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Abstract

Fast-cure resins combined with high pressure liquid composite moulding processes (LCM) such as
compression resin transfer moulding (CRTM) may be used to produce composite parts with cycle times
of only a few minutes. Processing of such fast-cure resins adds difficulties to manufacturing due to the
high exothermic reaction during cure, where gelation may occur before fibre impregnation. Combined
modelling of rheo-kinetics, flow and heat transfer can help optimising the process parameters and ensure
complete impregnation without sacrificing cycle time. The numerical model developed in this study was
used to model the CRTM process for a 4 mm plate with a mould temperature of 100 °C. It was shown
that cure times ofa few minutes are possible with the studied epoxy but large variations of the degree of
cure at different locations over the thickness can occur.

1. INTRODUCTION

Liquid composite moulding processes (LCM) are widely used for production of composite parts and
may be seen advantageous for high volume production of parts with short cycle times and lower cost
when compared to standard manufacturing processes such as prepreg / autoclave. However, the interplay
of process parameters such as cure temperature or injection strategy must be carefully understood in
order to minimise cycle time and costs without sacrificing part quality.

When using fast-cure resins with cure times of only a few minutes, manufacturers move towards high
pressure LCM processes such as high pressure resin transfer moulding (HP-RTM) or compression RTM
(CRTM) [1]. The through thickness flow in CRTM reduces the impregnation length, and hence the
impregnation time by orders of magnitude, allowing the use of fast-cure resins [2]. Baskaran et al. [1]
showed in their study that the manufacturing cost of an automotive roof can be reduced by using CRTM
compared to HP-RTM. A schematic of the CRTM process in shown in Figure 1 and described in chapter
3. Several numerical models for the CRTM process have been proposed [3-6].

However, the use of fast-cure resins results in new challenges regarding handling of the material and
injection. One of the major difficulties with fast-cure resins is their exothermic reaction during cure,
resulting in a significant temperature overshoot compared to the mould [7], which may cause resin
gelation before impregnation and/or gradients in temperature and degree of cure inside the part, internal
stresses or even material decomposition. Modelling of the cure reaction during injection, impregnation
and cure stages may be used to optimise the cycle time without sacrificing part quality.

Cure optimisation models for thick composite parts [8] aim to reduce the temperature gradient during
cure, which is also necessary when using fast-curing, highly reactive resin systems in order to optimise
cycle time and minimise cure induced stresses [9]. The use of fast-cure resins further requires modelling
of the injection process, as resin gelation may occur before the preform is fully saturated.

The aim of this study is to investigate the exothermic reaction, the resulting temperature gradient and
degree of cure variation over the thickness of a composite plate during cure (Stage 2 of the CRTM
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process) via numerical models. Effects of resin flow, heat transfer, rheo-kinetics, changing part thickness
and preform permeability were taken into account.

2. MATERIALS

The materials used for the experimental validation are the XB3585/XB3458 epoxy from Huntsman and
a carbon unidirectional weave fabric with 3K tows and an aerial weight of 140 g/m2. Their properties
are likewise considered in the numerical models.

3. COMPRESSION RESIN TRANSFER MOULDING

The CRTM Process (displayed in Figure 1) typically starts by adding the reinforcement into the
preheated tool and casting resin over the preform (as was done in this study) or injecting resin through
a gap. The resulting heat transfer between the preheated preform and the resin results in an increasing
resin temperature, and hence decreasing viscosity. Impregnation due to gravity and capillary forces may
be possible in this stage, depending on the preform permeability and resin viscosity (Figure 1: Stage
1b). These steps are summarised as stage 1.

With standard, slow curing epoxies the heat transfer in this stage, assuming an isothermal mould
temperature, is of less importance. Impregnation may be started after temperature equilibration.
However, with fast-cure resin systems, the increasing temperature can start the curing reaction, leading
to a high exothermic temperature overshoot. This can not only lead to resin gelation before the preform
is fully impregnated, but also lead to resin decomposition (Figure 1: “Resin gelation and possible
decomposition”). Hence, the start of impregnation due to the closing velocity of the upper mould part
needs to be optimised to avoid this phenomena.

When mould closing and resulting impregnation and compaction starts in time (Figure 1: Stage 2), the
part can be cured and ejected. A high fibre volume content does reduce the exothermic mass, and hence
helps to reduce the exothermic temperature overshoot. Nevertheless, care has to be taken during cure to
avoid high temperature variation over the thickness in order to minimise internal stress generation during
cure.
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Stage 2b) Cure and ejection

Figure 1. Schematic of the compression resin transfer moulding (CRTM) process.

4. GOVERNING EQUATIONS AND MATERIAL PARAMETERS

4.1 Flow

Darcy’s law is typically used to model the viscous flow through a porous media. Combined with mass
conservation and a source term to account for the preform compaction; Darcy’s law results in.

v (-Ko) -

10V

v, ot

Where v is the flow velocity, K is the permeability V¢ The fibre volume content and 1 the viscosity.

