
Composites: Part A 43 (2012) 2107–2119
Contents lists available at SciVerse ScienceDirect

Composites: Part A

journal homepage: www.elsevier .com/locate /composi tesa
Rheometry of compression moulded fibre-reinforced polymer composites:
Rheology, compressibility, and friction forces with mould surfaces

O. Guiraud a,b, P.J.J. Dumont b,⇑, L. Orgéas a, D. Favier a

a CNRS/Université de Grenoble (Grenoble INP – UJF), Laboratoire Sols-Solides-Structures-Risques (3SR Lab), BP 53, 38041 Grenoble cedex 9, France
b CNRS/Institut Polytechnique de Grenoble (Grenoble INP), Laboratoire de Génie des Procédés Papetiers (LGP2), 461 rue de la Papeterie, BP 65, 38402 Saint-Martin-d’Hères
cedex, France

a r t i c l e i n f o a b s t r a c t
Article history:
Received 18 December 2011
Received in revised form 10 May 2012
Accepted 7 June 2012
Available online 16 June 2012

Keywords:
A. Polymer-matrix composites (PMCs)
E. Compression moulding
Rheology
C. Analytical modelling
1359-835X/$ - see front matter � 2012 Elsevier Ltd.
http://dx.doi.org/10.1016/j.compositesa.2012.06.006

⇑ Corresponding author. Tel.: +33 476826921.
E-mail address: pierre.dumont@grenoble-inp.fr (P.
Compression moulded preimpregnated polymer-matrix composites are often porous materials. Rheolog-
ical studies usually neglect their subsequent compressible complex flow behaviour, together with mould-
composite friction effects. Therefore the proposed method, including a newly developed compression
rheometer, allows the rheology and the compressibility of such materials together with the mould–com-
posite friction phenomena to be characterised without taking into account a priori assumptions on both
the rheology of the composite and the form of the friction law. Its validity and usefulness for improving
the interpretation of rheological results is demonstrated using a modelling plastic paste and an industrial
Sheet Moulding Compound (SMC) during lubricated (or not) compression tests performed at low or high
temperatures.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction pared with no slip or partial squeeze flow tests [20–22,19,23,24,6],
Owing to their relatively high volume fraction of fibres typically
ranging from 0.05 to 0.6, Sheet Moulding Compounds (SMCs) [1],
Bulk Moulding Compounds (BMCs) [2], Glass Mat Thermoplastics
(GMTs) [3–5], Carbon Mat Thermoplastics (CMTs) [6] or discontin-
uous carbon/epoxy prepregs [7,8] are lightweight compression
moulded composite materials with good specific physical and
mechanical properties. The fibres contained in these materials usu-
ally display a planar orientation and have a length ranging from
10 mm to 50 mm. When forming by compression thin charges
(from 2 mm to 3.5 mm) of these materials, their outer layers rich
in polymer act as lubricating layers that are squeezed and sheared
near the mould surfaces, whereas their core rich in fibres deforms
following an extensional plug flow [9,10]. Thus, similarly to fibre-
reinforced mortars [11] or food materials [12,13], simple compres-
sion tests appear as relevant methods to control and to determine
the rheological parameters of compression moulded materials
[14,15,17,18]. Usually, the experiments are performed so as to en-
sure the best lubrication conditions to promote plug flow condi-
tions, that is to minimise friction effects at the interface between
the compression rheometer platens and the composite and to sub-
ject the flowing composite to the most possible homogeneous
stress–strain states [19]. This allows an easier determination of
the intrinsic rheological parameters of the tested composites com-
All rights reserved.
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for instance. Nonetheless, the friction forces induced when shear-
ing the lubricant layers must be sufficiently low or negligible com-
pared with the forces needed to deform the composite. In other
situations, the effect of the lubricant layers in the determination
of the rheological parameters can be corrected. For that purpose,
arbitrary and questionable forms of the lubricant induced friction
forces are commonly used [12,27,13,28,17,11].

Furthermore, it is often assumed that the composites are
incompressible during flow. This assumption, currently adopted
for the experimental determination of rheological parameters or
the numerical simulation of mould filling, is scarcely discussed
even though it is well documented, admitted, and obvious that
these materials contain pores [25,26] (see also Fig. 1).

Then, this contribution aims at developing a compression de-
vice that delivers a sufficient amount of data about the flow of
the tested composites. In the case of plug flow kinematics, the
method proposed to analyse the acquired data reveals (i) the rhe-
ological behaviour and (ii) the compressibility of the flowing com-
posites, and (iii) the mould–composite interface friction law
without taking account of a priori assumptions.

