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Abstract

A numerical model for compression moulding of Sheet Moulding Com-
pound is discussed. The model is a semi-empirical model based on rhe-
ological measurements on SMC that treats the fibres and the resin as a
single medium. Flow results given by this model are then used as a basis
for fibre orientation simulations that are then compared to experimental
results. These results are in decent alignment.

1 Introduction

The transport sector faces, and will continue to face, significant challenges re-
garding emissions. In order to overcome these challenges, lighter vehicles than
those produced today are required. Fibre reinforced polymer composites (FR-
PCs) presents one solution; however, the rapid cycle times often demanded by
the automotive industry rule out many common methods used for these types
of materials. Compression moulding of Sheet Moulding Compound (SMC) [1–3]
is one process that is interesting in this context, given that it has advantages
compared to many other methods both with regards to cycle times and costs.
For use in the industry it is however required that both the process and the
mechanical properties of the final part can be modelled accurately; this is a
consequence of the short development times and high demands on the prop-
erties of the manufactured part. SMC comes in prefabricated sheets of resin
and chopped fibres. These sheets are then cut into appropriate size and shape
and placed inside the mould. As the mould is closed, the charge is melted and
compressed to fill the mould and cure the resin. This is a rather complicated
process to model for a number of reasons including: The intricate rheological
properties of the charge, three-dimensional effects in the flow front, significant
temperature gradients and the presence of chopped fibres that move and orien-
tate as the charge flows. The details of the motions of the flow were studied by,
among others, Odenberger et al [4] and Olsson et al [5] with the aim to minimize
surface defects. 3D simulations of the filling stage during compression moulding
of SMC were performed using commercial and all-purpose Computational Fluid
Dynamic codes. With this approach pressure and temperature distributions
can be predicted as well as weld lines. With focus on lightweight components
stiffness and strength to weight ratios also come into play and consequently also
the orientation distribution of the chopped fibres.
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Fibre orientation during compression moulding of SMC [6–16] is a very im-
portant aspect of the process, due to the influence on the mechanical properties
of the finalized part. Such a multiphase flow with fibres may be studied with a
one-way coupling, a two-way coupling or a four way coupling. One-way coupling
implies that the motion of the fibres is affected by the flow, a two way coupling
the fibres also influence the fluid flow (a relevant example might be [17]) and a
four-way coupling implies that the motion of fibres is also, in addition to being
affected by the flow, affected by other fibres. The one-way coupling is only
valid for dilute suspensions which is not really the case for SMC. Still, this is
the approach often taken when studying fibre orientation during compression
moulding of SMC. The reason is that that modelling with two-way and four
way coupling is challenging and time-consuming; instead the one-way coupling
has been extended with extra terms to handle the particle-particle interactions.
This is also the approach taken in this study.

In this paper the models used for fluid and fibre orientation will be described,
and some results from a geometrically simple test case will be presented and
discussed.

2 Methods

2.1 Fluid model

The flow is modelled fully three-dimensionally and is thus governed by the
Navier-Stokes and continuity equations (see for instance [18]), which can be
written as
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if it is assumed that the density of the material in constant (see for instance [19]
for a discussion regarding this assumption). Here ui denotes the velocity, D

Dt is
the material derivative, ρ is density, p is pressure and η is the viscosity.

The viscosity is described using the model suggested by Kluge et al [20],
which was in turn based on the semi-empirical relations suggested by Le Corre
et al [21] and Dumont et al [22], who experimentally studied the behaviour
of the viscosity during the compression. Kluge suggested that the mixture of
fibres and resin should be modelled as a single fluid with a temperature- and
shear-dependent viscosity described as
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where η is the viscosity, ff is the fibre volume fraction, B is a temperature
constant, T is the temperature, ε̇ is the strain rate, γ is the shear strain rate, n
is a power law constant, and the subscript 0 indicates initial values.

Worth noting is that this model is strictly one-way, i.e. the orientation of the
fibres does not influence the viscosity. Methods for this connection have been
suggested [23]. As can be seen in Eq. (3) the viscosity is strongly temperature
dependent; thusly the energy equation also needs to be solved
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Figure 1: A schematic view of how the simulation domain for the fluid simula-
tions is set up. Coordinate system has been enlarged for visibility.
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with h being the enthalpy, τij is the viscous stress, κ is the thermal conductivity
and T is the temperature.

This model has been implemented in the software ANSYS CFX 20.2, which
uses the finite volume method (see for instance [24]). The structural setup used
for the fluid simulations can be seen in Figure 1. The lower region indicates the
initial position of the SMC charge, while the remainder of the domain is filled
with air. In a normal press air would be able to escape through the sides of
the mould; however, in this case this would result in all of the SMC material
escaping through the sides, hence the sides of the mould are modelled as no-slip
walls (i.e. the fluid has zero velocity relative to the wall) with the exception
of the upper wall which is modelled as an opening so that the air can escape.
All sidewalls as well as the upper and lower parts of the press are isothermal
with a temperature of 140 degrees Celsius. When the pressing starts, the entire
domain is compressed in the z direction with a specified velocity, which applies a
force to the charge that results in displacement. When the numerical modelling
of the flow is completed, a point cloud is generated in every time-step on the
part of the domain containing the SMC charge. From these points files are
generated that contain coordinates, velocity and velocity gradients for each of
these points.