M)

A pressure gradient can be observed during impregnation in through thickness direction. Terzaghis’s
law [10] was used to model the pressure gradient of the resin and the preform during combined

impregnation and compaction.
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pap = O-pref + 14 (2)
Where pq is the applied pressure from the top mould, oprer the preform stress and p the fluid pressure.

A level set method was used to track the flow front in the following form, as implemented in Comsol
Multiphysics 5.0 [11]:

w vo ®3)
E-l-u Vg =yVv (SZSVQ—Q(l—Q)ﬁ>

Where the reinitialisation parameter, v is used to compute the steady state solution after each time step
to avoid numerical smearing and €is controls the interface thickness.

A smoothing function was implemented to reduce numerical noise.

Bsmootn = ! (4)
Smooth = 1 4+ exp(6(—@ + 0.5))

Where the parameter § is used to define the width of the transition region.

4.2 Heat transfer
The resin and composite temperature were calculated with the heat transfer equation and a source term,
representing the internal heat generation of the epoxy during cure,

aT da (5)
peCo g+ prCoyv VT + V- (—kVT) = prHor - (1-v)

where T is the temperature, pr and pc are the densities of the resin and the composite respectively, C, the
heat capacity, v the volume averaged Darcy velocity, k the thermal conductivity tensor, Hi: the total
heat of reaction, do/dt the reaction rate and V¢ the fibre volume fraction.

Table 1. Material parameters for the heat transfer equation.

Epoxy Preform
Heat conductivity, k
’ 0.2 1.7
(W/(m K))
Specific heat capacity, 1336+9.3T (°C) 577+6.85T (°C)-

Cp (3/(kg K)) 0.018T2 (°C) [12]
Density, p (kg/m?) 1150 1700

4.3 Rheo-kinetics
The reaction rate in eq. (5) was previously modelled [7], based on the approach of Ruiz et al. [13].

(Tt )| & 6
%:kle( E1(TT 1)); G;a"(amax(ﬂ-d)" ( )

Gra*+Gya3+G3a%+G,a+Gs
Gea?+Gra

With G (a) =

Tc - TgO
(T, = Tyo) (X = D) + (Tyoo — Tyo)2

Cmax =

and n=ng T, +n;

The modelling parameters are presented in Table 2.
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Table 2. Parameters of the kinetic model

Parameter Value Parameter Value
Polynomial parameter, G; -1351 Reaction exponent factor slope, ns 0.018
Polynomial parameter, G, -2678 Reaction exponent factor intercept, n; -5.2367
Polynomial parameter, G; 10194 Frequency factor, ki (1/5) 0.00309
Polynomial parameter, G4 4338 Activation energy, E: 22.28
Polynomial parameter, Gs -5.208 Reference temperature, Trer (K) 350
Polynomial parameter, Gs 587 Tg of the uncured resin, Ty (K) 246.15
Polynomial parameter, Gy 4570 T, of the cured resin, Ty (K) 394.4

Parameter for amax model, p 0.32

A viscosity model was implemented in the numerical models based on the approach of Kiuna et al. [14]
. \ ()
S Azexp (&) ti(AsT + E,)

nt,T) =exp (E 1 )) Aiexp (%)

3 E-\t;(A,T +E
Azexp (Z?Azexp (R_%") Li(AT +Ey) 4E3 4)

where t is the time, T the temperature, R the universal gas constant and A and E are fitting parameters
summarized in Table 3.

Table 3. Parameters of the rheological model
Parameter A E, A E, As E; As E4
Value 1.32x10-° 52931 7518 38710 2.7 2.2 0.003  -0.409

4.4 Moving mesh
A moving mesh based on the arbitrary Lagrangian-Eulerian (ALE) method was used to account for the
change of thickness of the resin film on top of the preform and during compaction of the preform.

4.5 Experimental measurement preform compaction

The compaction behaviour of the preform was measured in a Walter & Bai, Switzerland testing machine
between two parallel plates with a diameter of 136 mm and a constant velocity of 0.5 mm/min. Machine
compliance was measured and subtracted from the machine measured displacement. Measurements
were conducted for both the dry and silicone oil impregnated wet preform, with a viscosity of 0.1 Pas
to match the initial viscosity of the mixed resin at 100 °C. Up to 30 layers were used for these
measurements to eliminate local effects of nesting and tow movement.

A power law model was used to fit the experimentally obtained data.

a(Vy) =A-Vf (8)

Where o is the preform stress, Vs is the fibre volume fraction and A and B are fitting parameters.

Table 4. Parameters of the preform compaction fitting
A B

Dry 2.23x 10° 20.3
Wet 6.25 x 107 11.3
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4.6 Experimental measurement of the preform permeability

Preform samples with a diameter of 79 mm were cut on a Ziind G3 M-2500 cutter and carefully placed
in a jig to measure the through thickness permeability. Measurements were performed for Vs values of
0.39 (zero compaction), 0.45, 0.55 and 0.65.