2. Materials and methods

Two materials were used to develop and to validate the new
compression rheometer and its analysis method: a modelling
plastic plate ‘‘Play Doh’’ and an industrial SMC supplied by Mixt
Composites Recyclages (MCR, Plastic Omnium Group, Tournon-
sur-Rhône, France). The use of the modelling plastic paste is
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Fig. 1. Set of pictures showing a 3D view and three cross sections (pictures with coloured borders) of the porosity (in white) entrapped within a stack of four layers of SMC
layers in their initial state (no curing). Image acquired using the X-ray synchrotron holotomography mode (European Synchrotron Radiation Facility (ESRF), beamline ID19,
voxel size of 7.5 lm). The total porosity is here measured equal to 15%. The cross sections having the red and blue borders represent respectively the top and bottom of an
individual layer of SMC within the stack. Pores of large size are particularly present in regions at the interface between several layers. The shown SMC in these images has a
higher fibre content compared to that compressed, but is representative of the microstructure of the family of SMC materials. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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interesting in view of validating the proposed system and method-
ology as the rheological properties of this material exhibit a limited
scatter, in particular because its microstructure is rather homoge-
neous compared to that of SMC compounds. The SMC was rein-
forced with glass fibre bundles 25 mm long. Its fibre volume
fraction was equal to 10.8%. It was supplied in rolls 15 m long
and 0.40 m wide of thin charges where the fibres display a planar
orientation. To illustrate the complex structure of SMC-like mate-
rials in their initial state before compression moulding, Fig. 1
shows a 3D representation acquired by X-ray synchrotron microto-
mography (European Synchrotron Radiation Facility (ESRF), beam-
line ID19, voxel size of 7.5 lm) of the porous phase of a stack of
four SMC layers. The imaged SMC is similar to that used for com-
pression tests, except regarding the fibre volume fraction which
was higher in that case and equal to 18.8%. Both SMC were none-
theless produced on the same compounding machine, and such
images are thought to be representative of the microstructure of
the family of SMC materials. The initial pore content is striking.
Note that such porosity value certainly corresponds to a lower
bound of the porosity within SMC as, due to the scanning resolu-
tion of 7.5 lm, small pores contained, for example, within the fibre
bundles or at the interface between the fibre bundles and the poly-
meric matrix cannot be observed. Nonetheless, despite this mea-
surement limitation, the measured porosity value is high before
moulding and the given image shows a clear example of the impor-
tance of the porosity that can be entrapped in SMC materials before
compression.
Cylindrical specimens were cut in both materials. Their initial
radius R0 was equal to 55, 75 or 100 mm. For the modelling plastic
paste, specimens about 16 mm in height were manually formed
with a cylindrical mould. SMC specimens were composed of a stack
of three SMC layers (thickness of each sample about 5 mm). All
SMC specimens were cut in a central zone (10 m � 0.2 m) of the
rolls to minimise possible microstructural variations. The initial
thickness h0 of the specimens was measured at the beginning of
each compression test following a procedure described in the
experimental sections.

Compression tests were performed using either a previously
developed system [14,15] consisting of two coaxial and parallel cir-
cular plates, or the newly developed apparatus (cf. Section 4).
These rheometers were mounted on a MTS press (maximum
capacity of 20 kN and maximum cross-head velocity of 17 mm s�1)
where the axial strain rate could be controlled. In this study, the
direction of the compression axis is given by the vector e3. During
each test, the axial compression force F3 was measured together
with the current thickness h of the deformed sample. All tests were
performed at a constant axial strain rate jD33j ¼ j _h=hj ¼ 0:1 s�1. In
the case of lubricated tests, the surfaces of the platens of the com-
pression devices were coated with a mixture of silicone grease
(Molydal Al/Si 3653) and silicone oil (Julabo Thermal H5S). This
mixture of lubricants was observed to ensure the best plug flow
conditions for both compressed materials. Lastly, for each testing
condition, experimental results were averaged over at least five
tests. For isothermal test conditions, in the case of the modelling
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Fig. 2. Preliminary simple compression of an industrial SMC (T = 20 �C). (a) Evolution of the first Piola–Kirchhoff axial stress jP33j as a function of the average axial strain j�e33j
for specimens having two different radii. (b) Evolution of the volumetric strain ev with respect to the average axial strain j�e33j. (c) Photographs of a specimen taken at various
axial strains. The red circles drawn on the photographs 2 and 3 indicate the area of the specimen if this latter was incompressible. (d) Variation of the average radial strain �err

with respect to the initial length of the segment li considering the marks put in (c), at j�e33j ¼ 0:66. Note that the apparent darkened region is simply a shadow due to the
lighting system used to take the photographs. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

O. Guiraud et al. / Composites: Part A 43 (2012) 2107–2119 2109
plastic paste (see Sections 6 and 7) and of SMC (see Section 7), the
typical scatter observed for such measurements was ±10% [16]. In
the case of tests performed in anisothermal conditions, the scatter
raised up to ±20% (see Section 7).

3. Preliminary experimental observations

A first series of simple compression tests was performed using
the SMC, at room temperature (20 �C) and without lubrication, in
order to assess the validity of several current assumptions related
to the flow of short fibre composites [29,27,28,17,18]. Before each
test, the specimens’ wavy surfaces in contact with the mould were
flattened by applying a preliminary compaction of 0.5 mm. The ini-
tial thickness h0 of the specimens was defined after this
compaction.

