing process is not dissipated effectively, the local temperature rises,
and the rate of reaction and heat generation increases. The formation of
temperature gradients leads to non-uniform curing, morphological in-
homogeneities, and even the degradation of the matrix and delamina-
tion (Ciriscioli et al., 1992; Twardowski et al., 1993). For example, these
issues are commonly found in rapid autoclave curing, which often pre-
sents an unacceptable risk of exothermic overshoots (Tifkitsis et al.,
2018; Voto et al., 2019). Eventually, when the sample exceeds a critical
condition, this enhancement of the reaction rate induces a thermal
runaway (Barzykin, 1973; Merzhanov and Strunina, 1965).

The occurrence of a thermal runaway depends on two time scales:
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the reaction time, and the heat dissipation time. Therefore, a thermal
runaway occurs when the dissipation time is longer than the reaction
time (Adler and Enig, 1964; Varma et al., 1999). Fast curing implies a
reduction in the reaction time, while the dissipation time increases in
thick laminates. Therefore, in both cases, this favours the occurrence of a
thermal runaway, meaning that the generation and transfer of heat must
be considered to predict the result of a cure cycle in fast curing condi-
tions and in thick composite parts (Zhang et al., 2021). For instance, the
manufacturer’s recommended cure cycle (MRCC), commonly used for
thin laminates, may not be valid for thick composite parts. In this case,
the occurrence of a thermal runaway is manifested by a characteristic
temperature overshoot (Michaud et al., 2002; Oh and Lee, 2002). As a
result, conservative long curing cycles are adopted for thick parts, with
the consequent penalty in manufacturing costs. Therefore, to optimise
the cure cycle, tools are needed to determine the conditions under which
a sample will experience a thermal runaway.

So far, several numerical methods have been developed to analyse
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overheating during the curing process of fibre reinforced polymer (FRP)
laminates (Bogetti and Gillespie, 1991; Dolkun et al., 2018). Voto et al.
(2019) developed a one-dimensional (1D) model of the heat flow bal-
ance to determine the heating rate limit in fast cure processing of thick
laminates. Tifkitsis et al. (2018) developed a stochastic multi-objective
methodology for optimizing the curing of thick epoxy/carbon fibre
laminates. They used a surrogate model embedded in a genetic
algorithm-based framework. Their two-dimensional (2D) model in-
cludes insulating and convective boundaries. Esposito et al. (2016)
presented a 2D finite element model that introduces the heat flow pro-
duced by convection inside the autoclave and conduction between the
aluminium mould and the laminate. The model takes into account the
breather material. Shi (Shi, 2016) followed a similar approach, but the
application was carried out using a three-dimensional (3D) heat transfer
model. The overheating predictions for a 32-mm-thick flat panel showed
almost the same accuracy as the 2D model. Sorrentino et al. (2017)
evaluated the effect of curing overheating on mechanical properties
(ILSS). Their results revealed that, an exothermic peak of 52 °C
(17-mm-thick carbon-epoxy panels) above the dwell temperature causes
a decrease in interlaminar shear strength of 8.3 %, while a peak of 75 °C
(25 mm thick) results in a reduction of ILSS of 17.1 %. The overheating
predictions for a 32-mm-thick flat panel showed practically the same
accuracy as the 2D model.

While integrating numerical models is certainly an advance over
trial-and-error procedures for optimizing curing cycles, implementing
them within an industrial context is still challenging. In the one hand,
the iterative nature of running multiple simulations to achieve the
optimal cure cycle can be very time-consuming and computationally
demanding. Besides, the implementation of the solving algorithms
typically relies on commercial software packages. These packages often
require extensive numerical procedures and specialized personnel to
manage them. Moreover, commercial simulation software usually in-
volves high licensing costs. As an alternative to simulations, attempts
have been made to establish a framework for guiding the processing of
thick laminate based on studying the sensitivity of various curing pa-
rameters to specimen thickness (Gao et al., 2023). However, the con-
clusions drawn from such studies tend to be merely qualitative. On the
other hand, obtaining an analytical solution to the thermal overshoot
problem would significantly enhance rapid decision-making when
optimizing curing cycles for thick laminates. Such a solution would
indeed elucidate the dependencies of system parameters, providing
direct insight into how process variables influence system behaviour.
Furthermore, once derived, these solutions are straightforward and
quick to compute.

