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Abstract Bulk Moulding Compounds (BMC’s) are
short fibre reinforced polymer composites that behave,
during their forming, as concentrated fibre suspensions.
Their suspending fluid is also a concentrated granular
suspension made up of the polymer filled with mineral
fillers. In this work, a method is proposed to model
their flow. Firstly, the rheology of an industrial BMC
was analysed by performing two types of mechanical
tests, i.e. lubricated simple and plane strain compres-
sion experiments. Experimental results underline the
roles of the current strain, the strain rate as well as
the mechanical loading on the rheology of the BMC.
Secondly, a 3D tensorial rheological model is proposed
to reproduce the simple and plane strain compression
experiments. Then this model is implemented into a
Finite Element code dedicated to the simulation of
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compression moulding. Simulation results are finally
compared with experiments achieved with rather com-
plex flow situations.
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Introduction

Bulk Moulding Compounds (BMC) are polymer com-
posite materials. Their matrix is made up of ≈ 20–
40 wt.% thermoset polymer (polyester) with a high
content (≈ 40–60 wt.%) of mineral fillers (CaCO3,
Al2O3). The matrix is reinforced by ≈ 20–30 wt.% of
short entangled glass fibres. BMC’s are widely used by
the electric industry to produce small components with
good surface quality and complex shapes, as well as
by the automotive industry to produce for example car
panels. Their processing consists in (i) the compound-
ing phase, i.e. mixing uncured polyester resin, mineral
fillers, glass-fibre bundles and other additives, (ii) the
injection or compression moulding phase (1–10 s) dur-
ing which these compounds are forced to fill a hot
mould (150◦C), (iii) the resin cure within the hot mould
(60–180 s). During forming (stage (ii)), BMC’s behave
as concentrated fibre suspensions with a suspending
fluid, which is also a concentrated granular suspension
made up of a liquid polymer filled with a high content
of mineral fillers.

Many studies in the literature deal with the experi-
mental characterisation of the rheology of “standard”
polymer composites reinforced by short, long or con-
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tinuous fibres or fibre bundles, by subjecting these
semi-dilute or concentrated fibre suspensions to shear,
elongational, lubricated compression or squeeze flows
(e.g. [3, 12, 17, 21, 23, 25, 46–48, 51, 54]). These studies
were the basis to establish or validate rheological mod-
els that can be used to simulate the forming processes of
these composites (e.g. [4, 16, 32, 33, 37, 49, 52, 56, 58]).

However, less is known on the rheology of fibre-
reinforced polymer composites when the polymer is
also filled with solid particles, i.e. when the suspending
fluid is also a concentrated granular suspension [15].
For example, some studies were carried out to un-
derstand the rheology of Sheet Moulding Compounds
(SMC), a fibre-bundle reinforced thermoset polymer
composites with a matrix, which is similar to that of the
BMC [1, 14, 20, 30, 34–36, 50].

Surprisingly, even if BMC’s are widely used in the
industry for two decades, very few studies concern
their rheology during their forming process. Similarly,
studies concerning the simulation of their forming are
scarce. Blanc et al. [9] were the first to show that during
their forming process, BMC’s follow a temperature-
dependent shear-thinning behaviour. This was con-
firmed by Kenny and Opalicki [29]. However, in these
studies, BMC’s were subjected to heterogenous defor-
mation modes, so that it was not possible to propose
suitable rheological models for these materials with-
out a priori constitutive assumptions. More recently,
Orgéas et al. [41] performed an extensive experimental
study of the rheology of a BMC. BMC samples were
deformed using lubricated simple compression experi-
ments, similar to those initially proposed for SMC or
other planar fibre or fibre-bundle reinforced polymer
composites [20, 21, 34]. Provided both a good lubrica-
tion and samples with large dimensions (with respect to
the fibre length), these tests allow the analysis of the
rheology of compounds with reduced discrepancy and
without any a priori constitutive assumptions. Doing
so, the roles of the fibre content, the granulometry of
the mineral filler, the current strain, the strain rate and
the mechanical loading history on stress levels required
to deform the studied BMC’s were emphasised. In all
cases, it was concluded that BMC’s exhibited a pro-
nounced and dominant non-linear viscous behaviour,
with some elastic and strain-hardening effects. A sim-
ple non-linear 1D viscoelastic model was proposed to
capture such effects. However, the 1D model cannot be
used to simulate mould filling.

