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Abstract

Comepression moulding experiments of sheet moulding compound, visual observations of a vacuum test with prepregs
and numerical models with two main approaches for computational fluid dynamics simulations of the mould filling phase
are presented. One assumes that there are layers near the mould surfaces with much less viscosity and the other only
use one viscosity model. The numerical experiments showed that the pressure could be accurately predicted with both
approaches. The property necessary to predict correct pressure with altered mould closing velocities was that the bulk
material had to obey shear-thinning effects. Preheating effects before compression were neglected, but altering the
heating time until the prepreg was assumed to start flow had a significant effect. The experiments confirmed that the
pressure is predominantly affected by the mould closing velocity. Regardless of the considered process settings, a first
pressure top always appeared approximately at the logarithmic strain 0.25. A second top was associated with a slow-
down of the press. The location of this was affected by the velocity and the vacuum, the latter indicating that vacuum
assistance prevents a build-up of back pressure. Furthermore, heated prepreg above a critical temperature is observed to

swell immediately as vacuum assistance is applied.
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Introduction

Compression moulding of sheet moulding compound
(SMCQ) is a fast manufacturing method for fibre rein-
forced composite products. The process can be divided
into two main steps: preparation and moulding of SMC
prepreg. In the preparation step, prepreg sheets are
manufactured that consist of a paste that impregnates
more or less randomly distributed fibres that are spread
and impregnated in the plane of the sheets. Fibre orien-
tation has interestingly moderate effect on the global
stiffness, for example a hood as shown by Oldenbo
et al." The composition of the ingredients building
these prepregs can be made in uncountable ways to
give the prepregs special rheological characteristics
during manufacturing or to give the finalized product
fire retardant properties, for instance. In general, how-
ever, the prepregs mainly consist of a thermosetting
polyester resin, calcium carbonate fillers and glass

fibre reinforcements. In the moulding process, charges
of stacked prepreg sheets are placed inside a heated
moulding tool and as the mould closes, the charge is
forced to flow and fill the cavity of the moulding tool.
The mould is then kept closed until the thermosetting
resin has cured. With this method quite advanced
shapes can be manufactured, and due to the usage of
prepregs the manufacturing process is rather fast and
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therefore suitable for large scale productions, e.g. light-
weight composite products in the vehicle industry
where it is of great importance to achieve a high quality
of the surface appearance. This property is an issue for
SMC manufacturers since voids located at the surface
level sometimes cause so called pinholes or blowouts,
see Sjogren.” Voids inside the material is also of con-
cern for the high voltage industry since voids decreases
the electrical insulation properties.®* Air entrapments
during paste mixing and poor bundle impregnation not
only have been observed as two sources to voids, but
also that these voids are removed during compression
moulding by Comte et al.” One possible reason for the
voids is that air is entrapped during the preparation of
the prepregs or that the entrapped air that has dissolved
into the resin nucleate in low pressure zones during the
compression stage as suggested by Lundstrom and
Holmgren.® It is furthermore also possible that air
entrapments can form due to complex flow at the
flow front during compression as described by
Odenberger et al.,” where a squish effect was observed
when the flow front was experimentally visualised
during compression moulding. At the end of the flow-
ing stage, boiling of styrene was observed as well,’
which also can result in voids in the final part.
Several processing parameters have been found to
reduce the amount of voids during compression mould-
ing. For example, increased mould closing pressure,
preheating of the SMC charge,® vacuum assisted
moulding,*? and increased mould closing velocity.* A
common effect of these measures, except mould pres-
sure, is that they seem to cause a more homogenous
flow.*71% Olsson et al.,* used multi coloured SMC
sheets to study the effects from velocity, temperature,
and vacuum assistance on the final flow pattern of
moulded SMC plates. It was observed that at high
mould closing velocity (10mms™"'), the flow become
homogenous without the assistance of vacuum, but
by applying vacuum assistance and using the lower
mould temperature (420 K vs. 430K), it also became
homogenous at the low closing velocity (2.5mms™").
Hence, to be able to reduce the void content in finished
SMC parts it is crucial to develop models that accur-
ately can predict the flow of SMC and from those
models develop moulding tools, charge patterns, and
prepreg materials in order to avoid flows that are
more likely to cause voids. In addition to higher quality
of manufactured products, money could be saved since
development of moulding tools and charge lay-ups for
new products is often preceded by some testing before
the manufacturing comes to full capacity. The complex-
ity of the prepreg material aggravates rheological meas-
urements that might facilitate the development of
models for computational simulation. Many have
though made prominent work on the rheology of SMC.