However, to the best of our knowledge, there are no analytical
models available to predict the occurrence of thermal runaways in
composites processed under constant heating rates. This work in-
troduces a criterion, based on an analytical model, designed to prevent
thermal runaway during the processing of thermoset laminates under
constant heating rates. The criterion incorporates heat convection and is
applicable to various processing techniques, such as infusion and simple
bake plate curing. Specifically, we adapt and expand the thermal
runaway criterion developed by Sédnchez-Rodriguez et al
(Sanchez-Rodriguez et al., 2017a, 2017b) to account for the typical
curing process conditions of hot plate pressing and vacuum infusion
manufacturing, which has not been previously addressed. We consider
the case of constant heating, and the analytical criterion is validated by
comparing it with the numerical integration of the corresponding partial
differential equation. As a further validation case, we study experi-
mentally the thermal evolution during curing according to the MRCC of
a 20-mm-thick laminate made of VTC401/M55J.

2. Materials and experimental methods

The composite laminate used in this study was manufactured using
M55J/VTC401 carbon epoxy unidirectional prepreg (SHD Composite
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Materials Ltd). It has an aerial weight of 100 g/m? and 32% resin content
in weight (VTC401 Epoxy Component Press et al., 1994). Thermal, kinetic,
and physical properties are reported in Table 1.

Two flat 300 x 300 x 20 mm® panels were laminated by prepreg
hand lay-up and subsequently cured into a conventional autoclave sys-
tem. An aluminium mould was cleaned and covered with polyolefin non-
perforated release film. The prepreg layers were cut to size and placed
on the mould until the [0°]p0p laminate stacking sequence was
completed. A standard peel-ply was placed on top of the laminate. A
Teflon coated glass fabric was used as an edge breather to remove
entrapped air from the laminate stack. A commercial non-woven poly-
ester breather (330 g/ m?) was used for an even distribution of vacuum.
The entire setup was sealed using a vacuum bag with bagging tape,
while the vacuum pressure was 0.95 bar. During the lamination process,
debulking was performed after the first layer and then every three layers
after that, by applying the vacuum for 5 min to remove the entrapped air
from the laminate stack and ensure good prepreg compaction. Fig. 1
details the bagging scheme. One of the panels was subjected to the
MRCC (see section 5), while the second one was subjected to a modified
cycle based on the analytical model and designed to avoid the formation
of thermal gradients.

Six thermocouples were embedded through the panel thickness
(Fig. 2), and the autoclave temperature was controlled by the coldest of
the thermocouples embedded in the CFRP panel.

For the panel submitted to the MRCC, a slice was cut from the centre
of the panel using a diamond saw and two 10 x 5 x 3 mm® samples were
extracted from the inside of the CFRP panel (indicated in blue in Fig. 3)
and from the area adjacent to the tool (in green) to study the variation of
the glass transition temperature (Tg) across the thickness (Fig. 3).

The T; was obtained using a DSC from TA Instruments, Model
Q2000. The temperature range was 30 °C to 250 °C at a heating rate of
10 °C/min. Aluminium pans were used for the reference and the sam-
ples. Measurements were taken with a continuous purge of nitrogen
(99.999 % purity) at a flow rate of 50 ml/min.

3. Thermochemical model

For large surface area parts, the temperature gradients normal to z-
axis (see Fig. 4) are negligible. Under this assumption, the thermal
problem can be reduced to the balance between the heat generated
locally by the curing reaction and the heat propagation through the
sample:

*T da

Peor =Koz TPy M

where T is the temperature, t is the time, 2 is the space coordinate (see
Fig. 4), p is the density, c is the specific heat capacity, « is the thermal
conductivity, q is the enthalpy of the reaction, and a(z, t) is the degree of
cure (a = 0 untransformed, a = 1 totally cured). We assume that the
physical parameters are independent of the temperature and degree of
cure.

As for the reaction, we assume a first-order reaction kinetics to ac-
count for the reactant consumption. While this approach simplifies the
actual evolution of the reaction kinetics, it has proven to be a reasonable

Table 1
Physical and kinetic properties of the M55J/VTC401 UD prepreg
(*Approximated value, taken from carbon-epoxy UD M21/T700).

Thermal conductivity out-of-plane, x (W m~ K') (Tranchard et al., 0.85%
2017)

Specific heat capacity, ¢ (J kg~* K™!) (Tranchard et al., 2017) 1150%
Density, p (kg m™3) 1686
Specific heat of reaction, q (J kg’l) (Gonzélez Ruiz et al., 2022) 2.1 x 10°
Activation energy, E, (J mol 1) (Gonzalez Ruiz et al., 2022) 9.17 x 10*
Pre-exponential constant, A (s™1) (Gonzalez Ruiz et al., 2022) 3.0 x 10°
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Fig. 1. Vacuum bagging scheme of the manufactured panel.

approximation for predicting the onset of thermal runaway, particularly
when it occurs in the early stages of the reaction, as demonstrated in
studies on metallorganic precursors (Sanchez-Rodriguez et al., 2017)
and propellants (Victor, 1995). Moreover, the reaction is assumed to be
thermally activated following an Arrhenius temperature dependence, i.
e.:

a—a:Ae‘EA/RGT(l —a) (2)
ot

where A is the pre-exponential factor, E4 is the activation energy, and Rg
is the universal gas constant (8.314 J K lmol™).