Fig. 2a shows the typical evolution of the average first Piola–
Kirchhoff axial compression stress P33 ¼ F3= pR2

0

� �
with respect

to the axial strain �e33 ¼ lnðh=h0Þmeasured during simple compres-



Fig. 3. (a) Schematic view and photograph of the specially designed rheometer. (b) Schematic description of the principle of simple compression tests when performed using
the instrumented rheometer.
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sion tests for a sample having an initial radius R0 = 100 mm. In this
figure, some photographs of the top view of one tested specimen
are also given. Marks were drawn on its surface and its perimeter.
These photographs were taken during an interrupted test at various
deformation states, i.e. �e33 ¼ 0;�0:27 and �0.66.
3.1. Plug flow and strain homogeneity

In Fig. 2c, the assumption of a plug flow kinematics can be visu-
ally checked: the marks drawn on the perimeter of the specimen
remain on it up to a large axial strain �e33 ¼ �0:66 during compres-
sion. Furthermore, the homogeneity of the strain was investigated
using the marks drawn on the surface of the specimens, similarly
to the method adopted in [15]. The average radial logarithmic
strain �err ¼ lnðlf =liÞ of the specimen could be calculated by building
segments of various lengths and located in various positions of the
specimen’s surface using the drawn marks. In this expression, lf
and li are the lengths of the considered segments measured before
and after compression, respectively. Fig. 2d gives the variation of
the radial strain �err as a function of the initial chosen length li of
the segments. This figure reveals that (i) the flow kinematics is
highly heterogeneous for li < 100 mm showing the strong influence
of the structural rearrangements occurring within the fibrous rein-
forcement during flow and (ii) the strain can be considered as
homogeneous for segments having an initial length li P 100 mm.
For this state of axial strain where �e33 ¼ �0:66, the average radial



Fig. 4. Scheme showing the profile of the axial stress jR33j and its decomposition
into its rheological and friction-induced parts encountered during a simple
compression test where friction effects occur.
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strain �err is approximately equal to 0.135. A similar strain depen-
dence on the size of the scrutinised segments had been obtained
in [15] for composites showing similar fibrous microstructures. It
is clear that the size of the segments, and consequently the size
of the specimen, should increase if the typical length of the fibres
or fibre bundles was increased.

3.2. Compressibility of SMC

The volume V of the tested specimen was determined using the
press data for the measurement of its height h and the photographs
of its top surface for its in-plane dimensions in the (er,eh) plane.
The blue circles drawn on the photographs in Fig. 2c are the real
perimeters of the specimens measured by image analysis (ImageJ
software), whereas the red circles depict the hypothetical perime-
ters of the same specimens in the case of incompressible flow. The
graph shown in Fig. 2b gives the logarithmic variation of the spec-
imen’s volume ev = ln(V/V0) and allows the pronounced compress-
ibility of the tested industrial SMC to be quantified. These two
results show that the specimen’s volume exhibits a noteworthy de-
crease ranging between �20% to �30% at an axial strain
�e33 ¼ �0:66. This phenomenon may be related to the outgassing
of air or styrene entrapped within the SMC sheets or between
the various sheets of the stack [25,26], see also Fig. 1b.

3.3. Evidence of friction effects at mould–composite interfaces

Fig. 2a also shows the variation of the average first Piola–Kirch-
hoff compression stress as a function of the average axial strain
measured for specimens having two initial different radii: R0 = 75
and 100 mm. It is obvious that the measured stress is much lower
for the specimen with the smallest diameter, which is characteris-
tic of friction phenomena [29,19,28,17,18,11].
4. Design of a dedicated instrumented rheometer

The simple previous examples given in the last section show
that a rigorous description of the rheology of composites requires
one to develop an apparatus to properly estimate the friction ef-
fects at the mould–composite interface, and the compressibility
of the tested composites taking into account a minimal number
of a priori assumptions.

To measure the friction forces, which induce gradients of the
axial stress along the specimens’ length and lead to an increase
of the mean axial stress (see Fig. 2a), the principle of the developed
rheometer is based on the no slip ‘‘squeeze’’ flow rheometer used
in [22]; this latter was equipped with local normal axial stress sen-
sors to determine the profile of the local axial stress during testing.
In the case of simple compression tests which can be performed
using lubricated (or not) conditions, the data given using these
sensors has to be analysed following a specific method (cf. Sec-
tion 5). In order to limit the cost of the developed testing appara-
tus, the local axial stress sensors were also used to detect the
specimen in-plane flow front displacement, i.e. the specimen’s out-
er, instantaneous, radius R, which gives access to a ‘‘discrete’’ track-
ing of the specimen surface. Combined with the thickness
measurement, the compressibility of the composites can thus be
estimated in situ (i.e. without possible springback effects). Fig. 3
shows two schemes and a photography of the instrumented devel-
oped rheometer. It is composed of two polished cylindrical platens
(A) and (B) having a radius of 200 mm where the composite can
flow. When closed, this mould forms a cavity (3) having a maxi-
mum thickness of 10 mm. The mould can then be completely filled
with the composite during testing. Ejectors (4) are available to
facilitate demoulding operations. Heating cartridges are inserted
in the upper and lower platens, respectively (A) and (B), of the rhe-
ometer to perform tests at various temperatures. Each cartridge
has an individual 400 W power, and is connected to a device that
controls the temperature of the platens through thermocouples in-
serted within the mould (10). Two cooling systems are positioned
above and below the upper and lower platens, respectively, to pro-
tect the load cell of the press from heating, and to ensure the ther-
mal symmetry of the system. Five positions (1), in r = 0, 40, 80, 120
and 160 mm, for the local piezoelectric normal stress sensors (Kis-
tler 6167A, 4 mm in diameter, stress range 0–20 MPa) are available
along one radius of the lower compression platen (B) to measure
the local axial stresses r33(r).