Rheology of SMC

It has been shown that the paste used to create SMC
prepregs, itself without added fibres, behaves as a non-
Newtonian fluid with shear thinning properties.'"!?
Nevertheless the viscosity of the paste as a function of
temperature has been described as

Npaste = 10€ b<TO T) (1)
by Le Corre et al.,'> where T is temperature, b is a
temperature constant, and the subscript 0 denotes ini-
tial conditions. Equation (1) is often combined with an
expression stating that the shear viscosity is a power
law function of the shear rate implying a non-
Newtonian behaviour. It have also been observed that
the viscosity of the paste can be described by a Carreau
viscosity model by Lee et al.'' If the viscosity is
assumed to be very small at infinitive shear, the
Carreau viscosity model reduces to

= (14 )T )

where 1., = n.4(7) is the zero shear rate viscosity, A is
the time constant, y is the shear strain rate, and # is the
power law constant. This means that the paste behaves
as a Newtonian fluid at low shear rates, and as the
temperature increases, the Newtonian transition area
moves to higher shear rates. It is widely accepted that
unreinforced polymers and melts usually have a shear-
dominated mould flow and that their flow behaviour
can be modelled without considering the extensional
viscosity dissipation.'* However, when modelling
materials such as SMC with planar fibre suspensions,
it is popular to assume a gap-wise velocity profile that is
close to a plug flow and that the main viscosity dissi-
pation being in-plane extension since many experiments
have shown that SMC deform in a biaxial extensional
flow mode with very little mixing between the prepreg
layers and extensive slip along the mould walls.'* It has
also been shown that shearing effects can be significant
even though the biaxial extension indeed dominates in
most cases of fibre suspension squeeze flows.!* When
fibres are added into the plane of sheets, the compres-
sion viscosity, or elongation viscosity, is much more
affected than the shear viscosity. The compression vis-
cosity of SMC with fibres has been found to be a func-
tion of the paste viscosity, npue, and the volume
fraction of fibres, fr, added to the paste according to
the expression below by Le Corre et al.'?

o\ n—1 y
N Compression = 3 nPasle(T) ’ (%) (1 + 'Blfffff) (3)
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Here B is a constant (=360 in Le Corre et al.'?) being
independent of the temperature and ¢ is the strain rate
(h/h). Later, in a subsequent study by Dumont et al.,'”
it was found that a quadratic relationship is more suit-
able. Hence, by revising equation (3) into

-\ -1
&
NcCompression = 3 Npasie(T) - <—)
“ 4)
: (1 + 100 - f; + 1000 f;)

a better fit to experiments is obtained by Le Corre
et al.,'? especially at low strain rates. It is in the context
worth mentioning that the effect of fibres on the shear
viscosity is not that dramatic; it has for example been
observed by Le Corre et al.'” that by adding about 11
volume percentage of fibres, the shear viscosity is only
increased by a factor of 3. Finally Le Corre et al.'?
derived a compression viscosity as

O Threshold
&

N Compression = (5)
and it was found that the result followed a power
law relationship with n=0.3. With a multiobjective
surrogate-based  inverse = modelling  technique,
Marjavaara et al.'® managed to obtain simulations cap-
turing the flow behaviour of SMC with usage of the
following formula:

w(T) = Ao (T=To) (6)

Also, the pressure could successfully be predicted but
unfortunately not at two locations simultaneously.
Hence, the main goal for this study is to extend equa-
tion (6) to an expression that adequately predicts the
pressure at several locations at the same time.

As previously mentioned, it is popular to assume a
gap-wise velocity profile that is close to a plug flow
when modelling the flow of SMC. In reality, it is, how-
ever, observed in several experimental studies that the
flow might be much more complex. The flow front of
SMC during compression has for example been visua-
lised by Odenberger et al.” It was observed that the flow
was initiated by an initial squish effect where the SMC
prepreg closest to the mould surfaces shoot away
strongly before the inner layers even started to move.
At the end when the mould had closed, boiling could be
seen at the surface of the flow front. This was addressed
as boiling styrene. It might be speculated that the
observed boiling also could be enclosed air that left
the material due to the high pressure.

The behaviour with less flow for the inner layers was
also observed by Olsson et al.* where coloured SMC was
used to visualize the final flow pattern of SMC in an
factorial process parameter experiment where the

tested factors in the experiment were vacuum assistance,
mould closing velocity, and temperature of the mould-
ing tool. The results showed that all of these factors
had an influence on the global flow behaviour. High
(10mms~") mould closing velocity tends to create a
more uniform flow. It was moreover also observed that
a more uniform flow could be achieved by utilizing
vacuum assistance when the mould closing velocity was
slow (2.5mms™'). By increasing the mould temperature,
the inner layers were allowed to stretch further, but this
also increased the squish effect from the outer layers. In
the same work an additional experimental run was made
where the quality of moulded plates (not coloured) was
quantified by multiple high voltage insulation tests. The
ability to resist a disruptive discharge was interpreted as
a measure of the relative amount of voids in the moulded
samples since voids are known to decrease the electrical
insulation properties.®> A main effect was that the outer
area of the plates where the SMC had flown the furthest
had a higher ability to withstand electrical discharge.
The amount of voids was ergo interpreted to be smaller
in this area. Interestingly, it was also observed that the
parameter settings that resulted in more uniform flows in
the coloured SMC experiment, high mould closing vel-
ocity, or applied vacuum assistance at low mould closing
velocity, also improved the electrical insulation proper-
ties and hence reduced the amount of voids, according to
the assumption made about relationship between voids
and electrical insulation.