Initially, we assume that the initial sample temperature, T, is uni-
form and equal to 293 K (room temperature), and that the degree of
transformation is zero throughout the sample. We assume that heat
transfer through the top surface of the laminate is controlled by gas
convection, and that the gas temperature corresponds to that of the
mould, Ty, As for the bottom surface, we assume that there is a perfect
thermal contact with the mould and that its temperature is T,

oT' oT

oT
K T h[T, — T(H)},Ka

g

) T(me) = Tm (3)
2=0

2=0

where h is the convective heat transfer coefficient (ranges from 30 to 100
Wm 2K~ ! (Antonucci et al., 2001)), &, is the thermal conductivity of the
mould, H is the thickness of the laminate, and Hy, is the thickness of the
mould (see Fig. 4).

To numerically solve the partial differential equation (PDE), Eq (1),
we have used a fully implicit finite differences method (Press et al.,
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1994). Implicit methods are especially suited to thermal runaway
problems because they have the ability to deal with very different time
scales.

4. Analytical solution

In this section we determine the temperature range in which a
thermal runaway occurs, as well as the critical laminate thickness, H, to
avoid thermal runaways when the mould temperature is raised at a
constant rate f:

Tn=Tn+pt, 4

where Tj, is the initial temperature (typically room temperature).
Normally, Ti, is low enough that the reaction rate is so slow that

overheating related to the heat released by the curing reaction does not

occur. Under these conditions, the hottest place is the one next to the

mould (see Appendix), so we can initially consider the mould temper-

ature to be representative of the sample:

da

—=Ae FalReTn (1 _q). 5

i ( ) ()
Then, the transformation rate increases because the term Ae £4/R¢m

increases as Ty, rises. However, as the curing reaction progresses the

Mould H, m

Fig. 4. Schematic representation of the geometry analysed, Eqgs. (1) and (3).

Fig. 2. Left: Schematic of the central cross-section of the panel showing the locations of the embedded thermocouple measurement junctions. (L stands for layer).

Centre and Right: manufactured CFRP panel.

Fig. 3. Location of the samples extracted to determine T by DSC.
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term (1 —a) decreases, and the transformation rate tends to zero as the
process approaches completeness. Therefore, the evolution of da/ dt
with T, exhibits a peaked shape and the maximum transformation rate
isreached when Ty, is Tax (see Fig. 5). The peak temperature, Tpax, also
known as Kissinger temperature, depends on S and the kinetic
parameters

(Farjas and Roura, 2014; Kissinger, 1957):

Ex A —Ea/RGTmax

ReT2, ¢ ©

max

The thermal runaway occurs at the vicinity of the Kissinger tem-
perature (Sanchez-Rodriguez et al., 2017b). An exact and simple
approximate solution of Eq. (6) is given in references (Farjas and Roura,
2014; Roura and Farjas, 2009), respectively. Although this solution is
derived from the assumption of a first order reaction model, it has been
shown that the accuracy of this equation is minimally dependent on the
reaction model and is primarily related to Ep/(RGTmax) (Criado and
Ortega, 1986; Sestak et al., 2014). Therefore, the validity of Eq. (5) can
be considered independent of the reaction model. In particular, the
percent error in the calculation of T,y by using this equation is negli-
gible when Ep/(RGgTmax) > 10 (Budrugeac and Segal, 2007). For the
curing of epoxy resins Ep/(RgTmax) ~ 25 and therefore it can be applied.

Due to the heat released by the curing process, the reaction is
accelerated, the duration of the curing process is reduced and therefore
completed at a lower temperature, even when the critical condition for a
thermal runaway has not been met (Farjas et al., 2012). To establish a
limit temperature below which the reaction rate is negligible, T, ;, we
applied the method developed in (Farjas et al., 2010; Farjas and Roura,
2008) to determine the peak width at half maximum. In particular, we
have obtained an approximate solution of Eq. (5):

a(t)=1—exp[—exp (£ /7)]. )

