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Abstract

X-ray microtomographs of samples cut from non-deformed and compression moulded Sheet Moulding Compounds (SMC) plates
have been analysed using the phase contrast mode. Results emphasise a significant decrease of the porosity after moulding, this phenom-
enon being enhanced with increasing the initial SMC temperature. They also show that pronounced migration of the polymer–matrix
occurs through the thickness of the plates during compression moulding. The substructures of compression moulded plates through their
thickness exhibit a core zone sandwiched between upper and lower skins. Inside the skins, the fibre content and the porosity are weaker
than in core zones, and fibre-bundles are highly broken up. On the contrary, fibre-bundles remain preserved in core zones. Therein, the
significant flattening and widening of bundles, their weak bending as well as their orientation have been quantified.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Sheet Moulding Compounds (SMC) are widely used by
the car industry to produce cost-efficient lightweight and
large body panels. SMC form continuous sheets (thickness
�2�3 mm) containing approximately 25 wt% chopped
fibre-bundle mats embedded in a thick thermoset matrix
essentially made of mineral fillers (e.g. �45 wt% of
CaCO3), polyester resin (�25 wt%) and other additives
(�5 wt%). Usually, fibre-bundles are composed of approx-
imately 200 glass fibres, which length and diameter equal
10–50 mm and 15 lm, respectively. In order to produce
parts, SMC sheets are first cut, stacked and placed in a
hot mould (�150 �C). Then, they are squeezed at a closure
velocity varying between 0.1 and 10 mm s�1. Once the
mould is filled, it is maintained closed during the curing
1359-835X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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stage (from 60 to 120 s). Finally the moulded part is
ejected. Major microstructural changes can occur during
this compression moulding stage, such as evolution of spa-
tial and orientation distributions of fibre-bundles, forma-
tion and evolution of voids. . . These changes have
significant impacts on final physical and mechanical prop-
erties of moulded parts [34,40] as well as on their surface
aspects (pinholes, craters, surface waviness. . .) [22]. In
order to characterise them, many techniques have been
investigated. For instance the charring and weighting tech-
nique [11,17] permits to determine the average mass frac-
tion of fibres within samples cut from SMC parts. If this
type of analysis is useful to study the phenomenon of
matrix migration charring samples entirely destroys
fibre-bundle networks as well as the geometry of deformed
bundles. Optical or scanning electron microscopy can also
be used to bring precious information on the impregnation
of bundles by the matrix [15]. Measuring the orientation of
bundles by analysing the shapes of bundles’ cross-sections
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on the obtained micrographs, as it has been developed for
composites reinforced with monofilament short fibres
[7,21], is however very difficult due to the complexity of
the geometry of bundles. Absorption X-ray radiography
can also be used to characterise the orientation of fibres
[39]. If it is a non-destructive method, information that
can be gained (preferred directions of microstructures
within the composites) is averaged through the thickness
of parts. Likewise, there is a small mismatch between the
absorption properties of the polymer–matrix (which con-
tains a large amount of CaCO3 fillers) and the glass fibres
so that it is impossible to distinguish between these two
phases. More recently, Comte et al. [15] analysed a non-
deformed and non-cured SMC sample using the X-ray
absorption microtomography. With this technique, it was
possible to measure the pore content inside the sample.
Nonetheless, as in the case of X-ray radiography, the
absorption mode did not give satisfactory results to
observe bundles inside the tested SMC sample. Conse-
quently, it seems very difficult to learn easily, with a single
observation technique, a lot on the microstructure of a
given deformed SMC sample.
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In the present study, we have tried to overcome the
above difficulties. For that purpose, small cylindrical sam-
ples were cut from SMC plates (Section 2) that had been
compression moulded in an earlier work [17]. They have
been scanned using a X-ray microtomograph and the phase
contrast imaging mode. This observation mode allows a
better distinction of the filled polymer–matrix and the glass
fibre-bundles (Section 3). Experimental observations are
presented in Section 4. Trends, which can be deduced from
them, are discussed in the last section.
2. Materials and compression moulding experiments

The SMC plates that were compression moulded in [17]
were made of standard low profile SMC, which rheology
was studied in [16,28]. Briefly, the initial sheets had an aver-
age thickness of approximately 2.5–3 mm and were com-
posed of a polyester resin that was mainly filled with
CaCO3 mineral fillers of typical diameter 2 lm and glass
fibre-bundles (�25 wt%), with approximately elliptical
cross-section (major axis a00 � 0.66 mm and minor axis
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b00 � 0.06 mm), each of them containing 200 fibres of
diameter d � 15 lm and length l = 25 mm.