An indication of the complex flow of SMC has also
been disclosed with X-ray phase contrast microtomo-
graphy by Le et al.® Before moulding it was observed
that the plies themselves consisted of a core zone with a
high amount of fibres between an upper and lower skin
which consisted of a small amount of fibres.* When the
charges were moulded, the skins with less fibres had
disappeared for the plies placed inside the charge.
However, the skins remained at the upper and lower
plies that were in contact with the mould wall. The
thickness of respective skin remained approximately
constant, 0.26 mm for the bottom layer, and 0.22 mm
for the upper layer, independent of process settings,
placement of charge, and preheat temperature of the
charge. This result implies that the SMC is highly
sheared at the mould walls due to a low viscosity of a
compound without fibres and it was suggested that plug
flow models probably can be applied to describe the
flow of the core zone.® It have however been observed
by Rabinovich et al.!” that the amount of glass fibres
have an effect on the thickness of the lubricating layer.

Experimental set-up

An experimental moulding tool of circular geometry
with two pressure sensors and with vacuum assistance
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.................................... Upper mould half

Pressure sensors

Lower mould half

Vacuum vent SMC charge

Figure 1. Schematic illustration of the experimental setup. The
radii of the SMC charge and the mould cavity are 75 mm and
159 mm, respectively. As the upper mould half goes down it
encapsulates the cavity which enables the use of vacuum
assistance.

Table I. Composition of the paste.”

Resin Mass %
Resin 19.3
Low-profile additives 89
Fillers 66.8
Inhibitor 2
MgO 0.77
Internal release agents 1.5
Wetting agent 0.46

?In addition fibres were added to an amount that took up a weight
of 26-27% of the total weight of the paste and fibres.

capability was used for the experiments; see Figure 1
for details. The moulding tool itself was mounted in a
Fjellman press that was programmed to run at different
velocities and temperatures. During this study, a stand-
ard industrial low-profile prepreg was used as experi-
mental material; see Table 1 for a summary of the
material composition.

From the prepreg, circular sheets of a diameter of
0.15m were prepared. The sheets were thereafter
stored in air sealed vessels in order to avoid significant
styrene loss before they were randomly picked for the
experiments where they were put into stacks each
built-up by seven layers. This procedure resulted in
an average height of 14.7mm of the stacks. The
weight of each stack was controlled before it was
placed in the centre of the moulding tool. During the
experiments the charges were placed by hand inside
the mould. To increase repeatability and shorten the
time that the charge had to reside inside the hot
moulding tool before it was moulded, markings were

Table 2. Process settings in the two-level factorial design
experiment.

Level Low (—1) High (1)
Vacuum 0% 75%
Velocity 2.5 (mm s~ 10 (mms™")
Temperature 420 (K) 430 (K)
Pressure 450 (kN) 450 (kN)

made inside the tool, enabling a fast and accurate
manual loading of the charges. Thereafter the press
was manually started, a process approximated to 5s.
The press was programmed to run with very high vel-
ocity down to the height 40 mm where it slowed down
and finally reached the desired constant velocity of 2.5
or I0mm s~'. Due to the different velocities, it took an
additional 12.7s for the slow velocity until the upper
mould surface reached the charge and 3.6s for the fast
velocity.

Pressure data from compression mouldings were
obtained from process parameter experiments where
the altered parameters were vacuum level inside the
mould, mould closing speed, and the temperature of
the moulding tool. The experiments were performed
as a two-level factorial design experiment with split
plot design methodology since it was very time consum-
ing to alter the temperature of the moulding tool; see
Table 2 for the process settings. Each setting was repli-
cated four times, giving a total of 32 samples. The com-
mercial software MiniTab 16 was used to facilitate
planning and analysis of the experiments.

Results that will be shown later in the experimental
result section indicated that something happened to the
prepreg while vacuum assistance was applied.
Therefore an additional experiment was organised
where visual observations of prepreg at 25°C, 50°C,
and 80°C inside a transparent vessel were performed
while vacuum was applied.