Thus, the aim of this paper is to pursue the
work that has been initiated in [41] to model mould
filling with BMC. For that purpose, an industrial
BMC was collected at the outlet of an industrial in-
jection machine (Section “Material”). BMC samples

were then deformed by performing lubricated sim-
ple and plane strain compression experiments (Section
“Rheometers”). Experimental results underline the in-
fluence of the loading path, the current strain, as well
as the imposed strain rate on recorded stress levels
(Section “Experimental results”). A simple 3D non-
linear viscous tensorial model is then proposed to fit
these trends (Section “Proposition of a 3D tensorial
model”). This model is implemented into a finite el-
ement code dedicated to the compression moulding
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Fig. 1 SEM micrograph (a) and particle size distribution
(obtained from a particle sizer Malvern Master Sizer X) (b) of
the Al2O3 filler
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of compounds. Simulation results are compared with
compression experiments achieved with rather complex
flow situations (Section “Mould filling simulation”).

Experimental procedure

Material

The tested BMC was very close to that used in [41]. It
differed from this last formulation by its longer ageing
time. It was prepared and mixed by Compositec (Le
Bourget-du-Lac, France). Its matrix was made up of
polyester resin (35.25 wt.%), zinc stearate (2.65 wt.%),
moulding agents (8.8 wt.%), and was filled with alumina
(53.3 wt.%) particles. The typical aspect and size distri-
bution are given in Fig. 1a and b, respectively. Hence,
the matrix was a granular suspension with a high con-
centration of mineral fillers. It was then reinforced with
glass-fibre bundles (initial length 6 mm, 200 fibres with a
13.7 μm diameter) at a mass fraction of 20 wt.%, which
corresponded to a volume fraction of fibres of 15.4%.
In order to account for the modifications entailed prior
to mould filling on the fibrous microstructure of the
BMC compounds (e.g. induced by the flow through
an injection screw), the tested BMC was preliminary
poured into an injection screw and taken at its exhaust.
At this stage, fibre bundles were completely broken
up, and the remaining fibres had a length comprised
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Fig. 2 Distribution of the fibre length within the BMC at the
exhaust of the injection press (obtained from the Morfi LB-01,
TechPap)

between 0.1 and 10 mm (see Fig. 2, mean value ≈
0.5 mm). They formed a complex intricate connected
network where (i) no privileged orientation would be
found [41] and (ii) approximately 5 to 10 fibre-fibre
contacts per fibres might occur [18, 33, 45, 55] .

Rheometers

In order to characterise the rheology of the studied
fibre-reinforced granular suspension, two specifically
designed rheometers were used. Compared with stan-
dard commercial rheometers, these rheometers allow
samples with very large dimensions to be deformed,
i.e. higher than the size of the microstructure het-
erogeneities, thus reducing both scattering of results
and possible boundary effects. These two rheometers
were mounted on a mechanical testing machine (MTS
4M, load cell 20 kN, maximum cross-head velocity
8 mm s−1)

1. The first apparatus is the simple compression
rheometer initially developed for the rheology of
sheet moulding compounds [20, 34, 41]. Tests con-
sist in compressing lubricated cylindrical samples
(initial radii R0 = 35 mm and 55 mm, initial height
h0 = 20 mm) at constant axial average strain rates
D̄33 = ḣ/h (compression direction given by the unit
vector e3) between two horizontal platens parallel
to the (e1, e2) plane, (e1, e2, e3) being the usual
orthogonal reference frame. During the test, the
sample height h and the axial force F3 are mea-
sured so that the average axial logarithmic strain
ε̄33 and stress σ̄33 can be estimated by ln(h/h0) and
F3h/(π R2

0h0),1 respectively (assuming the incom-
pressibility of the studied suspensions). Provided
a good lubrication of samples (here with silicone
grease), a homogeneous deformation mode of sam-
ples is observed [20, 41]. Hence, the Hencky strain
ε and strain rate D tensors can be estimated for all
material points of the tested specimens:

ε = ε̄33

(
e3 ⊗ e3 − 1

2
e1 ⊗ e1 − 1

2
e2 ⊗ e2

)
, (1)

D = D̄33

(
e3 ⊗ e3 − 1

2
e1 ⊗ e1 − 1

2
e2 ⊗ e2

)
. (2)