2
Tmax

wheret =t — % (that is when ¢ = 0 then T, = Tjay) and 7 = RGﬂTA
is a time constant. Note, that the solution of Eq. (7) depends on one
single parameter, 7. Therefore, if we use the dimensionless timet =t/ ¢
Eq. (7) has a universal solution, i.e., the evolution of the reaction, as a
function of dimensionless time does not depend on the heating rate:

a(t)=1 - exp [—exp (t)]. 6)
0.4 T y T T T T T : T E T
0.3 - -
I§ -
3 021 / Atewim A .
e}
oz =
L © o
0.1 : 3 2
e o
[
e
0.0 T T T ': T T T T
3 5 4 0
t

Fig. 5. Solid line: calculated evolution of the transformation rate vs. the
dimensionless time according to Eq. (7). Dashed lines: dimensionless time at
which the transformation rate is half the maximum transformation rate (full
width at half maximum FWHM).
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In Fig. 5 we have plotted the evolution of the transformation rate as a
function of dimensionless time. To define T, we have taken half the
maximum transformation rate. Thus, T, is given by T = —1.46119.
Using the definition of dimensionless time and substituting it in Eq. (4)
we obtain the following T,

RGTmax)
Ea

©)

Tor = Tmax (1 —1.46119

In Fig. 6 we have plotted Tpax and T,, as a function of the heating
rate for the kinetic parameters, A and E,, given in Table 1. Tpax and T,
increase with heating rate. Therefore, to avoid overheating during the
heating stage it is sufficient to select a heating rate high enough so that
T, is above the temperature of the isothermal stage. Thus, from Eq. (9)
we can determine a lower bound for f that avoids overheating during the
constant heating rate stage. Nevertheless, as we will see in Section 5, the
use of high heating rates to avoid a thermal runaway can have detri-
mental effects, such as inhomogeneous curing, due to the thermal inertia
of the laminate.

On the other hand, the critical thickness depends on the heating rate
(Sanchez-Rodriguez et al., 2017b), below a critical value the system
reaches a quasi-stationary solution where heat generation is compen-
sated by heat dissipation. So there is an upper limit for g below which
there is no thermal runaway. According to ref (Sanchez-Rodriguez et al.,
2017b). for a large surface area and assuming perfect thermal contact at
the bottom and perfect thermal insulation at the top, the critical thick-
ness is:

el/e Kp 0.878
Ho=Sr |5 , (10)
P (1 +zs){1 —(2+e+ 3092%}
R Tinax —
where ¢ = R¢fm= and 0 = RGE}}W g,

The condition of perfect thermal insulation, however, is not realistic
for manufacturing processes like vacuum infusion or hot plate pressing.
Therefore, it is mandatory to adapt the condition developed in ref
(Sanchez-Rodriguez et al., 2017b) to take into account the heat transport

60 200
50
150
£ 40 8
E e
[ =
$ 30 100 &
£ g
Q =
o
~ 20 ﬁ
50
10
0 0

B (K/min)

Fig. 6. Solid black and green lines: analytical prediction of the critical thick-
ness assuming a convective coefficient of 70 W/m2K (Eq. (12)) or perfect
insulation at the top (Eq. (10)), respectively. Symbols: numerical determination
of the critical thickness assuming a convective coefficient of 70 W/m?K. Red
and blue dashed lines: calculated Kissinger and onset temperatures of the re-
action according to Egs. (6) and (9). The physical parameters used in the
analytical and numerical results are given in Table 1. Purple stars: heating rate
and thickness values corresponding to the two experiments and the results on
the same composite laminate but of 2 mm thickness retrieved from [33].
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by thermal convection at the top of the laminate as well as perfect
thermal contact. For this purpose, we have reduced the numerical model
Egs. (1)-(3) to a one-dimensional model and integrated this model for
the three sets of parameters indicated in Table 2: set 1 corresponds to a
curing reaction (Esposito et al., 2016), and sets 2 and 3 to the decom-
position of two different metalorganic precursors (Sanchez-Rodriguez
et al., 2014; Zghal et al., 2020). In Table 2 we have considered signifi-
cantly different systems to check the robustness of the model. For the
numerical simulations, we have taken various heating rates from 5 to 30
K/min and different values of the convective coefficient between 0.001
and 5 x 10® W/m?K. The result, Fi g. 7, demonstrates that the relation-
ship between the critical thickness and H, o depends mainly on a single
parameter which is the Biot number:

H

an

Note that when h—0, we obtain the expected solution for perfect
insulation at the top, H. = H,,.

Conversely, due to symmetry, a laminate of thickness 2H and perfect
thermal contact at the top is equivalent to a laminate of thickness H and
perfect thermal insulation at the top (Sanchez-Rodriguez et al., 2017a),
so when h—oo then H.—2H.y. Thus, the critical laminate thickness
changes by a factor of 2 when moving from perfect insulation to perfect
thermal contact.