5. Model for the composite flow in the rheometer

In this section, a model based on the previous approaches
developed for describing the flow of SMC or GMT compounds dur-
ing industrial moulding operations [29,27,28] is developed to char-
acterise with a minimal number of hypotheses (i) the rheology and
the compressibility of the tested composites, and (ii) the friction
forces arising at the mould–composite interface, with the help of
the new rheometer presented in the previous section. For that pur-
pose, at the macroscopic scale, the composite is assumed to be a
one-phase, homogeneous and transversely isotropic, in the (er,eh)
plane, material [29–31,15,28,32]. A homogeneous simple compres-
sion flow is assumed in the whole specimen and friction effects are
considered at the interface between the upper (resp. lower) platen
and the flowing composites. The possible compressibility of the
composite and no a priori estimate for the friction forces are con-
sidered in the following flow model. These two points constitute
the main originality of the proposed approach. Note that the
assumption of the homogeneity of the flow is only valid at a mac-
roscopic scale. The possible heterogeneity at a local scale of the
velocity field, e.g. in the bulk of a multilayer compound, is
averaged.

5.1. Mass balance equation

In the present model, the mass balance equation is given as
follows:

divðvÞ ¼ �
_q
q
¼ _evðtÞ; 8fr; x3g; ð1Þ

where v; q; _q; _ev are the velocity field, the density, the rate of
change of the density, and the volumetric strain rate, respectively.
It is important to note that _ev is assumed to be spatially constant.
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In a cylindrical coordinate frame (er,eh,e3), considering the
hypothesis of the strain homogeneity and the assumption of trans-
verse isotropy in the (er,eh) plane of the material, by deriving with
respect to the spatial coordinates the mass balance equation and
then integrating, it is easy to show that the solution of the velocity
field writes:

v ¼
_R
R

rer þ
_h
h

x3e3; ð2Þ

noting v rðr ¼ RÞ ¼ _R and v3ðx3 ¼ hÞ ¼ _h.
Then, _ev explicitly writes:

_ev ¼ 2
_R
R
þ

_h
h
: ð3Þ
5.2. Momentum balance equation

Assuming quasi-static flows and negligible volume forces, the
first momentum balance equation can be written as

divr ¼ 0; ð4Þ
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where r is the Cauchy stress tensor. In order to constrain the shear
components Db3 (for b 2 {r,h}) of the strain rate tensor D to be equal
to zero and consequently to ensure a simple compression kinemat-
ics, a Lagrange multiplier T is added to the expression of the stress
tensor r [28]. Similarly, the homogeneity of the compressibility of
the composite, as expressed in Eq. (1), is obtained by adding an arbi-
trary pressure q to the stress tensor:

r ¼ �qdþ Tðer � e3 þ e3 � erÞ þ re; ð5Þ

where d is the identity tensor and re is the effective stress tensor, i.e.
the stress that would be induced by the flow of the composite under
unconstrained uniaxial compression. Taking the previous assump-
tions into account, the momentum balance equation in the (er,eh)
plane, once integrated over the thickness h of the specimen and
by assuming that the friction forces exerted at the interface with
the upper (x3 = h/2) and lower platens (x3 = �h/2) are equal, now
reads:

�ggradQ þ 2
h

TþgdivRe ¼ ~0; ð6Þ

where

Q ¼ 1
h

Z h=2

�h=2
qdx3; Re ¼ 1

h

Z h=2

�h=2
redx3; ð7Þ

where the symbol ‘‘e ’’ is introduced to distinguish 2D differential
operators in the (er, eh) plane from their 3D counterparts and where,
assuming that T(x3 = h/2) = �T(x3 = �h/2):

ð2TÞ:er ¼ ½T�h=2
�h=2 ¼ 2T and ð2TÞ:eh ¼ 0: ð8Þ

Q and Re represent the pressure and the effective stress in the
(er, eh) plane averaged over the thickness of the specimen, respec-
tively. T is the friction tangential stress vector the specimen is sub-
jected to at the interfaces with the rheometer. Considering the plug
flow assumptions and the spatial invariance of the effective stress
tensor ("x, Reit has constant components), Eq. (6) along er is
reduced to:

�Q ;r þ
2T
h
¼ 0: ð9Þ

Then, after integration using the following boundary condition
in r ¼ R : Rrr ¼ �QðRÞ þ Re

rr ¼ 0, the solution Q(r) of Eq. (6) is ex-
pressed as

QðrÞ ¼ Re
rr �

2
h

Z R

r
Tðr0Þdr0: ð10Þ

Using the expression Eq. (5) of the stress tensor r averaged over
the thickness h of the specimen, one obtains:

R33ðrÞ ¼ �QðrÞ þ Re
33; ð11Þ

so that, using Eq. (10):

R33ðrÞ ¼ Re
33 � Re

rr|fflfflfflfflfflffl{zfflfflfflfflfflffl}
rrheo

33

þ 2
h

Z R

r
Tðr0Þdr0|fflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflffl}

Rfric
33 ðrÞ

; ð12Þ

where rrheo
33 represents the intrinsic rheological behaviour of the

tested material and where Rfric
33 ðrÞ is the part of the axial stress

due to the friction phenomena (in r = R, Rfric
33 ðRÞ ¼ 0). This is illus-

trated in Fig. 4.
So far, analyses developed following the previous framework

postulated several various simple analytical forms for the friction
law they incorporated. Coulombic, linear or nonlinear hydrody-
namic friction laws [29,15] were considered. The previously devel-
oped approaches also postulated the incompressibility of the
composite ð _ev ¼ 0Þ. Such approaches had the advantage to allow
a quick estimation of the rheological properties of the tested mate-
rial using Eq. (12). Unfortunately, these estimations were depen-
dent on the nature of the a priori chosen friction law. Here such
former approaches are completed. With the newly developed mod-
el, no a priori form is required for the friction law, and both incom-
pressible and compressible flows can be treated. The developed
model relies on the use of the derivative form of Eq. (11) with re-
spect to r and the first equation of the system (9):

T ¼ � h
2
@R33ðrÞ
@r

: ð13Þ

To our knowledge, this expression is new. It shows that once the
profile of R33(r) is known (this is the case when using the newly
developed rheometer and its normal stress sensors), it is possible
to determine experimentally the friction law T without a priori
assumptions about the incompressibility and the form of the rhe-
ological behaviour law of the composite. In the case of specimens
having a small thickness h (like in this work) the gradient of r33

along e3 can be considered as weak enough [29], so that
R33 � r33. The friction law can thus be obtained for each mould–
composite interface point by using the profiles of the measured
local axial stresses r33(r) and their derivatives with respect to r.
Besides, it is possible to calculate the average axial stress �r33:

�r33 ¼
F3

pR2 ¼ �
2
R2

Z R

0
qðr; x3Þrdr þ re

33; 8x3: ð14Þ

In particular, it can also be written in x3 = h/2, i.e. on the upper
surface of the specimen. It is then possible to show [28] thatZ R

0
QðrÞrdr ¼

Z R

0
qðr; x3 ¼ h=2Þrdr: ð15Þ

The average axial stress �r33 may also be seen as the sum of a
friction contribution of the composite with the compression plat-
ens �rfric

33 and a rheological contribution rrheo
33 :

�r33 ¼ re
33 � re

rr|fflfflfflfflfflffl{zfflfflfflfflfflffl}
rrheo

33

þ 4

hR2

Z R

0

Z R

r
Tðr0Þdr0

� �
rdr|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

�rfric
33

: ð16Þ

Without friction, note that all local axial stresses r33(r),
"r 2 [0,R], are equal to the average axial stress �r33.

Thus, during compression tests, the newly developed rheometer
gives the local axial stresses r33(r) measured in r = 0, 40, 80, 120
and 160 mm. Then, it is possible to interpolate the profiles of local
axial stresses during the compression of the specimens. The fitted
functions can be used to extrapolate r33(r = R) and to obtain the
rheological behaviour of the tested material. This method necessi-
tates to know the current radius R of the specimens that can be cal-
culated when the local axial stress sensors detect the flow front
progression. The stress profiles can then be derived as presented
above to obtain the friction law T. Furthermore, it is possible to cal-
culate the average axial stress �r33 with the measurements of F3.
6. Validation of the methodology

In order to validate the above methodology lubricated simple
compression tests were first performed using the modelling plastic
paste (see Section 2). The recorded scatter of the data remained
about ±10%. It was checked that the plug flow assumption was cor-
rect in all testing conditions.

6.1. Incompressibility of the modelling plastic paste

The local axial stress sensors allowed the evolution of the
radius of tested samples to be followed during these tests, see



Fig. 6. Compression of the modelling plastic paste (T = 20 �C). (a) Evolution of jTjwith respect to the average axial strain j�e33 j for various positions, r = 0, 40, 80, 120 mm, of the
local stress sensors. (b) Evolution of jTj with respect to the local axial stress jr33j for various radii r = 0, 40, 80, 120 mm. (c) Evolution of jTj with respect to the radius r for
various average axial strains j�e33 j ¼ 0, 0.2, 0.4, 0.6, 0.8, 1 and 1.2. (d) Friction law as a function of the paste velocity vr and of the local axial stress jr33j. (e) Comparison of the
rheological behaviour of the modelling plastic paste obtained using three different methods. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 5a. Comparing the experimental points with the theoreti-
cal curves, drawn in the case of incompressibility shows
that the modelling plastic paste can be considered as incom-
pressible.
6.2. Evidence of friction effects at the mould–paste interface