1In the following, compression forces, stresses, strains and strain
rates will be plotted arbitrarily as positive values, by convention.
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The lubrication layers between the platens and the
specimen ensure the homogeneity of the flow, but
they may induce friction forces, which may disturb
results. This was not observed for SMC [20, 34],
but was clearly established for BMC [41]. In such a
case, (i) by performing two tests with two different
initial radii R0 and (ii) by assuming the lubrication
layers act as Newtonian boundary layers (with a
hydrodynamic friction coefficient λ), it is then pos-
sible [41] to estimate the Cauchy stress tensor:

σ = σ33e3 ⊗ e3 (3)

with

σ33 = σ̄33 − λ

8
h0 R2

0

h3 ḣ. (4)

The friction coefficient λ was found to be close to
2 10−3 N s mm−3 for the experiments performed
with the simple compression rheometer. As shown
in Fig. 5a, accounting for the correction proposed
by Eq. 4, stress–strain curves do not depend on the
initial radii of the tested samples.

2. The second apparatus is a plane strain compression
rheometer, which was recently designed [57] based
on the previous one developed for SMC [20]. As
shown in the simplified scheme given in Fig. 3a
and the photographs displayed in Fig. 4, lubricated
rectangular samples (1) (initial length along the e1-
direction L0 = 80 mm or 160 mm, initial length
along the e2-direction l0 = 80 mm, initial height
along the e3-direction h0 = 20 mm) are compressed
in the e3-direction at constant axial average strain
rates D̄33 = ḣ/h and forced to flow in the e1-
direction. During the test, the sample height h,
the axial force F3 but also the lateral force F2

are measured, so that the average axial logarithmic
strain ε̄33 and stresses σ̄33 and σ̄22 can be estimated
by ln(h/h0), F3h/(L0l0h0) and F2/(L0h0), respec-
tively. Notice that the lower platen (4) of this new
rheometer is a 20 mm thick quenched glass plate,
which allows the observation of the flow of sam-
ples, together with a CCD camera (6) positioned
below it (JAI 1024×1024 pixel, 25 Hz), the flow of
samples during the experiments (see Figs. 3 and 4).
Once again, a good lubrication of samples allows a
homogeneous sample flow [20, 57] to be obtained,
so that ε and D can be considered as uniform in the
sample:

ε = ε̄33
(
e3 ⊗ e3 − e1 ⊗ e1

)
, (5)

D = D̄33
(
e3 ⊗ e3 − e1 ⊗ e1

)
. (6)

1e

2e

3e

L0

h0

a

b

Fig. 3 Simplified schemes of the plane strain compression
rheometer without (a) and with (b) cylindrical obstacles

By adopting a similar approach to the one, which
is followed for the analysis of simple compression
tests [41], it can be shown that the Cauchy stress
tensor within flowing samples can be estimated by

σ = σ33e3 ⊗ e3 + σ22e2 ⊗ e2 (7)
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1e

2e

3e

Fig. 4 Photographs of the plane strain compression rheometer

with

σ33 = σ̄33 − λ

6
L2

0h2
0

h4 ḣ and σ22 = σ̄22 − λ

6
L2

0h2
0

h4 ḣ.

(8)

As shown in Fig. 5b, rather good corrections of
plane strain compression curves were obtained with
λ = 0.8 10−3 N s mm−3. This value is lower than
that found for the simple compression rheometer,
because the surface roughness is lower for the plane
strain compression rheometer than for the simple
compression one.
Likewise, in order to check the validity of the
method proposed in this work (see Section “Mould
filling simulation”), notice that this second rheome-
ter was also modified to analyse the BMC flow in a
more complex mould. This one allows the compres-
sion through a channel with two vertical cylindrical
obstacles (5) (diameter = 30 mm) which can slide
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Fig. 5 Correction of simple (a) and plane strain (b) compression
stress–strain curves obtained for various samples dimensions
(testing temperature 25oC, axial strain rate D̄33 = 0.1 s−1)

inside the upper platen (7), as depicted in Fig. 3b.
The cylinders are positioned in the middle of the
width of the channel at a distance Lobs = 180 mm.

Sample preparation and testing conditions

To produce simple and plane strain compression sam-
ples, the following method was strictly observed in
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order to get samples for which it could be assumed they
had the same initial fibrous microstructure:

– a prescribed amount of BMC was taken from bags
and hand-mixed in order to induce fibrous mi-
crostructures with random fibre orientation and
to pre-shape thin cylindrical (for simple compres-
sion) or thin rectangular samples (for plane strain
compression) close to their final dimensions. The
pre-shaping flattens BMC, leading to a preferential
fibre orientation within the principal plane of the
sample (of normal unit vector e3).