Numerics

In this work, simulations of the mould closing and
resultant SMC prepreg flow have been performed
with several viscosity models for the SMC prepreg
material. This was done in order to evaluate if any of
the models could predict the pressure accurately during
the compression phase. All of the models that will be
presented later have in common that they consist, inter
alia, of two unknown constants, 4 and B, representing
the prepreg viscosity without any shear-thinning effect
and its sensitivity to alternations in temperature,
respectively. The method chosen to find the proper
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values of these constants has been to use combined
response surfaces, each built with a design of experi-
ment (DOE) approach. Ansys Workbench and CFX
were used to create the response surfaces and simula-
tions, respectively. Combined response surfaces implies
that two response surfaces for the pressure are built for
each model, one at the beginning when the stacks have
been compressed 1 mm, and one near the end of the
moulding when the compression distance had increased
to 6mm. This was done for the slow closing velocity.
Initially, very broad ranges of the constants were
chosen in order increase the chance of finding proper
values within the ranges. The matching of equation (1)
to the data in Lee et al.'! result in B= 11,700, which is
significantly higher than reported in Le Corre et al.'?
and Dumont et al.'® where B=4900 and 4500, respect-
ively. Following these results constrictions were set to
2000 < B < 12,000 while 200,000 < 4 < 1.7 x 10°. The
latter restrictions were estimated by altering 5y in the
Equation below.

A= ;703(1 + 100/ + 1000;?) %)

Equation (7) originates from Dumont et al.'> where I
was set to 0.2 for the conditions presented here. From
each of these response surfaces, many combinations of
the unknown constants can be found that give the
desired pressure that was found in the real experiment.
However, combining these possible combinations from
both response surfaces in one plot, with 4 and B on the
axes, reveals fortunately that there is only one particu-
lar combination of the two constants that result in the
desired pressure both at the beginning and the end of
the moulding, see Figure 2.

The obtained values were then used in a new simu-
lation in order to verify the settings. Interestingly, all
models yielded that the setting decided by the intersec-
tion of the two curves did not produce the correct pres-
sure curve. This was due to the fact that very broad
ranges were initially allowed for the constants 4 and
B since little was known about their real values. As a
consequence, the first response surfaces failed in repre-
senting the real response. Therefore, new values of the
constants and the results from the verifying simulation
were manually added as a refinement points in both
response surfaces. Hence, the response surfaces could
step by step be improved in the area where it was likely
that the proper values of 4 and B could be found. This
was repeated until neither the standard second order
polynomial nor the neural network could give a better
response surface. For some models, a response surface
of the Kriging type had to be used in the last step to
predict the constants 4 and B. This approach was
applied since these are forced to pass through the

18000000

16000000 -+{ —e—70 bar, pos 1
—@— 68 bar, pos 2

14000000 -+

12000000
10000000 -

8000000
6000000 -
4000000

y s

O T T T T T 1
0 2000 4000 6000 8000 10000 12000

B

2000000

Figure 2. Example of how results from two response surfaces
were used together to find one combination of the constants A
and B that gave the desired pressure both in the beginning and
end of the moulding. The markers are constant combinations
that were manually picked from the response surfaces that gave
the desired pressure.

design points. The response surface in the area of inter-
est, which at this instant had several refinement points,
was hence not as affected by design points far away.
When constants for the different models were found
that gave desired pressure for the slow mould closing
velocity, the same constants were also inserted into
simulations with the higher mould closing velocity in
a further trial to investigate if the model also could
predict the pressure at changed conditions. The simu-
lations with higher mould closing velocity also got their
initial preheating time adjusted to 0.35s since their con-
tact with upper and lower mould tool before the SMC
stack is assumed to flow is shorter.

Geometry and mesh

In the experiments it could be seen that the pressure top
occurred approximately at the same height regardless
of processing parameters used. The same behaviour has
previously been observed in Le Corre et al..'? where it
was concluded that the pressure seemed to reach a max-
imum at the logarithmic strain, e =0.25 (e =In(ho/h)).
By observing the SMC charge, it was concluded that
the flow was not initiated until after the pressure top.'?
This delay in motion was addressed to air removal.
Hence, it is likely that the SMC charge is only com-
pressed until the first pressure top. Therefore, the vir-
tual model is setup to start at 11.4 mm which was the
average height at where the pressure top occurred. This
condition is interestingly also the logarithmic strain
£=0.25. The cylindrical geometry of the experimental
moulding tool is also applied in the numerical model.
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Since the geometry is axisymmetric, it can be modelled
as a slice with symmetry boundary conditions. The slice
is made up of one layer that is extruded 1°. The initial
mesh can be seen in Figure 3. Each time step, this mesh
then deformed to simulate that the mould closed.
Deformations were chosen to appear far away from
boundaries and the final mesh can be seen in Figure 4.

Heat transfer

Thermal conductivity experiments by Olofsson and
Sandlund'® performed on a similar prepreg as the one
used in the experiments yielded a value of 0.78 W m™"
K~! during heating up to 80°C. Later, during cooling
from 120°C to room temperature, the value of 0.98 W
m~' K' was found. The increase was traced to

decreased levels of air inside the stack after curing.
Therefore, the value 0.78W m~! K~! will here be
used to reflect the initial conditions in the stack while
later during compression the value 0.98 W m~' K~! is
applied when much of the air is removed. When calcu-
lating these values, the density of the prepreg was mea-
sured to 1.816g cm ™ and the value 1300J kg~ '°C™!
was used as specific heat capacity. These data will be
applied here as well but, since the stack is assumed to be
compressed before the flow is initiated, the density is
adjusted to 2330kg m—>. A common assumption when
modelling compression moulding of SMC is that the
heat transfer to the prepreg prior to compression can
be neglected. This is done here as well, but the heat
transfer from the tool to the prepreg during the time
from when the upper mould half reaches the prepreg

Figure 3. The initial mesh in the first time step.