In Fig. 5b, the evolution of the average axial stresses
�r33 ¼ F3h= ph0R2

0

� �
(estimated considering the incompressibility)
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with respect to the average axial strain �e33 is depicted for samples
which have two various initial radii R0. It can be observed that the
measured average axial stress is lower for samples having an initial
radius R0 = 55 mm than for specimens having an initial radius of
75 mm. Furthermore, the evolution of local axial stresses with
the average axial strain �e33 are compared to that of the average ax-
ial stress �r33 in Fig. 5c. This figure collects the results of 15 identi-
cal tests and shows that the local axial stresses measured in r = 0,
40 and 80 mm are higher than the average axial stress �r33 through-
out the deformation. Within the previously presented theoretical
framework, these two observations can be interpreted as the
occurrence of non-negligible friction effects at the mould–material
interface.
6.3. Determination of the rheological behaviour of the modelling
plastic paste

Fig. 5d shows the profiles of the local axial stresses as a function
of the radius r for a wide range of compression strain �e33 up to a
maximum equal to 1.2. The chosen fitting function for these pro-
files are quadratic:
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Fig. 8. Compression tests of SMC performed with lubrication (T = 20 �C): evidence
of no friction effects. Evolution of the average axial stress j�r33j and the local axial
stresses jr33(r)j measured in r = 0, 40 and 80 mm as a function of the average axial
strain j�e33j. (For interpretation of the references to colour in this figure legend, the
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r33ðrÞ ¼ Ar2 þ Br þ C: ð17Þ

These functions are drawn in Fig. 5e for each average axial
strain �e33 with C � r33(0), which is given from the test data. Be-
sides, the symmetry of the test induces that B ¼ @r33

@r ð0Þ ¼ 0: The
parameter A can be determined from the constraint imposed by
Eq. (14): see the second member of this equation where
R ¼

ffiffiffiffiffiffiffiffiffiffi
h0=h

p
R0 is obtained from the incompressibility of the model-

ling plastic paste. Using the interpolated profiles of local axial
stresses r33(r), the rheological behaviour of the tested material
rrheo

33ð1Þ can thus be obtained, e.g. in r = R:

r33ðRÞ ¼ rrheo
33ð1Þ ¼ AR2

0
h0

h
þ C: ð18Þ

On the one hand, it appears in Fig. 5f that the fitted local stres-
ses r33(r), once integrated from 0 to R, are very close to the average
axial stress �r33 measured with the press load cell: the chosen fit is
then correct to satisfy this constraint. On the other hand, it can be
observed that the rheology of the modelling plastic paste rrheo

33ð1Þ is
largely different from the measured average axial stress �r33, i.e.
with F3: this highlights that it is very important to properly correct
the raw acquired data.

6.4. Analysis of friction phenomena

The friction law T can be obtained when deriving the profiles of
the local axial stresses with respect to r. From Eq. (13), assuming
that the quadratic fitting functions are satisfactory:

T ¼ �Arh: ð19Þ

Fig. 6a and b shows respectively the variations of T with respect
to the average axial strain �e33 and the local axial stress r33. A slight
increase of T can be noticed up to an average axial strain
�e33 � �0:6, which corresponds to a local axial stress
r33 � � 0.02 MPa. This might be due to the lubrication layer which
might be (partially) expelled at the beginning of the test. Then, T
tends to stabilize. This effect might be related to a remaining lubri-
cation layer of uniform thickness between the rheometer platens
and the specimen. Fig. 6c shows that the increasing variation of T
with the paste radial velocity v r ¼ �rD33=2 can be considered as
linear. Using the previous expression for the paste velocity vr and
the expression (19) of T, it is possible to write:
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T ¼ �Ahr ¼ 2Ah

D33
v r ; ð20Þ

which highlights the pronounced hydrodynamic nature of friction
phenomena occurring during these tests. Fig. 6d gives a summary
of the previous graphs and displays the variation of T with respect
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to r33 and vr. This graph illustrates the complexity of the friction
phenomena. These results could be further used to a posteriori pro-
pose friction laws. For instance, if the product Ah in the previous
equation is considered as being not dependent on the strain, a
hydrodynamic and linear friction law can be proposed [29,27,28].
An average hydrodynamic coefficient k � � 2hAhi

D33
� 3:2�

10�4 N s mm�3 can then be defined, where hAhi is the average value
of Ah over the whole deformation. Thus, a model for the friction law
can be written as follows:

Tmod ¼ �kv r : ð21Þ

The bold lines drawn in Fig. 6a–c represent the predictions of
this model and sheds light on its approximation when compared
with the recorded experimental data for T.

It is possible to check the model validity using the compression
data and the second member of Eq. (12). From the expression of
Tmod; Rfric

33 ðrÞ reads:

Rfric
33 ðrÞ ¼

kD33

2h
ðR2 � r2Þ; ð22Þ

which allows the rheological response of the modelling plastic paste
response rrheo

33ð2Þ to be calculated considering Eq. (12) and the data of
the local stress sensor, in r = 0, for instance. In Fig. 6e, rrheo

33ð2Þ is plot-
ted with respect to the axial strain �e33. It is obvious that the rheolog-
ical response estimated when using the model friction law, rrheo

33ð2Þ,
can be well compared with the estimation rrheo

33ð1Þ based on the fitting
of the local axial stresses. Thus, a simple hydrodynamic friction
model could be sufficient in this particular case.