– pre-shaped samples were then put into cylindrical
or rectangular moulds and compressed at a closing
force of 20 kN in order to adjust the final sample
dimensions. During such a nearly œdometric com-
paction, the flow of the BMC was limited, so that
the sample microstructure was unlikely to evolve.

Thus, the fibrous microstructures of produced samples
initially exhibited transverse isotropy, the symmetry
axis of which was parallel to the compression axis e3.
Therefrom, samples were then placed into the rheome-
ters and deformed at room temperature (25◦C) and at
constant average axial strain rate D̄33 ranging from 10−3

to 10−1 s−1.

Experimental results

Typical stress–strain curves obtained during simple or
plane strain compression experiments are plotted in
Figs. 5 and 6.

As evident from these figures, whatever the me-
chanical loading and whatever the considered strain
rate, the stress–strain curves exhibit a noteworthy strain
hardening. The first stress increase, i.e. when ε33 <0.25,
can be due to viscoelastic effects [41]. Above, the stress
increase is approximately 300% to 1000% when the
strain rises from 0.25 to 1. Such a hardening may be
induced (i) by the rearrangement of the mineral par-
ticles and the polymer within the matrix and (ii) by the
alignment of the glass fibres along the flow direction.
In order to gauge the importance of these two possible
mechanisms, two graphs have been plotted in Fig. 7:

* Graph (a) is built from the simple compression ex-
periments performed in [41]. For this type of flow,
the initial nearly planar random fibrous microstruc-
ture should not evolve drastically [13, 21]. The
graph represents the evolution of the normalised
stress σ ∗ as a function of the axial strain ε33, during
the simple compression at D33 = 0.1 s−1 of two
BMC’s with a fibre content of 10 wt.% and 20 wt.%.

0.0 0.2 0.4 0.6 0.8 1.0
0.00

0.05

0.10

0.15

0.20

D33=0.1 s-1

D33=0.01 s-1

D33=0.001 s-1

σ 33
 (M

P
a)

ε
33

Fig. 6 Evolution of the axial stress σ33 with the axial strain ε̄33
during plane strain compressions performed at different strain
rates D̄33

The dimensionless axial stress σ ∗ corresponds to
the axial stress σ33 recorded for those BMC’s di-
vided by the axial stress σ33 recorded for the BMC
without fibre (fibre content = 0 wt.%). As shown
from this graph, whatever the investigated fibre
content, the dimensionless stress σ ∗ is more or less
constant. An identical trend was also noticed during
the flow of fibre reinforced mortars, which dis-
played a microstructure and a rheology rather close
to the BMC one [13]. Hence, the strain-hardening
observed in simple compression is mainly due to the
pasty matrix, e.g. to a rearrangement of the mineral
particles and the polymer during the flow.

* Graph (b) is built from the simple and plane strain
compression experiments shown in Fig. 5, i.e. with
the same material. In this case, σ ∗ corresponds
to the axial stress σ33 recorded during the plane
strain compression divided by the axial stress σ33

recorded during the simple compression. As seen
in this graph, a slight increase of σ ∗ is observed,
of about 20%. Such a trend follows that observed
during the elongation of standard polymer suspen-
sions reinforced with fibres (e.g. [25]), it is due to
the evolution of the fibre orientation along the flow
direction e1 during the plane strain compression
[21]. It is also of the same order of magnitude as
that predicted by the micro-macro model devel-
oped in [33] for SMC. Anyway, the strain hardening
that fibre orientation evolution can induce is much
smaller than the one, which is induced by the local
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Fig. 7 Evolution of the dimensionless stress σ ∗ with the axial
strain ε̄33 when D̄33 = 0.1 s−1. σ ∗ is estimated from simple com-
pression experiments performed in [41] (a) and compressions
(simple and plane strain) performed in this work (b)

deformation of the pasty matrix, at least for the
investigated testing conditions.

The imposed axial strain rate D33 also plays a signif-
icant influence, as shown in Fig. 6, which emphasises
the strong viscous behaviour of the tested BMC. To
better underline this, Fig. 8 reports the evolution of

the axial plane strain stress σ33 recorded at two axial
strains ε33, i.e. 0.25 and 0.8. In both cases, the viscosity
is a power-law function of the strain rate D33, i.e.
η33 = η0

33 Dn−1
33 . The consistency η0

33 and the strain rate
sensitivity n are respectively equal to 0.09 MPa sn and
0.22 MPa sn and to 0.34 and 0.22, when ε33 = 0.4 and
0.8, respectively. A very similar trend has been reported
previously [41], even for the BMC without fibre. Thus,
both the decrease of n with ε33 and the strain hardening
(which implicitly induces an increase of the consistency
η0

33) are mainly due to a rearrangement of the mineral
fillers and the polymer during the flow. For instance, as
the compression is increased, the Newtonian polymer,
which is between contacting particles and which acts as
a lubricant, may be progressively expelled from con-
tacting zones so that associated lubrication forces will
be lowered with respect to Coulombic friction forces
[15]. This would be a possible scenario occurring at the
microscale.