To quantify the dependence on the convective coefficient we fitted
the numerical data in Fig. 6, and we obtained the following dependence:

H 1.2\ -1
H.=H,, [2— <1+0.63 {h ”’} > } 12

k

In Fig. 6 we have plotted the critical thickness as a function of the
heating rate for the parameters given in Table 1 and h = 70 W/m?K. We
can observe that the higher the heating rate, the lower the critical
thickness, thus, for a given thickness it is possible to obtain a lower limit
for g so that for slower heating rate no thermal runaway will occur.

To confirm the validity of Eq. (12) we numerically integrated the
partial differential equation and determined the critical thickness for
heat rates ranging from 0.1 to 200 K/min. We integrated Egs. (1)-(3)
assuming a one-dimensional propagation of heat through the z direction
and a perfectly thermalized mould. The parameters for the numerical
integration are those in Table 1 with h = 70 W/m?K. The result is shown
in Fig. 6, and there is a perfect agreement between the numerical so-
lution and the analytical one, Eq. (12).

Once Fig. 6 is generated, it can now be used to identify the two
boundary cases that define three distinct scenarios. First, there is the
lower boundary, f,1, the heating rate below which thermal runaway
does not occur. This rate depends on the laminate thickness and can be
identified by drawing a horizontal line from the left vertical axis to
intersect with the H. curve:

Table 2
Parameters for the numerical analysis of Fig. 7.
Property Set 1 (Esposito  Set 2 (Sanchez-Rodriguez  Set 3 (Zghal
et al., 2016) et al., 2014) et al., 2020)
Thermal 0.54 0.06 0.0846
conductivity, x (W
m 'K
Specific heat 975 875 1010
capacity, ¢ (J kg™t
Kh
Density, p (kg m~3) 1525 1114 578
Specific heat of 2.5 x 10° 2.75 x 10° 3.74 x 10°
reaction, q (J
kg™
Activation energy, 7.985 x 10* 1.70 x 10° 2.20 x 10°
Ea (J mol™ 1)
Pre-exponential 1.08 x 10° 3.4 x 103 2.34 x 10"

constant, A (s°1)
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Fig. 7. Symbols: numerical analysis of the ratio between the critical thickness,
H,, and the theoretical critical thickness for perfect insulation at the top, Eq.
(10), as a function of the Biot number, Eq. (11). The analysis was carried out for
the three sets of parameters given in Table 2. Solid line data fit, Eq. (12).

B> p., — Homogeneous curing

Secondly, there is the upper boundary, pc,2, beyond which thermal
runaway is also avoided, as the temperature at which thermal runaway
would occur exceeds the isothermal stage temperature of a curing cycle
composed of a ramp followed by a dwell period. However, as previously
noted, this condition promotes high thermal gradients that lead to un-
even curing. This limit is defined by drawing a horizontal line from the
right vertical axis at the dwell temperature to intersect the T, curve:

p>p., — Unhomogeneous curing

The third scenario occurs when the heating rate during the ramp
stage falls between ,; and pc,2, defining the heating ramp range where
thermal runaway is expected:

Pe1 < Pp<P.; — Thermal runaway

5. Experimental validation

The manufacturer’s recommended cure cycle (MRCC) for the
VTC401 epoxy resin consists of a ramp up to 120 °C at 2 °C/min, a dwell
at 120 °C for 45 min, a second ramp to 135 °C at 0.3 °C/min, a second
dwell at 135 °C for 2 h and then cooling to room temperature at 2 °C/
min (Fig. 7). The temperature evolution along a 20-mm-thick CFRP
laminate with VTC401 epoxy resin laminate was experimentally deter-
mined using embedded thermocouples during MRCC (Fig. 1). In Fig. 8
we have plotted the temperature evolution of the thermocouple that
recorded the maximum and minimum temperature, thermocouple TC3
and TC2, respectively. Fig. 8 clearly shows an overshoot at the end of the
heating stage, despite the fact that the thermal program strictly con-
forms to the manufacturer’s data sheet.