The microstructures of four plates of the previous study
have been characterised here, all the considered plates
being compressed with an axial punch velocity of 1 mm
s�1 and with an initial charge put in the left part of the
mould, see Fig. 1. Moreover, the maximum average mould
closing pressure p was fixed to 10 MPa. The first plate, i.e.
plate A (cf. Fig. 1a), was obtained without material flow,
i.e. just by curing by simple contact with the upper and
lower parts of the mould a SMC charge made of five
SMC stacked layers (initially at room temperature, i.e.
30 �C). The second plate, i.e. plate B (Fig. 1b), was moul-
ded in the standard mould from an initial SMC charge
made of three stacked layers preheated at 60 �C for
10 min. Two last plates, i.e. plates C and D (Fig. 1c), were
moulded in the modified mould from an initial stack of five
SMC layers. Among these two plates, plate C was initially
preheated at 60 �C for 10 min and plate D was obtained
from a SMC charge initially at room temperature.
Fig. 2. (a–b) 2D micrographs showing the same cross-section, i.e. at x3 = h/2, ta
using the absorption mode (a) or the phase contrast mode (b). Polymer–matrix
to characterise the width ai of a given bundle (b), its orientation vector pi, cur
3. X-ray microtomography

Cylindrical samples (height 2 mm < h < 14 mm and
diameter d = 10 mm) were first cut using a water-jet cutting
machine in different locations of the produced plates A, B,
C and D. Circles drawn on the surface of the plates of the
right-hand side of Fig. 1 indicate the locations of these
samples. For the non-deformed plate A, only one sample
was cut in the middle of the plate. For the other plates,
10 cylindrical samples were cut along a line parallel to
the flow direction. Samples were then scanned using the
X-ray source provided at the European Synchrotron Radi-
ation Facility (Grenoble, France). They were exposed to an
electron beam energy of 35 keV as a 2048 · 2048 CCD
camera took pictures of 1500 projections over 180� of the
cylindrical samples (scanning time �6 min). A specially
designed software was used to reconstruct 3D grey scale
images (256 grey levels) of the scanned samples with a
voxel size of 7.5 lm. Notice that for technical reasons, it
has not been possible to scan samples C1 and C9, and to
ken from sample B5. They have been obtained by X-ray microtomography
is in dark grey, fibres are in light grey and pores are in black. Methods used
vature radius Ri and deflection di (c), and its thickness bi along e3 (d).
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get a full scan of sample A, which first SMC layer has been
truncated.

3.1. Absorption vs. phase contrast imaging modes

The X-ray microtomograph given in Fig. 2a has been
obtained with the common absorption imaging mode with
a small focal distance of 30 mm. It represents an in-plane
cross-section taken in the middle of sample B5. From such
a microtomograph, it is extremely difficult to distinguish
the fibre-bundles from the filled polymer–matrix, as
already mentioned by [15]. This is mainly ascribed to the
weak difference between the absorption properties of the
glass fibre-bundles and the CaCO3 mineral fillers contained
in the polyester matrix. The micrograph shown in Fig. 2b
represents the same cross-section than the one of Fig. 2a,
but obtained by using the phase contrast mode with a lar-
Fig. 3. 3D micrographs taken from samples A (a and c, non-deformed sam
0 mm < x3 < 6.5 mm), showing the pores (a and b) and the bundles (c and d). Th
mode, followed by a filtering, a thresholding and a binarisation.
ger focal distance of 310 mm [6,12,14]. As evident from
these two microtomographs, the observation of bundles
and pores inside the filled polymer–matrix is much easier
using the phase contrast mode than the absorption mode,
even if the contrast between the fibres and the matrix is still
not excellent. Consequently, for all subsequent analyses,
samples were scanned using the phase contrast mode.