For plane strain compression tests, the stress ratio
σ33/σ22 is a decreasing function of the axial strain ε33,
as evident from Fig. 9b. This evolution is also related to
the evolution of the BMC microstructure (i.e. polymer
matrix and fibres) during the flow. Nonetheless, it is
important to notice from the same figure that the stress
ratio does not depend on the imposed strain rate D33

since the curves are nearly superimposed.

1E-4 1E-3 0.01 0.1
1E-3

0.01

0.1

1

ε
33

=0.25

ε
33

=0.8

σ 33
 (M

P
a)

D33 (s
-1

)

1

Fig. 8 Plane strain compression results. Evolution of the axial
stress σ33 recorded at two axial strains (ε̄33 = 0.25 and 0.8) with
respect to the axial strain rate D̄33 (continuous lines are the
power-laws used to fit the data)
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Proposition of a 3D tensorial model

Model definition

On the basis of the previous experimental results, a 3D
tensorial model is proposed to model the rheology of
BMC. For the sake of simplicity, we neglect viscoelastic
effects associated with the rheology of BMC [41]. In
particular, such effects are mainly responsible for the
stress increase observed for monotonic loading at axial
strain below a characteristic value εc ≈ 0.25. Instead,
we assume that the considered BMC can be seen as a
one-phase viscous and incompressible continuum. Its
corresponding stress tensor σ is therefore written as

σ = −pδ + σ v, (9)

where p, δ and σ v are the incompressibility pressure,
the identity tensor and the viscous stress tensor, respec-
tively. As already proposed previously for SMC [20], σ v

is assumed to be the partial derivative of a volumetric
viscous dissipation potential � with respect to the strain
rate tensor D. � is supposed to be a convex and positive
function of D and it is such that ∂�/∂D = 0 when D =
0. We further assume that � can be written as a function
of a positive scalar equivalent strain Deq(D). Thus,

σ v = ∂�

∂D
= ∂�

∂ Deq

∂ Deq

∂D
= σeq

∂ Deq

∂D
, (10)

where the equivalent stress σeq is associated with the
equivalent strain rate Deq by the following expression:

Pdis = σ v : D = σeq Deq, (11)

Pdis being the volumetric mechanical dissipation. The
experimental results shown in the previous section lead
to propose the following constitutive equation, in order
to account for the observed strain-hardening and non-
linear viscous effects:

σeq = η0ekεeq Dn
eq, (12)

where the consistency η0, the strain-hardening coeffi-
cient k and the power-law exponent n are constitutive
parameters and where the equivalent strain εeq is de-
fined as:

εeq =
∫ t

0
Deqdt or

dεeq

dt
= Deq, (13)

where the symbol d/dt represents the material time
derivative. The choice of the equivalent strain rate Deq

is open. In the next section, the compression mould-
ing of thin BMC plates is addressed, with an initial
fibrous microstructure, which is mainly aligned along
the midplane (e1, e2) of the plates. Results gained in the
previous section showed that the mechanical behaviour
of the BMC was not strongly affected by the fibre
orientation evolution (see Fig. 7), at least compared
with the impact of the strain-hardening of the pasty
matrix. Thus, it seems reasonable to assume, as a first
approximation, that the mechanical behaviour of the
considered BMC does not depend on the fibre orien-
tation evolution and exhibits transverse isotropy, the
privileged direction e3 of which is the normal to the
midplane of the plate. In this situation, a possible form
of Deq is [20, 39]:

D2
eq = α0

(
D : D + α1(M : D)2 + α2(D · M) : D

)
(14)

with

⎧⎪⎨
⎪⎩

α0 = 2
1+2H

α1 = 1 + H − 2 1+2H
3L

α2 = 2
( 1+2H

3L − 1
) (15)

and where M = e3 ⊗ e3 is the microstructure tensor
characterising the transverse isotropy of the material
[10]. H > −0.5 and L > 0 are two additional consti-
tutive parameters. Their physical meaning can be ex-
pressed as follows: for the same given mechanical dissi-
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pation Pdis, the BMC flow occurs when σeq = σ33, σeq =√
(1 + H)/2 σ11 and σeq = √