Figure 4. The deformed mesh in the last time step.
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Table 3. Description of the different numerical models used in this work.

Models Skin viscosity Bulk viscosity

| Only bulk, shear thinning. - pe (5 (g)”fl (1+2)7)
2 Only bulk, shear thinning with a Newtonian plateau. - Ae_B<TL’_lT> <§>‘H (1+ k))z)( 2]
3 Bulk and skins, both shear thinning. A%eis(ﬁig (I + )}2)("1;') Aeiﬁ(ii|7> <i)n_l (I + yz)( ™)
4 Bulk and skins, both shear thinning with a Newtonian plateau A63—|e78 %7%) (I + )»]./2)(%) Aeis(%ig (%)n_l (I + A))Z)( ™)
5  Bulk and skins, only shear thinning in skins. A:fleis ot (1+ )'/2)("1;') AeiB(%ilT> (i)mI

until the prepreg is assumed to start flow at e =0.25 is
accounted for since it is assumed that the contact
between the surfaces is good in this case. Therefore,
the preheating time for the upper and lower side of
the SMC were arbitrary set to 0.35s for the simulations
at 10mm s~ ! and 1.3s for simulations at 2.5mm s~

The viscosity models

As previously stated it has been observed that moulded
SMC obtains skins near the mould tool surface with
less amounts of fibres than the bulk material. It is
believed that the material is highly sheared in these
zones on the contrary to the bulk flow were it is
believed to be dominated by elongational flow. In pre-
vious simulation work with SMC, the SMC prepreg
material was simulated as homogenous neglecting the
reported difference in fibre contents in the skins and the
core. In this work two approaches have been used, one
that assumes that low viscosity zones exist near the
mould surface and one that assumes that the material
is homogenous. For the first model different viscosity
models are applied in the bulk flow, and in the skins.
The thickness of the skins is set constant to 0.25mm
throughout the simulations following the observation
in Le et al.® that the upper skin had a thickness of
0.22mm and the lower had a thickness of 0.26 mm
for the cured material. A fraction of the constant A4,
representing the basic viscosity in the bulk flow, is used
in the skins. Fibres increase the compression viscosity
and it has been shown that the relationship may be
described by equation (7). To exemplify fibre fractions
of 0.11 and 0.2 increase the compression viscosity by
about 25 and 61 times being nearly 10 and more than 20
times more than the increase for the shear viscosity
(f=0.11), see the part on rheology in this paper. In
this work, it is simply assumed that the addition of
fibres increases the shear viscosity by a factor of 3
also for f=0.2. Therefore, 4 is multiplied by a factor
3/61 in the skins. As mentioned above, studies have

indicated that the skin layers are highly sheared and
shear-thinning effects have been included in the
models by using the shear thinning part of equation
(2), which reads

n—1

In the work by Lee et al.'' a temperature dependent
Newtonian plateau was found for the shear viscosity.
A similar Newtonian plateau has been given to models
2 and 4 in this work, presented in Table 3, by using the
data presented in Lee et al. '' and assuming that the
material in this work have a similar Newtonian plateau.
By adjusting equation (8) to

n—1
(1 + (8642960044415 x 10'5 x e(—0.122629261808*7')))~/2)( )
©)

where it is actually necessarily to keep all figures to get
a good fit, the modelled shear thinning acquires a simi-
lar Newtonian plateau as in Lee et al.'' As a conse-
quence, shear-thinning effects become negligible as the
SMC temperature increases. For simplicity let the time
constant be denoted as

A = 8.642960044415 x 1017 x (7012202920105 (1)

which now can be seen as a temperature dependant
Newtonian constant. For the temperature dependence
of the viscosity, an Arrhenius dependence was applied,
see equation (1). It was observed in the experiments and
previously in the works by Le Corre et al.'> and
Dumont et al.'” that the compression viscosity had a
strain rate dependence, therefore the strain rate part
(¢/60)"" from equations (3) and (4) was included in
the models as well. Combining the above equations
with the two different approaches in different ways
gives a skin approach with a double viscosity model
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Figure 5. Average pressure for the four replicates at each setting at the low (a) and high (b) mould closing speed. Solid lines show
the pressure readings from the centre sensor and dotted lines show the pressure readings from the outer sensor located at the radii

0.07 m.

and a fully bulk approach with one viscosity model
which can be seen in Table 3 where the value 0.33
from the experimental results was applied for n.