7. Application to an industrial SMC

The results of a series of compression tests achieved with the
previously described SMC are given in this section. Most of the
tests were performed in isothermal conditions at 20 �C, using lubri-
cation or not. Note that other lubricated compression tests were
performed at 40 �C, 60 �C and 80 �C. Furthermore, some tests were
also carried out in anisothermal conditions at a temperature of
150 �C without lubrication in order to mimic industrial forming
conditions. Note that the experimental procedure was slightly dif-
ferent at low testing temperatures (20–80 �C) and at the highest
testing temperature of 150 �C. At low temperatures, tests were pre-
ceded by a preliminary stage where the specimens were pre-com-
pressed (0.5 mm) in order to flatten the initial wavy surfaces of
SMC charges. At this stage, the initial specimen thickness h0 was
measured. Compression tests started once the pre-compression
force was completely relaxed. At 150 �C, to mimic the industrial
compression moulding conditions, the following procedure was
adopted: once the specimens were put in contact with the lower
platen of the rheometer, the compression test was launched. After
20 s the upper platen reached the specimen surface, then the com-
pression continued and the initial thickness of the specimen was
arbitrarily defined and measured once the compression stress
reached approximately 5.7 � 10�3 MPa. This pre-compaction cor-
responds approximately to the same height reduction (�0.5 mm)
as in the case of tests performed at 20 �C.

7.1. SMC compressibility at 20 �C and 150 �C

Fig. 7a shows the evolution of the ratio R/R0 of tested SMC spec-
imens as a function of the average axial strain at both temperatures
of 20 �C or 150 �C. At the lowest temperature, the SMC can be
clearly seen as a compressible material, since _ev < 0, see Fig. 7b.
At 150 �C, the situation is different as the SMC specimens appear
to be incompressible: _ev � 0. At 20 �C, the observed mechanisms
can be related to a progressive decrease of the porosity of SMC.
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Yet, at this stage of investigation, it cannot be concluded about the
mechanisms which govern the observations made in Fig. 7 for the
temperature of 150 �C. Does the stage preceding in this case the
measurement of the initial thickness remove the porosity of the
SMC which becomes denser and as a result incompressible? Do
the pores remain even after this first stage? Are these latter trans-
ported during flow? This point should be clarified in further study
by performing in situ observations, for instance. Nonetheless, these
observations highlight the large differences the SMC compounds
exhibit for various thermomechanical loading conditions.
7.2. SMC rheology and friction phenomena at 20 �C, 40 �C, 60 �C, and
80 �C, tests with lubrication

Fig. 8 depicts the SMC rheological response measured at
20 �C during compression tests with lubrication. Whatever the
considered axial strain, it appears that the local axial stresses
r33(r) measured in r = 0, 40 and 80 mm are equal to the aver-
age axial stress �r33 ¼ F3=ðpR2Þ (for the estimation of R: see
the fitted line given in Fig. 7). In this situation, the contribution
of the friction effects is obviously negligible and the data thus
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correspond to the intrinsic rheological behaviour of SMC. For
the temperatures of 40 �C, 60 �C, and 80 �C, the experimental
observations are similar to those made at 20 �C. In addition,
the continuous line drawn in Graph (a) of Fig. 9 depicts the
SMC compression viscosity g33 ¼ �r33=D33 as a function of
1
Tr
� 1

Tc
, where Tc is the current temperature and Tr = 296 K is a

reference temperature. The continuous line represents an Arrhe-

nius law g33ðTcÞ ¼ g33ðTrÞ exp b 1
Tr
� 1

Tc

� �� �
fitted for temperatures

ranging between 20 �C and 80 �C (b = 2600 K�1).

7.3. SMC rheology and friction phenomena at 20 �C, tests without
lubrication

Friction effects already observed in this situation in Fig. 3 (or
Fig. 10 where the Cauchy stress is used) are confirmed in
Fig. 10b which shows the measurements of the local axial stress
sensors using samples having an initial radius R0 = 100 mm. For in-
stance, the local axial stresses measured in r = 0 and 40 mm are lar-
ger than the average axial stress �r33. This friction influence is also
highlighted in Fig. 10c where it can be observed that the local
stress profiles decrease with the specimens’ radius. The SMC rheo-
logical behaviour and the friction law were identified following the
method described for the modelling plastic paste. Fig. 10c depicts
the local stress profiles fitted here with linear functions with r:

r33ðrÞ ¼ Ar þ B 8r 2�0;R�
r33ðrÞ ¼ B in r ¼ 0

�
ð23Þ

As for the modelling paste, it should be noticed that the chosen
interpolation for r33(r), once integrated from 0 to R, allows the
average axial stress �r33 to be reasonably estimated: see Fig. 10d.
This method also gives the intrinsic rheological behaviour
rrheo

33 ¼ r33ðRÞ of the tested SMC where the evolution of the sample
radius R (see Fig. 10) and B = r33(0) are experimentally determined.
The as-determined evolution of rrheo