3L σ31 when the BMC is
subjected to a simple compression along e3, a simple
compression along e1, and a shear in the (e1, e3) plane,
respectively. Please also notice that the above expres-
sion of Deq is such that its associated dual variable,
i.e. the equivalent stress σeq, equals the well-known
Hill yield criterion [27] established for elastic-plastic
materials exhibiting a transverse isotropy along the e
direction (e = e3 here). Hence, the combination of the
previous expressions leads finally to the following form
of the viscous stress tensor:

σ v = α0η0ekεeq Dn−1
eq

(
D + α1(M : D)M

+ α2
2 (D · M + M · D)

)
.

(16)

The influence of the fibre orientation evolution was
neglected (as a first approximation) in the above con-
stitutive equations, compared with the strong influence
of the pasty matrix on the rheological behaviour (see
above). However, fibre orientation may play a role on
the final mechanical and physical properties of pro-
duced composites parts (e.g. [42]). Hence, in order to
estimate the flow-induced fibre orientation, the above
set of constitutive equations is completed with a stan-
dard modified Jeffery’s equation [26, 28]. This equation
is expressed (i) by assuming that fibres are very slender
with a planar orientation along (e1, e2) (ii) by assuming
that the BMC follows a plug flow along the midplane
(e1, e2) of the considered plates during forming (see
below), and (iii) by using the in-plane second order Ã

and fourth order Ã fibre orientation tensors [2]:

d
dt Ã = �̃ · Ã − Ã · �̃ + Ã · D̃ + D̃ · Ã

+ Ã : D̃ + 2CI ˜̇γ
(
δ̃ − 2Ã

)
.

(17)

where �̃ and ˜̇γ are respectively the in-plane vorticity
tensor and equivalent shear strain rate, and where CI

is a constitutive parameter that accounts for fibre-fibre
interactions [26]. The fourth order fibre orientation
tensor involved in the last equation is expressed as a
function of the second order fibre orientation tensor,
by using the 2D natural closure approximation [22].
Hence, in (e1, e2), this yields to (i, j, k, l = 1, 2):

Ãijkl = 1
3

(
Ãij Ãkl + Ãik Ãlj + Ãil Ã jk

)

+ 1
6

(
δijδkl + δikδl j + δilδ jk

)
det Ã.

(18)

Please note that the microstructure tensor M is not
equivalent to the second order fibre orientation tensor

Ã. For the considered BMC’s, fibrous microstructures
are mainly aligned in the principal plane of the samples.
The normal of this plane is a preferred direction and the
microstructure tensor accounts for it in the rheological
model. For the flow situations considered in this work,
the principal plane of the samples is invariant, so that
there is no need to update the microstructure tensor.

Identification of constitutive parameters

With the help of the simple and plane strain com-
pression tests performed in the previous section, for
which e = e3, it is possible to determine five of the six
constitutive parameters of the model, i.e. η0, k, n, H
and CI . For the flow kinematics that will be considered
in the next section, i.e. plug flows, notice that it is not
necessary to determine the last constitutive parameter
L, which could have been determined shear tests in the
(e1, e3) plane [20, 34].

– The interaction coefficient CI was set to 0.005. This
value corresponds to the average value of those
used in the literature for fibre suspensions display-
ing similar fibre content and aspect ratio [8, 43, 46].

– From the plane strain compression experiments, H
can be directly deduced from the stress ratio σ33/σ22

since

σ33

σ22
= 1 + H. (19)

Results reported in Fig. 9 show that H should
depend on the strain. To take this into account, H
was taken as a function of the equivalent strain εeq:

H = 1 − μ

2

(
εeq +

√(
εeq − εc

)2 + α2 −
√

ε2
c + α2

)
,

(20)

where the characteristic strain εc, the slope μ and
the curvature α were set to 0.25, 1 and 0.01, re-
spectively. As shown in the graph of Fig. 9, such an
expression allows a reasonable fit of experimental
data for strain above 0.25. Below this value, vis-
coelastic effects occur and are not accounted for
in the present model: in this strain domain, H was
arbitrarily fixed to the value obtained near εeq =
0.25. Likewise, above the equivalent strain equal to
1, H was also fixed arbitrarily to H(εeq = 1), in the
absence of experimental data.