Results

The experimental and numerical results will be pre-
sented here separately. In the first experimental part,
the results from the compression moulding experiments
will be presented together with the observations made
in the additional vacuum test with prepreg at different
temperatures. Then the numerical results for the differ-
ent models will follow.

Experimental results

A summary of the experimental pressure response is
presented in Figure 5 where each colour of the curves
represents a specific moulding condition for the slow (a)
and fast (b) closing velocity and is the average pressure
response from four separate mouldings. Solid lines rep-
resent pressure readings from the centre sensor while
dotted lines represent readings from the outer pressure
sensor. From the results it can be seen that the pressure
at the centre of the mould rapidly increases until a clear
peak forms approximately at the height of 11.4 mm for
all conditions tested. The peak is not as distinct for the
outer sensor, instead the increase in pressure is flattened
out, see the dashed lines in Figure 5. After the first peak
for the centre sensor, the pressure then drops a little

before it starts to build up again. Interestingly the pres-
sure curves from the outer sensor then border on the
ones from the inner sensor indicating that there is a
marginal flow and/or a very low viscosity flow.
During the period visualised in Figure 5, the press
was capable of deforming the sample at constant vel-
ocity. However, as the press approached the lowest pos-
ition, it suddenly decelerated and the pressure quickly
decreased and finally reached the applied pressure when
the press had reached the lowest position and the SMC
had completely filled the cavity. Statistical analysis of
the experimental results shows several significant results
that were found by using a confidence level of 95%.
Here the results are divided into two phases during
the closing of the moulding tool. After that the results
are interpreted in terms of the compression viscosity.

Phase | — Start to the first pressure peak

The height at where the pressure started to increase,
meaning the height where the upper mould half reached
the SMC charge, was interestingly found to be mainly
affected by the level of vacuum even though the samples
had approximately the same height from the beginning.
On average, the pressure for the samples with applied
vacuum started to increase about 0.65mm above the
samples that were moulded without vacuum assistance.
The distance of 0.65 mm is short, but it was a significant
result. Therefore, an additional simple experiment was
carried out where prepreg at different temperatures:
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25°C, 50°C and 80°C were placed in a transparent
vessel wherein vacuum was applied. For the prepregs
at room temperature and 50°C, nothing extraordinary
occurred except that the prepregs seemed to dry out
after a while. The sample that was preheated to 80°C,
however, immediately and rapidly swelled up when the
vacuum was applied. A boiling liquid could also be seen
at the surface of the transparent vacuum vessel. It is
likely that the observed boiling liquid was styrene that
had reached its boiling point due to the applied
vacuum.”?° The simple experiment anyway revealed
that the premature increase in pressure on the mould
when using vacuum may be a result of a taller charge
due to the swelling. Another significant effect during
this phase was that the pressure at the first pressure
top was mainly affected by the mould closing velocity.

Phase 2 — After the first pressure peak

The distance from the first pressure peak to the position
where the minimum pressure occurred was found to be
significantly affected by the mould closing velocity. At
average, the mould had enclosed 1.9 mm further for the
slow than for the fast velocity. The distance between the
first pressure top and the height at where the pressure
reached the same pressure again was mainly affected by
the velocity of the press. At average, the press had
moved 2.1 mm further for the low velocity than for
the high before it occurred. The closing velocity of
the press was set to go at constant velocity the whole
way. However, the press did not manage to do this as
previously discussed. According to the statistical ana-
lysis there where two main effects: velocity and vacuum,
and one interaction effect between velocity and tem-
perature that affected the height at where the deceler-
ation was initiated. The largest difference was caused by
the velocity setting. At the high velocity, the deceler-
ation occurred earlier than at low velocity. The velocity
was also involved in an interaction effect with the tem-
perature level. At slow closing velocity, the press was
capable to compress the SMC with constant velocity
the same distance for both the high and the low tem-
perature. With the higher closing velocity, the press
managed to keep constant velocity further with the
higher temperature. Vacuum assistance seemed to aid
the press at the end of the moulding phase since the
press on average managed to compress the SMC fur-
ther with constant velocity with applied vacuum assist-
ance. This indicates that vacuum assistance prevents a
pressure build-up of entrapped air inside of the mould-
ing tool.

Compression viscosity. Applying equation (5) with the
pressure at the pressure peak registered by the centre
sensor for the low and high mould closing velocity and

with the average result for each process setting it was
found that the result followed a power law with the
average strain rate sensitivity of n=0.33, ranging
from 0.28 to 0.36, see Figure 6. This is slightly lower,
and hence less Newtonian, than reported in Dumont
et al.'> (0.44) and Le Corre et al.'? (0.45). But, follow-
ing the results that a higher amount of fillers give a less
Newtonian behaviour by Boylan et al.,?' this was
expected since the SMC prepreg in this work had a
higher amount of filler (66.8% vs. 62%).