In Fig. 9 we have plotted the temperature evolution recorded by all
the embedded thermocouples, together with the temperature evolution
at different locations (Fig. 4) obtained from the numerical integration of
Egs. (1)-(3) for a 20-mm-thick panel. For the numerical simulation, we
have taken the physical parameters of the M55J/VTC401 unidirectional
carbon epoxy prepreg (Table 1), and a convective coefficient of 70 W/
mZK (Esposito et al., 2016; Guo et al., 2005). We have also considered
that the bottom the panel is in contact with a 15-mm-thick aluminium
mould (x = 117 W/mK, ¢ = 900 J/kgK and p = 2660 kg/m> (Esposito
et al., 2016)).
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Fig. 8. Black solid line: manufacturer’s recommended cure cycle (MRCC) for
the VTC401 epoxy resin. Blue dashed and red dot-dashed lines: evolution of
temperatures recorded by thermocouple TC3 and TC2 in a 20-mm-thick
panel (Fig. 1).
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Fig. 9. Symbols: Experimental evolution of temperature recorded by the
thermocouples embedded across the thickness of the panel (Fig. 1). Continuous
lines: calculated temperature evolution predicted by numerical integration, Egs.
(1)-(3), for a 20-mm-thick laminate at positions located at 5 (1/4), 10 (1/2), 15
(3/4) and 20 mm (4/4) away from the mould (see Fig. 4 for details).

The numerical simulation reproduces the initial phases of thermal
overshoot fairly well; however, the subsequent evolution shows higher
temperature values for the simulation. The reason is that the autoclave
has a self-regulating system based on the sample temperature which is
designed to avoid temperature overshoot. Thus, when the temperature
of the laminate starts to deviate from the setpoint, the autoclave cools
down. This self-regulating control also explains that once the overshoot
has passed, time >60 min, the numerical simulation recovers the set-
point temperature while the temperature recorded on the panel is
clearly below the setpoint, i.e., the mould temperature is lower than the
setpoint temperature.

To avoid a thermal overshoot for a 20 mm thick laminate, according
to the analytical model we selected a slower heating ramp. For this
purpose, from Fig. 6, we chose a heating rate close to the critical con-
dition for perfect insulation, 0.3 K/min. We have repeated the curing
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cycle for a 20 mm thick laminate, but replacing the initial heating ramp
of 2 K/min by a heating ramp of 0.3 K/min. The temperature evolution
during this curing cycle is shown in Fig. 10. Unfortunately, for an un-
known reason at the initial stage the autoclave did not follow the pro-
grammed setpoint and, after 200 min, the autoclave exceeded the
programmed rate to catch up. As we have seen in Figs. 8 and 9, the
thermal overshoot appears at the end of the heating ramp, as it ap-
proaches the temperature of 120 °C. Fortunately, the heating ramp
reached again the programmed rate of 0.3 K/min before the end of this
first stage, so the autoclave followed the heating rate programmed in the
critical stage. From Fig. 10, we can confirm that there is perfect ther-
malization throughout the sample and no thermal gradients are
observed, as predicted by our analytical model.

5.1. The effect of curing overheating on the T,

Differences in Tg of 5.5 °C (5.1 %) appeared between the specimens
extracted from the tool-ply interface and the mid-inside zone of the thick
laminate submitted to the MRCC (Fig. 3), experimentally confirming
that the cure process across the 20-mm-thick panel was not uniform.
Furthermore, the T, for the mid-inner specimen is 10.4 °C lower than the
T, determined in a non-overheated thin panel (2 mm) following the
MRCC (Gonzalez et al., 2024), which in turn means that in the
worst-case scenario, the overheated samples extracted from the thick
panel exhibit a maximum T, drop of 9.3 % related to the thermal
degradation (Fig. 11).

6. Discussion

Both the experimental data and the numerical simulation show that,
in the case of a thick laminate and for the MRCC, the reaction becomes
unstable, and a thermal runaway occurs, resulting in a sharp over-
heating (Figs. 8 and 9). When a thermal runaway takes place, the heat
generated by the curing process in the central area of the panel cannot be
dissipated efficiently and the curing reaction is further accelerated. This
local overheating may be detrimental for the final properties and must
be avoided during composites processing (Twardowski et al., 1993).

In Fig. 6 we have represented the two experimental cases performed
on the same composite laminate: a 2-mm-thick panel (Gonzalez et al.,
2024) and a 20-mm-thick panel (Fig. 8). In both cases, the temperature
program is the MRCC. In the case of the 2-mm panel there is no
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Fig. 10. Black solid line: autoclave temperature setpoint. Blue dashed and red
dot-dashed lines: experimental evolution of temperatures recorded by ther-
mocouples TC3 and TC2 in a 20-mm-thick panel (Fig. 1). Black dashed line:
programed initial heating ramp.
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overheating and the thermal gradients are negligible during the com-
plete curing cycle (Fig. 4 in (Gonzalez et al., 2024)), while for the 20-
mm-thick panel overheating occurs during the heating stage at 2 K/
min. From Fig. 6 we can confirm that the critical thickness for f = 2 K/
min, obtained from Eq. (12), 12.4 mm, lies between 2 and 20 mm, thus
in agreement with the experimental result.