– From the axial stresses recorded during the com-
pression experiments performed at various axial
strain rates, η0, k and n can be estimated. For
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example, the axial stress σ33 for simple compres-
sion is:

σ33 = η0ekε33 Dn
33. (21)

Doing so, within the investigated strain and strain
rate ranges, the following values were determined:

η0 = 0.07 MPa sn, k = 0.5, n = −0.23εeq + 0.41.

(22)
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Fig. 10 Stress–strain curves showing a comparison between the
model prediction (continuous lines) and the experiments (marks)
during plane strain (a) and simple compression experiments (b)

Once again, in the absence of experimental data
above εeq > 1, n was arbitrarily fixed to n(εeq = 1).

Stress–strain curves plotted in Fig. 10 show the
comparison between the model prediction and the ex-
perimental data collected during various simple and
plane strain compression experiments. Together with
the stress ratios shown in Fig. 9, these graphs indicate
that the model permits a fairly good fit of experimental
results, whatever the considered mechanical loading.
Of course, experimental and model curves differ in
their early stage, i.e. when εeq < 0.25, because the very
simple proposed model does not account for viscoelas-
tic effects observed experimentally [41].

Mould filling simulation

Finite Element code for compression moulding

The previous rheological model was then implemented
into a Finite Element (FE) code able to simulate the
compression moulding of thin SMC or BMC charges.
Mechanical and numerical aspects related to this code
are extensively described in [19]. Briefly, the flow of
the compound during the compression is supposed
to be equivalent to an incompressible and one-phase
plug flow [1, 7], so that the velocity of the suspension
along the thickness of the BMC charge is uniform.
Hydrodynamic friction forces having the same effects
than those used to correct stress measurements dur-
ing homogeneous compression experiments (cf. Section
“Experimental procedure”) can also be taken into ac-
count. Hence, only the midplane of the mould cavity is
considered, and by following an Eulerian description,
the whole mould is meshed (see Fig. 11). The flow
problem (mass balance and quasi-static momentum
balance equations + constitutive Eqs. 9–16) is then
treated using a mixed pressure-velocity formulation
(modified Uzawa algorithm + Newton Raphson lin-
earisation, P2+/P1 FE elements). The evolution of the
flow front during the compression is solved using a level
set function, which is advected by a characteristic-based
method and P2 FE elements. In order to compute the
equivalent strain εeq and the fibre orientation tensor Ã
at each material point during the flow, similar resolu-
tion schemes are also implemented for the weak forms
of Eqs. 13b and 17, respectively.

Comparison experiments / simulation results

To test the capability of the FE code to simulate com-
plex flow situations, the compression experiments in the
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Fig. 11 Geometry, mesh,
position of the initial BMC
charge and boundary
conditions used to run
simulation

3e
1e

2e

⊗

0n=⋅

1wall

channel with the obstacles are now considered. During
the tests, the CCD camera is used in order to capture
the BMC flow front. The samples used in this case
are rectangular (dimensions L0 × l0 × h0 = 80 × 80 ×
20 mm3). They are initially lubricated and placed in
the centre of the channel. They are then compressed
at constant axial strain rate and three initial cross-
head velocities equal to 0.2, 2 and 6 mm s−1. Tests are
performed at room temperature. It must be pointed
out that such testing conditions, despite their simplicity,
are not so far from the industrially encountered ones.
Indeed, during the short duration of the compression
mouldings, it is fair to assume [5] that the temperature
of the compounds (i) is sufficiently low to avoid cur-
ing of the polymer and (ii) is approximately constant
except near the lower and upper parts of the mould,
where the heated polymer matrix acts as a lubricant
[6, 11, 31, 40, 44].

In parallel, the same compression experiments are
simulated with the FE code together with the rheolog-
ical model developed in this work. The geometry, the
mesh, the initial and boundary conditions are given in
Fig. 11. The comparison between the experiments and
the simulation results is presented in Fig. 12. This figure
brings up the following comments:

– The pictures taken with the CCD camera at various
times during the compression at the initial cross-
head velocity of 2 mm s−1 (see Fig. 12c) together
with the snapshots extracted from the correspond-
ing simulation at the same times prove that the

simulated flow fronts fit fairly well the experimental
ones.