3.2. Determination of the volume fractions of pores and fibres

By using the free software ImageJ, the 3D grey scale
images were first ‘‘cleaned’’ with a standard 3D median fil-
ter in order to reduce the random noise. In order to obtain
3D binary renderings of the porosity as well as the bundle
networks, scanned volumes were subjected to a grey scale
thresholding followed by a binarisation. This also permits
to get an estimation of the porosity (and the volume frac-
ple, 0 mm < x3 < 10 mm) and C2 (b and d, after compression moulding,
ey have been obtained by X-ray microtomography with the phase contrast
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tion of fibres), defined as the ratio (number of white vox-
els)/(total number of voxels) within a given volume. Two
measurements of volume fractions will be used in the fol-
lowing: (i) / and f, respectively defined as the volume frac-
tions of pores and fibres in a given stack of horizontal
voxels, i.e. voxels lying in a given plane parallel to (e1,
e2), and (ii) Æ/æ and Æfæ, respectively defined as the average
volume fractions of pores and fibres in a whole analysed
sample. Note that a good accuracy of ±0.1% is obtained
for the porosity /. Conversely, due to the rather pore con-
trast between the fibre and the matrix, a rather large scat-
tering of ±1.5% is recorded for the evolution of the volume
fraction of fibres f.

3.3. Characterisation of fibre-bundle microstructures

As shown from the 3D views of Fig. 3c and d, fibre-bun-
dle networks look like complex and strongly entangled
microstructures from which it has not been possible to
extract easily and automatically (from an image processing
routine) each bundle in order to analyse its geometrical
properties [36]. Instead, this was done ‘‘manually’’ and
directly from the 3D grey scale images, using the softwares
ImageJ and Matlab [19]. Five bundle descriptors were
defined and measured in order to characterise the bundles’
geometry: orientation, bending, thickness, width and cross-
section area. Notice that these descriptors are meaningful
only in zones where bundles have kept their integrity (see
Section 4.2). The following points briefly describe the
methods used to measure them.

– The scheme sketched in Fig. 2c illustrates the method
used to obtain a measurement of the orientation of bun-
dles. It first consists in picking (with an error of
�±0.02 lm) the centres E1 and E2 of two cross-sections
S1 and S2 located at the extremities (i.e. in-plane P1 and
P2) of the visible parts of N bundles contained in a
scanned volume. It is then possible to define unit orien-
tation vectors pi ¼ E1E2=kE1E2k for each bundle i. It is
also possible to describe the global orientation of the
considered bundle network with the second order orien-
tation tensor A [2]. As already pointed out previously
[19], such a measurement of the bundle orientation is
meaningful only if the bending of bundles is weak (see
Section 4.2), but also if the number N of selected bun-
dles is sufficiently high. Typically, in each analysed 3D
images, it was possible to measure the orientation of
N = 75 bundles by scanning the volumes along the three
directions e1, e2 and e3.

– Fig. 2c also illustrates the method used to estimate the
bending of bundles. For that purpose, it was arbitrarily
assumed that the bending of a bundle i could be approx-
imated by a pure bending with a constant curvature
radius Ri. This hypothesis may be valid if the bending
of bundles is weak and not too complex [19]. Hence,
the method consists in picking three points per bundle:
the two end points E1 and E2 defined previously and
the centre E3 of the cross-section S3 belonging to P3.
This allows to calculate the bending radius Ri but also
the deflection di of bundles, from the knowledge of Ri

and the length li ¼ kE1E2k. It is then possible to define
the average dimensionless deflection Æd*æ in the consid-
ered volume:

hd�i ¼ 1
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– Fig. 2b and d shows how the width ai in (e1, e2) as well as
the thickness bi along e3 of a bundle i have been mea-
sured (with an accuracy of �±0.02 mm). From these
measurements, the average dimensionless width Æa*æ
and thickness Æb*æ are introduced:

ha�i¼ hai ¼
XN

a
�XN

a ; hb�i¼ hbi ¼
XN

b
�XN

b ;
ha0i i¼1

i
i¼1

0i hb0i i¼1

i
i¼1

0i

ð2Þ
where a0i and b0i are estimated from the non-deformed
sample A.
4. Results

4.1. Volume fraction of fibres and porosity

Fig. 4a and b show the evolutions of the volume frac-
tion of fibres f and the porosity / through the thickness
of the non-deformed sample A. Fig. 4c, d, and e give the
variation of the fibre volume fraction f through the thick-
nesses of all scanned deformed samples Bi, Ci and Di. The
evolution of the average volume fraction of fibres Æfæ along
the length x1 of moulded plates B, C and D is given in
Fig. 5. Lastly, a typical evolution of the porosity through
the thickness of the deformed samples is illustrated in
Fig. 6a in case of sample C2, whereas Fig. 6b shows the
profile of the average porosity Æ/æ along the length x1 of
plates B, C and D. These four figures bring up the follow-
ing remarks.