2.2 Fibre orientation

The method here used for calculation of fibre orientation is based on the work by
Jeffery [25], who calculated the equations of motion for an ellipsoidal particle
immersed in a fluid. This work was expanded by Folgar and Tucker [6] and
Advani and Tucker [7], who added a rotary diffusion term that is intended
to take particle-particle interactions into account without explicitly calculating
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them, according to
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(5)
where aij is the orientation tensor, ω is the vorticity, γ̇ is the shear strain rate
and Dr is the rotary diffusivity. Worth noting is that Eq. (5) contains a fourth-
order orientation tensor, which usually is handled using a closure approximation.
Here the hybrid closure approximation suggested by Advani and Tucker [26]

ā4 ∼= āijkl = (1 − f)âijkl + fãijkl (6)

has been implemented. In Eq. (6), âijkl is the linear closure approximation (see
also [27])
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35
(δijδkl + δikδjl + δilδjk)

+
1

7
(aijδkl + aikδjl + ailδjk + aklδij + ajlδik + ajkδil) , (7)

ãijkl is the quadratic closure approximation which is described as

ãijkl = aijajk, (8)

and f is a scalar measure of orientation that here is defined as

f = 1 −Ndet (aij) , (9)

with N being equal to 27 for the three-dimensional cases discussed here. Using
this method results in orientation tensors that describe the angles of the fibres.

2.3 Experimental comparisons

The details of the results from the flow simulations, in particular the evolution
of the flow front, will be qualitatively compared to the experimental results
from Odenberger et al [4]. In these experiments SMC was moulded inside an
open mould which allowed the tracing of the evolution of the flow front. It was
observed that the outer layers of the SMC charge started flowing first creating
an U-shaped flow front. It was assumed that this was a consequence of the
temperature-dependent viscosity in conjunction with a quite steep temperature
gradient in the thickness direction.

For a quantitative validation of the fibre orientation modelling, the experi-
mental data from Advani and Tucker [8] is used. In their work flat plates were
pressed using glass fibre SMC, and the pressing was done in such a way that the
flow was close to unidirectional. The charges used for these pressings contained
a fraction of lead glass fibres that were used as traces. When these pressings
are radiographed, the angles of the tracer fibres can be calculated and average
values for the orientation tensors can be estimated. Several different cases were
used with different degrees of filling of the base area of the mould: 33, 50, 66
and 100 percent were all tested.
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(a) t=0.25 s

(b) t=0.5 s

(c) t=0.75 s

Figure 2: Time evolution of the flow front of the SMC. The times indicated are
time since pressing started.

3 Results and Discussion

Results from the evaluation of the flow can be seen in Figure 2. It can be ob-
served that the flow starts in the regions closest to the upper and lower walls
which creates an U-shaped flow front, in reasonably good agreement with the
experimental observations from Odenberger et al [4]. It is a reasonable con-
clusion the this is a consequence of the viscosity gradient, as can be seen in
Figure 3, where the difference in viscosity at the time the pressing starts can be
observed to be close to three orders of magnitude lower than that in the core of
the flow.

The results from [8] can be seen alongside our numerical results in Table
1. It is noted that while the simulated a12-components are well within the
experimental insecurities, the a11-components are slightly lower than the ex-
periments suggest. One possible explanation for this is that the experimental
results, unlike our simulations, do not include the a33-components. Although
not much movement is expected in the out-of-plane direction in this particular
case, even relatively small variations could possibly influence the orientation
tensors. Overall, however, the comparisons presented shows that the simulation
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(a) t=0 s

(b) t=0.25 s

(c) t=0.5 s

(d) t=0.75 s

Figure 3: Time evolution of the viscosity of the SMC. The times indicated are
time since pressing started.

procedure presented can give reliable results.

4 Conclusion

A 3D-flow model for the flows during compression moulding of SMC has been
implemented. The model uses a semi-empirical description for the viscosity that
takes temperature, shear rate and fibre volume fraction into account. The results
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Table 1: Experimental results from Advani and Tucker [8] compared to numer-
ical results of the average values in the domain of the noted components of the
orientation tensors. The numbers given in the left column indicate the percent-
age of the surface area of the mould that is covered by material at the start of
pressing.

a11 a12
Experimental (50) 0.624 ± 0.13 0.024 ± 0.008
Simulated (50) 0.520 ± 0.03 0.030 ± 0.01
Experimental (67) 0.594 ± 0.09 0.013 ± 0.01
Simulated (67) 0.560 ± 0.03 0.010 ± 0.008

of the flow simulations are in good agreement with trends seen in experimental
work. These flow results have been used as input for a 3D fibre orientation
model, the results of which have been compared to experimental data from the
literature. The fibre orientation results are in decent agreement.
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