The results in the present study are, however, not
fully trustworthy since there is a temperature gradient
within the charge in this work which probably lowers
the compression viscosity more for the low closing vel-
ocity than for the high velocity due to longer time in
contact with the mould before the pressure top was
attained. It is therefore reasonable to assume that if
the moulding experiment should be isothermal, the
pressure at the low velocity should have been higher
in comparison to the pressure at the high closing vel-
ocity. As a consequence, n would have approached the
expected value 0.3, found from linearization of data
presented by Boylan et al.>' Le Corre et al.'* applied
a constant strain rate and a homogeneous temperature
distribution. Here, the velocity was set to constant
which gives an increasing strain rate as the mould
closes and the gap between the mould halves decreases.
From these results, curves could be plotted; see
Figure 7 for one example. In the figure it can be seen
that the compression viscosity decreases faster in the
beginning; this is probably due to preheating from the
moulding tool and the squish effect observed by
Odenberger et al.” At the end, the curve flattens out
and n approached the expected value 0.3.

Numerical results

The obtained values of the constants 4 and B followed
by the modelled and experimental pressure for the dif-
ferent models are presented here. Combinations of the
constants 4 and B could be found for each model that
resulted in acceptable accurate centre pressure for the
slow mould closing velocity. The obtained values can be
seen in Table 4. By comparing the models and obtained
constants, it can be seen that the values of the constant
A are obtained in a rather narrow field. Using equation
(7) A can be used to calculate 7, within the range
62,000-77,000 Pas. These values are in the same range
as the one used in Le Corre et al.,'? 55,000Pas.
Depending on the assumptions made, the obtained
values of B differ more.

The predicted pressure for each model with the con-
stants in Figure 5 will hereafter be presented, first for
the slow (2.5mms~ ') and then the fast (10mms™')
mould closing speed for each model. It was only the
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Figure 6. The compression viscosity at the first pressure peak,
derived from average values from each setting. The average n is
0.33, and the spread in the result is 0.28-0.36.

== Mo vacuum, Low temperature, Low velocity

—n=03

Compression viscosity

Strain rate

Figure 7. Compression viscosity for a sample from start until
the second pressure top seen in Figure 5. The highest value
occurs at the logarithmic strain 0.25.

centre pressure that was used when the constants were
found, but the outer pressure (at radii 0.07 m) is shown
in the results as well with dotted lines. The experimental
pressure that is presented together with the numerical
results is the average pressure for the mouldings made
without vacuum assistance and at the low tool tempera-
ture, which is also visible in Figure 5. It was the pres-
sure from these settings in combination with low mould
closing velocity that was aimed for when the constants
were determined.

Model 1, only bulk, shear thinning. In Figure 8 the mod-
elled pressure for the slow mould closing velocity is
shown. As seen, the modelled centre pressure is in
very good agreement with experiments. The results
for the closing velocity 10mms~' using the same con-
stants, but decreasing the preheating time to 0.35s, are
presented in Figure 9. As seen, the centre pressure is in
good agreement here as well.

Model 2, only bulk, shear thinning with a Newtonian
plateau. This model also neglects the skins, but in add-
ition to the previous model, the shear thinning of this
have a temperature dependence and the shear-thinning
effect is reduced when the temperature of the material
increases. As a consequence, the value of A4 increased
with 17% compared to the previous model while B was
increased with 46%. This resulted in good agreement
between experiments and numeric for the slow mould
closing velocity, see Figure 10. Using the same con-
stants for the high mould closing velocity and shorter
preheating time (0.35s) did however result in a pressure
that started to low and then increased to fast, see
Figure 11.

Model 3, bulk and skins, both shear thinning. The bulk
material is assumed to follow the same model as for
the first case presented in Figures 8 and 9, but the
material closest to the mould halves is assumed to
follow the skin model, see Table 3. Compared to the
first model, the constant A is here only increased by
10% while B on the other hand is decreased by 34%.
For the slow mould closing velocity, the centre pressure

Table 4. Values that was found to give proper values for the slow closing velocity.

Model A B

| Only bulk, shear thinning. 11,325,800 6521

2 Only bulk, shear thinning with a Newtonian plateau. 13,280,650 95335
3 Bulk and skins, both shear thinning. 12,499,000 4327.5
4 Bulk and skins, both shear thinning with a Newtonian plateau. 14,040,300 7363.5
5 Bulk and skins, only shear thinning in skins. 12,215,900 4685.5
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Figure 1l. The modelled pressure for |10 mm/s with model 2,
only bulk, shear thinning with a Newtonian plateau.

Figure 9. The modelled pressure for |0 mm/s with model
only bulk, shear thinning.
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Figure 10. The modelled pressure for 2.5 mm/s with model 2,
only bulk, shear thinning with a Newtonian plateau.

is in very good agreement. The outer pressure is
also in very good agreement at first, but then there is
a deviation at a height of about 9 mm, see Figure 12.
In Figure 13 the pressure can be seen when the
same constants are used for 10mm/s and the shorter
preheating time (0.35s). As seen, the numerically and
experimentally derived central pressures are in very
good agreement here as well.