33 with the axial strain is illus-
trated in Fig. 10d. It appears that its value can be up to approx.
25% lower (at �e33 ¼ �0:8) than the average axial stress �r33. Again,
this illustrates that a large error can be made if the friction contri-
bution is not accounted for during the data analysis. In order to fur-
ther validate the employed analysis method, the as-determined
curve for the SMC intrinsic rheological behaviour is now compared
in Fig. 11 with the similar curve obtained from the tests performed
with very good lubrication conditions (see Fig. 8): the two curves
are nearly superimposed. Finally, the friction law is determined:

T ¼ �Ah=2: ð24Þ

Its experimental evolution with respect to �r33 and vr is given in
Fig. 10e where it is obvious that the mould–SMC friction law exhib-
ited is largely different from that determined for the modelling
plastic paste.

7.4. Anisothermal tests at 150 �C without lubrication

In Fig. 9c, the rheological behaviour measured during anisother-
mal compression tests at 150 �C without lubrication is radically
different from that observed for 20 �C tests. The average axial
stress �r33 indeed increases up to an axial strain �e33 ¼ �0:2, then
decreases up to an axial strain �e33 ¼ �0:7. Over this value of strain,
the axial stress seems to slightly increase again. In Fig. 9c, the local
axial stresses r33(r) can be considered as being more or less equal
to the average axial stress �r33 whatever the radius r or the axial
strain �e33. During these compression tests at ‘‘high’’ temperature,
it was difficult to clearly appreciate the SMC flow mechanisms as
the marks drawn onto the surface of the specimens tended to van-
ish. As some marks drawn on the perimeter of the specimens could
be observed on the outer radius of the compressed specimens, it
was considered that the flow conditions were quite homogeneous
and corresponded to a plug flow. These observations show that the
friction effects during such flow at high temperature can be ne-
glected. This remark is valid for this particular couple ‘‘SMC plus
aluminium compression platens’’, but is opposite to the observa-
tions made by Dumont et al. [28] for a SMC flowing inside a
chrome-plated steel mould, for instance.

The overall decrease of the stress measured during compression
tests may be attributed to the increasing temperature inside the
SMC charge. This latter was estimated at various times: between
0 and 20 s, i.e. the deposit period of the SMC charge in the mould
cavity up to the contact time with the upper platen, at 23 s, 27 s
and 31 s after deposition, i.e. during the compression phase for
�e33 ¼ �0:2; �0:7 and �1, respectively, following for that the heat
conduction model proposed by Barone and Caulk [29], considering
perfect mould–SMC thermal contact and the charge deformation
during compression. Eq. (6.1) proposed by Barone and Caulk [29]
was used for simulating the temperature increase during deposit,
whereas Eq. (6.6) of the same study was solved to estimate the
temperature profiles through the thickness of the SMC charge dur-
ing the processing phase. Also note that the thermal parameters
proposed in this former study were used. Simulated temperature
profiles are given in Fig. 9b. If after 20 s, the temperature profile
is asymmetric through the charge thickness, at 23 s, 27 s and 31 s
it becomes largely narrower. Consequently, the SMC compression
viscosity g33 ¼ �r33=D33 was roughly estimated considering the
through-thickness averaged temperatures for these various times:
see the points shown by an arrow in Fig. 9a. It appears that the
experimental points and the previously extrapolated Arrhenius
law remain close, which would confirm that it is possible to
roughly identify such a rheological parameter when using an
anisothermal and non-lubricated compression rheometry method.
8. Conclusion

Due to their processing route, polymer composites such as SMC,
GMT, and CMT are porous materials when being compression
moulded. The influence of such porosity has a potential influence
on the compressibility of such materials during compression. The
vast majority of experimental and modelling approaches neglect
this aspect of the flow behaviour, but it must be investigated. For
example, the unique industrial formulation of SMC tested in this
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study indeed reveals that such material can be very compressible
or incompressible depending on the testing conditions. This study
also revealed that the analysis of simple compression tests and
consequently the determination of rheological parameters can be
distorted due to large errors that arise from friction effects occur-
ring at the mould–composite interface. The friction effects ob-
served during such rheometry experiments are similar from a
phenomenological point of view to those observed during indus-
trial compression mouldings that are induced by the shearing of
a thin layer of polymeric paste in the case of industrial compounds.

Therefore a new rheometer was designed to analyse both phe-
nomena. This apparatus is equipped with sensors to measure
in situ the normal local stress along the radius of one compression
platen. Coupled to this rheometer, an analysis method of the ac-
quired data was proposed to determine the compressibility of
the studied composite and the friction forces arising at the
mould–composite interface. It was shown that friction forces could
be estimated without making any a priori assumptions on their
nature. The use of this new apparatus and of the associated analy-
sis method were proven to be successful to characterise the rheo-
logical behaviour and the friction behaviour of several materials
like a modelling plastic paste and an industrial SMC for various
lubrication conditions and temperatures ranging from 20 �C to
150 �C, i.e. conditions close to an industrial moulding. This preli-
minary work has to be further pursued to better understand the
tribology of the mould–composite interface.
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