– As seen from Fig. 4a, a ‘‘crenellated’’ profile of the fibre
content f is observed in the non-deformed sample A.
Zones where f attains its minimum values correspond
to the interfaces between the five SMC layers of the ini-
tial stack used for this moulding, see Fig. 1a. These
interfaces are indicated by dashed-dotted lines in
Fig. 4a. Inside each layer, there is a systematic micro-
structure made of upper and lower skins, in which f is
much lower than in a core zone, where f is roughly
constant. Such a fibre content profile is induced during
processing of SMC layers, i.e. during impregnation of
fibre-bundle mats by the polymer–matrix. The thick-
nesses e+, e� and ec of the upper ‘‘+’’ and lower ‘‘ � ’’
skins ‘‘s’’ as well as the core ‘‘c’’ zone have been esti-
mated in the five layers, (Fig. 4a). In average,
e+ � 0.27 mm is very close to e� � 0.28 mm. The
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corresponding average fibre contents hf þs i, hf �s i and Æfcæ
have also been determined. The average value of the
fibre content in the skins approaches 12%, that in the
core zones 21.5%. Notice that the estimated average
fibre content in the layers is 18.8 %. Hence, despite the
difficulties encountered to get an accurate estimate of
the fibre content from the X-ray microtomographs (cf.
Section 3.2), this value is rather close to the value of
17.4% ± 1% obtained previously on the same SMC with
a charring-weighting technique [17].
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– The average porosity Æ/æ in the non-deformed sample A
is approximately 6.4%. It is consistent with that esti-
mated on a non-cured industrial SMC by [15]. The
dashed-dotted lines delimiting the interfaces between
stacked layers have also been drawn in Fig. 4b. Around
these interfaces, the porosity is found to be higher than
in the core of the layers, except for the upper layer 5. In
that layer, the average porosity Æ/læ equals 25% whereas
Æ/læ is smaller in the other layers. Such a higher pore
content is also visually confirmed on the 3D microtomo-
graph shown in Fig. 3a. It is probably induced by the
heating of the samples and may be correlated to ther-
mally activated coalescence and rising motion, before
complete cross-linking of the polyester resin, of gaseous
components of SMC, such as entrapped air and boiling
styrene bubbles [30].

– There is a strong contrast between the profile of the vol-
ume fraction of fibres f in the non-deformed sample A
and those measured in the deformed samples Bi, Ci

and Di: the interfaces between the initial SMC layers
have disappeared. The microstructures of the whole
deformed samples reduce to core zones, in which the
fibre content is high and fairly constant (f P 20%),
and to upper and lower skins near the interfaces between
the mould and the samples, where the fibre content is
much lower. Whatever the moulding conditions, the ini-
tial SMC temperatures, the sample location, and even if
the lower skins were in contact with the hot mould sur-
face for approximately 10 s before flowing, the thick-
nesses e+ and e� of the upper and lower skins of the
deformed samples are both very close and equal in aver-
age to 0.22 mm and 0.26 mm, respectively. Moreover,
Fig. 5 shows that in a first zone (Zone 1) corresponding
approximately to 0 < x1 < 420 mm, the average fibre
contents in the skins, the core zone and the samples,
i.e. Æfcæ and Æfæ, are almost constant. Behind the flow
front (Zone 2, 420 mm < x1 < 500 mm), some irregular
and weak variations are observed. Similar conclusions
were drawn previously, by measuring the fibre content
with a charring-weighting technique [17].

– A typical porosity profile in the thickness of the
deformed samples is given in Fig. 6a. It is very different
from the profile recorded for the non-deformed sample
A: it exhibits a skin-core-skin substructure, with a higher
pore content in the core zone than in skins. As evident
from the micrographs shown in Fig. 3a and b and by
comparing Figs. 4b and 6a, pores in the deformed sam-
ple C2 are much smaller and less dense than those con-
tained in the non-deformed sample A. Fig. 6b proves
that the last observation holds for all scanned samples
and whatever the moulding conditions: Æ/æ � 0.04%
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for plate B, Æ/æ � 0.12% for plate C and Æ/æ � 0.46% for
plate D, whereas Æ/æ � 6.4% for plate A. This figure
also illustrates (i) the influence of the mould type, e.g.
Æ/æ is slightly higher for the stair plate C than for the
plane plate B, and (ii) the influence of the initial temper-
ature of the SMC charges, e.g. Æ/æ is lower for the pre-
heated plate C than for the plate D, initially at room
temperature.