Model 4, bulk and skins, both shear thinning with a Newtonian
plateau. This model is the same as the previous one,
except that the shear thinning has the same temperature
dependence in the skins and in the bulk as model 2, see
Table 3. In order to achieve the desired pressure in the
beginning and the end of the pressing, the constant A
and B had to be increased by 12% and 70% compared
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Figure 12. The modelled pressure for 2.5 mm/s with model 3,
bulk and skins, both shear thinning.
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Figure 13. The modelled pressure for 10 mm/s with model 3,
bulk and skins, both shear thinning.

to the model, respectively. As seen in Figure 14, these
actions resulted in rather good agreement both for the
centre and outer pressure. Using the same constants
and shorter preheating time for the faster mould closing
velocity resulted however in a too high pressure
that then has a too step gradient, see Figure 15. In
order to investigate how the preheating affected this,
an additional simulation was run with a preheating
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Figure 14. The modelled pressure for 2.5 mm/s with model 4,
bulk and skins, both shear thinning with a Newtonian plateau.
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Figure 16. The modelled pressure for 2.5 mm/s with model 5,
bulk and skins, only shear thinning in the skins.
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Figure 15. The modelled pressure for 10 mm/s with model 4,
bulk and skins, both shear thinning with a Newtonian plateau.

for 1.3s (the same as in the slow mould closing simu-
lations). This resulted in a more accurate starting pres-
sure, but the pressure then increased to fast with this
initial condition as well, this result is also visible in
Figure 15.

Model 5, bulk and skins, only shear thinning in the skins. In
this model, it is assumed that there exists skin layers
that are highly sheared and shear thinning while the
bulk viscosity is not affected by shear. Compared to
the model with skins and bulk material that also
behaves shear thinning, the constant A is decreased
only by 2% and B is slightly increased with 8%. For
the slow mould closing velocity, this resulted in very
good agreement, see Figure 16. For the higher velocity,
the modelled pressure however became too high, both
with the short (0.35s) and long (1.3 s) preheating time,
see Figure 17.

Discussion

Several viscosity models were tested in this work. All of
them could, at least for the centre, predict accurate

Figure 17. The modelled pressure for 10 mm/s with model 5,
bulk and skins, only shear thinning in the skins.

pressure during moulding at slow mould closing vel-
ocity. When the mould closing velocity was increased,
it seemed like there was only the models that included
shear-thinning effects to the bulk material that could
predict accurate pressure. This might indicate that
shear-thinning effects have a larger affect than previous
anticipated during moulding. The temperature depend-
ence added to the shear thinning in this work was obvi-
ously too large since it seemed to decrease almost all
shear-thinning effects (where the material was sheared,
the temperature was so high that shear thinning did not
occur). By adding skins and special viscosity models for
them, the viscosity dramatically decreases near the
walls. The same behaviour can be accomplished with-
out skins by increasing the temperature dependence
constant B. Comparing the pressure for the outer
sensor in Figure 5 one can see that there seems to be
a higher bump for the outer pressure sensor half way
into the moulding for the mouldings without vacuum
assistance. It is possible that this occurs due to a pres-
sure build up from encapsulated air. Since the numer-
ical results were compared to these, this is a possible
explanation to why the outer pressure did not match as
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good as the centre pressure. Perhaps it would have been
better to compare the numerical results with the experi-
ments made with vacuum assistance.

Conclusions

From this study, it is evident that the viscosity of SMC
cannot be described by only the temperature as evalu-
ated in Marjavaara et al. ' since the viscosity was
found to be dependent on the strain rate. However,
the approach used by Marjavaara et al.,'® multiobjec-
tive surrogate-based inverse modelling, may very well
be useful if a more advanced viscosity model is to be
determined from, e.g. model 1, since it turns out that
initial conditions and material parameters can be
adjusted to get very good fit between simulations and
experimental results at different locations in the mould
and at different compression speeds. Adjusting the pre-
heating time for the different velocities was necessary to
achieve accurate pressure, this is in accordance with the
results presented by Shokriech and Mosalmani.*? Using
the numerical simulations as some sort of viscosity
meter, it seems the bulk material of SMC behaves
shear thinning. Using the same basic method as in
this work, simulation data can easily be set up for vari-
ous SMC:s in order to run simulations with them with-
out deeper knowledge of their real material properties.
The experiments showed that vacuum assistance can
aid the press to compress further with constant velocity
during compression, possibly by preventing a pressure
build-up of encapsulated air inside of the moulding
tool. It was furthermore also observed that heated pre-
preg swelled and that a boiling liquid appeared, prob-
ably styrene, when vacuum was applied.
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Nomenclature

b temperature constant
fr volume fraction of fibres

Q >3 o R NI =

height
strain rate sensitivity
temperature

shear strain rate
strain

viscosity

time constant
stress
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