However, as we have seen in Section 4, two conditions must be ful-
filled for a thermal runaway to occur during the constant heating stage:
(i) the panel thickness must be greater than the critical thickness, and
(ii) the final temperature of the heating stage must be greater than the
onset temperature, Eq. (9). We have already determined that the first
condition is only satisfied in the case of the 20-mm-thick laminate. As for
the second condition, we have plotted the final temperature of the
heating stage, 120 °C, as a horizontal line in Fig. 6. It can be seen that the
onset temperature for f = 2 K/min is below this horizontal line, so the
second condition is also fulfilled. However, this horizontal line is slightly
below the Kissinger temperature. Consequently, overheating occurs at
the end of the heating phase, as seen in Figs. 9 and 10.

According to the analytical model, there are two possible strategies
to avoid thermal runaway. The first one is to reduce the heating rate so
that the critical thickness is greater than 20 mm. This critical heating
rate can be determined from Fig. 6. Indeed, we have drawn a horizontal
line corresponding to the 20-mm thickness, and from the intersection
with the critical thickness curve we determined that for a heating rate of
0.3 K/min no thermal runaway is expected to occur in 20 mm thick
panels, even under perfect insulation conditions. We have subjected a
20-mm thick panel to a curing cycle with an initial heating ramp of 0.3
K/min and no thermal gradients were observed, confirming that the
occurrence of thermal runaway has been avoided, as seen in Fig. 10.

The second strategy to prevent runaway is to choose a heating rate
high enough so that the onset temperature is above the temperature of
the isothermal stage. Again, this lower limit of the heating rate can be
determined with the help of Fig. 6. In this case, from the intersection
between the onset temperature curve and the horizontal line corre-
sponding to the isothermal temperature, i.e., 120 °C. This intersection
gives the limiting heating rate as 7.91 K/min. That is, for heating rates
higher than this value, no thermal runaway occurs during the heating
stage below 120 °C.

Nevertheless, this second strategy has a handicap. When the panel is
heated at a high heating rate, thermal gradients are formed due to the
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thermal inertia of the panel. In the Appendix we have determined the
time lag related to the thermal inertia of the panel, 7j:

2
nag:%@g) , a3)

T

where a = o is the thermal diffusivity and B is a constant that depends

on the convective coefficient, given by Eq. (A.10) and ranging from 1
when h = oo to 2when h = 0. In Fig. 12 we have plotted the evolution of
this time lag as a function of the laminate thickness forh =0, h =70 W/
m?K and h = c. Note that this time lag scales as the square of the
thickness.

According to the Appendix, when a sample is heated at a constant
heating rate, this time lag results in a maximum temperature difference
within the sample of:

AT=1.2331p7 14

In our case, for a thickness of 20 mm and h = 70 W/m?K, we obtain
7 =187 s. Thus, for a heating rate of 2 K/min we obtain a maximum
temperature difference of 7.7 °C which is in agreement with the
maximum temperature difference recorded within the panel (Fig. 9
between thermocouples TC1 and TC3) during the first heating stage and
before reaching the region affected by the heat released by the curing
reaction (<35 min).

Besides, for a heating rate of 7.91 K/min we obtain AT = 30 °C, i.e.,
using a high heating ramp to avoid thermal runaway leads to tempera-
ture differences inside the sample of more than 30 °C. This fact dis-
courages using the second strategy mentioned above in the
manufacturing of composites in industrial contexts.

7. Conclusions

In the case of thick panels, a thermal overshoot may occur in the first
heating ramp during manufacturing, even if the curing cycle strictly
complies with the manufacturer’s recommendations.

We have analytically determined the conditions that should be met
to avoid a thermal overshot during the heating stage. Indeed, three
different approaches are available. First, we have shown that there is a
threshold heating rate below which no thermal runaway occurs.
Although this strategy involves a longer curing cycle it ensures that no
significant temperature differences within the sample will arise.

10000

1000

T (s)

100

10 4

H (mm)

Fig. 12. Calculated time lag, Eq. (14) as a function of the panel thickness for
the physical parameters of Table 1 and three different boundary conditions on
top: perfect insulation (h = 0), convection with h =70 W/m?K, and perfect
thermal contact h = co.
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Conversely, a thermal overshoot can also be avoided by choosing a
heating rate higher than a critical heating rate. However, in this case
significant temperature differences arise within the sample due to the
thermal inertia of the panel.

As a third option, the occurrence of a thermal runaway can be pre-
vented by limiting the laminate thickness to below the critical one.