The measured permeability with a V; value of 0.39 was analysed with an injection pressure of 0.05 bar.
For higher V; values, linear regression was used to calculate the permeability for different injection
pressures that were all lower than the preform compaction pressure.

A good fit within the measured range was obtained using a second order polynomial fit.

K,=1.92x1011V?-2.72x101V;+9.66x1012 (9)

5. NUMERICAL MODEL SET UP

The models were solved in Comsol Multiphysics 5.0 using the “MUltifrontal Massively Parallel sparse
direct Solver” (MUMPS). A direct solver was preferred to ensure convergence and good results were
obtained with MUMPS solver, which is set as standard solver for the studied physics. The fully coupled
nonlinear solver uses the damped Newton method to obtain convergence. With this method a damping
factor is varied, until the solution converges, based on the initial value.

A triangular free mesh was used and the element size was set to 0.68 mm for the model with a length of
30 mm after a convergence analysis of different mesh sizes.

A pressure curve as used as a boundary condition (BC) on the top mould, resulting from the pressure of
the constant closing velocity of 0.5 mm/s in the beginning the preform stress in the later stage of the
process. A zero pressure boundary condition was applied on the bottom. A constant temperature of 100
°C was applied on the top and bottom boundary. In reality the mould temperature may slightly increase
its temperature after the exothermic reaction. The peak temperature itself is not significantly influenced
by this boundary condition, as the exothermic reaction progresses rather quickly. A temperature increase
of only 2-3 °C of the steel tool was measured experimentally. Periodic BC were applied on the left and
right side to account for the effects of neighbouring fabric, whilst computing only a small part of it.
The presented model aims to calculate the temperature and degree of cure progression during cure in
stage 2 of the CRTM process.

6 RESULTS OF STAGE 2

6.1 Temperature

The start of stage 2 was taken 45 s after the resin was poured over the preform. This time was
experimentally determined. Although heat transfer started at this point, time and temperature were not
sufficient to start the cure reaction.

The exothermic reaction lead to a maximum temperature of 115 °C in the middle of the 4 mm plate with
a global Vs of 0.6. A significant increase of the reaction rate with increasing temperature can be
observed, as indicated by the DSC measurements shown in Figure 2 (a). Hence, a variation of 15 °C
results in a significant degree of cure variation over the thickness during cure, as discussed in the
following section.

6.2 Rheo kinetics

A strong variation of the degree of cure was calculated and is shown in Figure 2 (b), with a maximum
variation of 0.12 after 90 s. A gelation time of 135 s for the whole plate has been calculated, although
in locations with a higher temperature overshoot, i.e. in the middle of the thickness, gelation occurred
faster. The degree of cure progression is shown in Figure 2 (b) and it can be seen that the degree of cure
varies between 0.69 and 0.75 over the thickness after 135 s. A fairly uniform degree of cure of 0.9 was
calculated after 5 min and a maximum degree of cure of 0.92 after 7 min. This agrees well with
experimentally determined degree of cure results of 0.88 — 0.93 from experimentally manufactured
plates, measured with differential scanning calorimetry (DSC) and a heating rate of 10 K/min.
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Figure 2. (a) Measured heat flow using DSC under isothermal conditions [7]. (b) Degree of cure
progression over the thickness (indicated as grey area) calculated with the numerical model

Impregnation
The whole impregnation process was calculated to take about 6 s. It shall be noted that dual-scale effects
of the preform have not been implemented; air formation, which may reduce the total saturation time, is
not considered.

6. DISCUSSION AND CONCLUSSION

Processing with fast-cure epoxies increases productivity but may result in more difficulties compared to
traditional epoxies with longer cure times. These are given by the strong exothermic reaction and
resulting temperature overshoot that may prevent full impregnation of a part. The large resin mass in the
initial stage of the CRTM process may lead to very high temperature overshoots compared to the mould
temperature, as well as very quick gelation. It was calculated that impregnation in this cases takes only
about 6 s with a closing velocity of 0.5 mm/s and a maximum pressure of 20 bar. The part reached
gelation after 135 s and finished curing after 7 min.

Strong gradients over the thickness of temperature and degree of cure may be observed during the cure
stage. For the modelled case, the final degree of cure stabilised over the thickness by the time
demoulding was conducted. However, a degree of cure variation over the thickness of up to 0.12 was
calculated.

Finding the optimal processing conditions seems to be individual to a processing procedure, i.e. injection
strategy, part shape and thickness. In some cases it might be necessary to reduce the temperature of the
mould. The presented models aim to provide better understanding about such limitations by studying
the exothermic heat during the injection, impregnation and curing stages of a CRTM process using fast-
cure epoxies. These materials, combined with suitable process optimisation tools as those presented
here, greatly increase the reliability of high-volume production techniques with cycle times in the order
of a few minutes.
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