– When the simulations are performed both with
the rheological model, which has been proposed
in the previous section, and with the hydrody-
namic friction coefficient λ, which has been deter-
mined for the plane strain compression rheometer
(cf. Subsection “Rheometers”), the experimental
force-height curves are well reproduced, whatever
the initial cross-head velocity, as shown in the graph
of Fig. 12a. The best correspondence is obtained
whenever the equivalent strain εeq remains below 1
and becomes deteriorated when εeq ≥ 1. This con-
stitutes a limitation of the presented model as the
identification of its parameters has not been per-
formed when εeq ≥ 1, as previously explained. This
point should be further improved. In the particular
studied flow, a state of equivalent strain εeq ≥ 1 is
reached quite rapidly around the cylindrical obsta-
cles, as it is illustrated in Fig. 12c in the case of an
initial cross-head velocity of 2 mm s−1.

– In order to gauge the effect of constitutive parame-
ters on the simulation, different runs have also been
achieved in the case of the compression at the initial
cross-head velocity of 2 mm s−1, see Fig. 12b. As
evident and shown from the simulations achieved
without friction, neglecting the strain-hardening
(k = 0) leads to the lowest mould closure force F.
Adding both the effects of the friction and the strain
hardening leads to the highest closure force. It is
1.5 times higher than the previous value at half
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Fig. 12 Compression in the
channel with cylindrical
obstacles : comparison
between experiments and
simulations when the initial
compression velocity equals
2 mm s−1 and when it equals
0.2 mm s−1 and 6 mm s−1 (a).
Graphs represent the mould
closure force F as a function
of the height h of the mould
cavity. Marks represent the
experimental data and lines
predictions given by the
simulations. Graph (b)
represents the influence of
constitutive parameters on
the mould closure force
(initial compression velocity
equals 2 mm s−1).
Photographs (experiment on
top, simulation on bottom)
shown in (c) represent the
bottom view of the mould.
They were taken at various
times (1,2,3,4) during the
compression at 2 mm s−1.
Colormaps shown in the
numerical pictures represent
the equivalent strain εeq and
the first principal component
AI of the orientation tensor,
from zero (red) to the
maximal value (white)
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the compression and triples near the end of the
compression. Considering the individual effects of
the friction or the strain hardening leads to closure
force values comprised between the two previous
cases and of close magnitudes, showing both the
importance of the bulk rheological behaviour of
the BMC and of its interaction with the mould
surfaces.

– At least, the evolution of the first principal value
AI of the fibre orientation tensor and the corre-
sponding orientation ellipses (they are aligned with
the principal 2D reference frame and their major
and minor axes are respectively equal to AI and
AII = 1 − AI) are given in Fig. 12c in the case of
an initial cross-head velocity of 2 mm s−1. This
graph shows an overall alignment of the fibres along

the channel axis, with a complex orientation when
the BMC flows around the cylindrical obstacles.
An interesting analysis, which would have to be
performed, would consist in determining experi-
mentally the orientation state of fibres around these
obstacles and to compare it with these numerical
results. Nevertheless, this work cannot be easily
performed with BMC materials. It would require
special observation techniques developed in [53] or
[31], for instance.

Conclusion

– The analysis, which was initiated in [41] in or-
der to understand the rheology of Bulk Moulding
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Compounds, was pursued. Once again, results
have shown that these polymer composites be-
have as highly concentrated fibre-reinforced non-
Newtonian suspensions during their forming phase,
exhibiting a complex rheology. In particular, the
role of the mechanical loading on the suspension
rheology was emphasised, by performing both sim-
ple and plane strain compression experiments using
large size rheometers. This database could be com-
pleted by shear tests such as those achieved in [34],
since shear is another important deformation mode
arising during processing of BMC’s. In order to
better understand the BMC rheology, an important
work should also be carried out about the analysis
of their microstructures, which are induced during
the flow [14, 31, 53].

– As a quick answer towards the modelling of mould
filling, a mesoscopic phenomenological tensorial
rheological model is proposed. This model requires
few constitutive parameters, and reproduces the
main features of the BMC rheology. However, it is
not able to relate finely the BMC’s rheology with
their microstructures. Based on an experimental
analysis of flow-induced microstructures, such a
model could be in future replaced by more sophis-
ticated rheological models dedicated to these types
of fibre suspensions [4, 24, 32, 33, 38, 51, 52, 56, 58].

– This phenomenological model was implemented
into a FE code dedicated to the compression of
compounds [19]. Compared to heterogeneous com-
pression moulding experiments, rather good trends
were obtained from simulation. Future work should
now focus on simulating more complex geometries
and more complex situations combining thermal
and mechanical loads.
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