The analytical prediction of these two limiting heating rates, as well
as the analytical determination of the temperature differences within the
sample due to thermal inertia, have been validated against a numerical
analysis. The agreement between the analytical solution and the nu-
merical analysis is remarkable.

Finally, we have experimentally processed two 20-mm-thick panels
instrumented with thermocouples across the thickness. One of the
panels has been processed according to the MRCC while the second one
has been processed according to a modified curing cycle with a limited
heating rate determined through an analytical prediction. It has been
observed that thermal runaway occurs for the MRCC while it is avoided
with the modified curing cycle. Moreover, it has also been shown that
numerical simulation and analytical predictions reproduce the experi-
mental results.
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In this appendix, we determine the characteristic time constant related to the thermal inertia in order to estimate the maximum temperature
variations that appear when the panel is heated at a constant heating rate. To do so, we will use a simplified one-dimensional model without substrate:

T
PCot o2

with the boundary conditions:
=h[T,, — T(H)].
z=H
We solve this PDE system through separation of variables:
T(y,t)=Tn + f(t)8(2),
substituting Eq. (A.3) into Eq. (A.1) gives the following equation:
1 df(t)_ 1 d’(z)

of(f) dt  glz) dz

where a = pic is the thermal diffusivity.

(A1)

(A.2)

(A.3)

(A.4)

Eq. (A.4) must be satisfied for all z and all ¢, but the left side does not depend on z and the right side does not depend on t. Thus, each side must be a

constant. We call this —y? for convenience.

Thus, for the function f(t) we obtain the following differential equation:

df (1)

o = = =f(0)e

(A.5)

where 714, = al? is the characteristic time scale for thermalization. To determine the value of y we need to solve the differential equation for g(z):

T

The solution of Eq. (A.5) is a sinusoidal function, for instance:

8(z) =sin(yz+y),

(A.6)

(A7)

where y and y depend on the boundary conditions, Eq. (A.2). Since T(0) = T, then g(0) = 0. Besides, due to the thermal inertia the temperature

decreases when y increases thus y = #:

8(z) = —sin(yz).

(A.8)
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Then substituting Eq. (A.3) and (A.8), into the second boundary condition, Eq. (A.2) gives:

y cos(yH) = — gsin(yH). (A.9)

Since the Biot number is defined as Bi = hZ, from Eq. (A.9) the determination of y is reduced to solve the following equation:

. YyH
Bi= — A.10
tan(yH) ( )
2 2
For example, if we assume h = 0, then Bi =0, y = 2 and 74, = %(%’) . Also, if we assume h = oo, then Bi = o0,y = %, and 74y = %(%) . This

factor of 2 between the two limiting cases is expected since, as mentioned in Section 4, the case of perfect thermal contact is equivalent to perfect
insulation of thickness 2H.

Due to this time lag, when a panel is heated at a constant rate j3, a temperature distribution appears within the sample, and the maximum tem-
perature difference with respect to the mould is proportional to:

AT = Cpriqq (A.11)

where C is a dimensionless constant. To determine this constant, we have numerically determined AT with respect to fi7;,, for three different heating
rates, for h = 0 and for the physical parameters in Table 1. The result is shown in Fi gure A.1 and, as predicted by Eq. (A.11), we obtain a perfect linear
fit passing through the origin of coordinates. From this linear fit we have determined that C = 1.2331.

80 r T ' T T T T T T T z T
70+ -
- O 2 K/min

0 10 20 30 40 50 60
Pt (°C)

Fig. A.1. Symbols: Calculated maximum temperature difference within a panel determined from the numerical integration of Eq. (A.1) and (A.2). The physical
parameters correspond to Table 1 with h = 0. The different values have been obtained by varying the panel thickness from 2 to 38 mm and for three different heating
rates. Solid line: linear fit.

Finally, to check the dependence of 7 on the Biot number, we have numerically calculated AT with respect to Bi for the physical parameters in
Table 1 with # = 10 K/min, H = 5 mm and h varying from 0.01 to 10® W/m?K and compared it with the theoretical result obtained from Eq. (A.11)
with C = 1.2331 and y determined from Eq. (A.10). The result is shown in Fi gure A.2 and confirms that there is a perfect agreement between the
theoretical prediction and the numerical solution.
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Fig. A.2. Symbols: Calculated maximum temperature difference within a panel determined from the numerical integration of Eq. (A.1) and (A.2). The physical
parameters correspond to Table 1 with # = 10 K/min, H = 5 mm and h varying from 0.01 to 106 W/m2K. Solid line: analytical prediction from Eq. (A.10) and (A.11)

with C = 1.2331.
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