4.2. Analysis of fibrous microstructures

The two micrographs plotted in Fig. 7a and b respec-
tively represent two slices of the non-deformed sample A
close to the lower skin of layer 3 (see Fig. 4, x3 = 7.6 mm)
and in the core of the same layer (x3 = 9 mm). In accor-
dance with the remarks established in Section 4.1, there
are few bundles in the skins, Fig. 7a. By contrast, Fig. 7b
shows that in the core of layers, there are lots of rather
straight bundles that form an intricate network inside a
mixture made of matrix and pores. Fibrous microstructures
Fig. 7. 2D micrographs of the non-deformed sample A (a and b) and a co
x3 = 0.02 mm) and in the middle of samples ((b and d), x3 = h/2).
of deformed samples are quite different and systematically
exhibit only two distinct regions, i.e. the skins and the core
of samples. For example, slices given in Fig. 7c and d have
been respectively taken from the lower skin (x3 = 0.02 mm)
and the core (x3 = h/2) of the deformed sample B4. Fig. 7c
clearly shows that in these skins, fibre-bundles are severely
broken up: bundle descriptors introduced in Section 3.3
are herein not relevant at all. By contrast, bundles are not
broken up in core zones (Fig. 7d). They still form a network
nearly saturated by the matrix. In these zones, measure-
ments of bending, width, thickness and orientation of bun-
dles may be appropriate.

– The evolutions of the dimensionless width Æa*æ (with an
error DÆa*æ = ±0.15) and thickness Æb*æ (DÆb*æ = ±0.30)
in the core and along the flow direction x1 of plates B,
C and D are shown in the graphs (a) and (b) of Fig. 8,
respectively. To plot these graphs, the initial average
width Æa0æ and thickness Æb0æ were determined from mea-
surements performed on the non-deformed sample A
and were found to equal 0.74 ± 0.15 mm and
mpression moulded sample B4 (c and d), close to the skin ((a and c),
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0.09 ± 0.02 mm, respectively. Whatever the considered
moulded plate and the location of the analysed sample,
compression moulding induces a significant enlargement
of fibre-bundles, which is approximately constant and
displays a mean value Æa*æ � 1.48, see Fig. 8a. A same
trend has been observed when deforming a model trans-
parent bundle suspension with similar bundles [19].
Fig. 8b also shows that compression moulding induces
a noteworthy reduction of the thicknesses of fibre-bun-
dles, which increases slightly along the flow direction
x1, whatever the considered plate: for small x1 values
Æb*æ � 0.82 whereas Æb*æ � 0.63 near the flow front.

– For the non-deformed sample A, a limited initial bend-
ing hd�initi � 0:025 with a large scattering of
Dhd�initi � 0:025 is recorded [19]. This may be induced
by the impregnation phase during the processing of
SMC layers. Fig. 8c depicts the evolution of the dimen-
sionless in-plane bending Æd*æ (DÆd*æ ± 0.025) of fibre-
bundles in the core zones and along the length x1 of
compression moulded plates B, C and D: the bending
Æd*æ is higher than hd�initi and increases slightly near the
flow front (Zone 2). It remains however rather weak,
since Æd*æ never exceeds 0.09 and does not appear to cor-
relate with the studied moulding conditions. From these
results it also is concluded that the method proposed in
Section 3.3 to determine the orientation of bundles is
relevant.

– The orientation of fibre-bundles was measured in the
non-deformed sample A, leading to the following orien-
tation tensor

A �
0:540 �0:054 �0:008

�0:054 0:459 �0:011

�0:008 �0:011 0:001

0
B@

1
CA
ðe1;e2;e3Þ

¼
0:567 0 0

0 0:432 0

0 0 0:001

0
B@

1
CA
ðeI ;eII ;eIII Þ

ð3Þ

respectively expressed in the mould reference frame (e1,
e2, e3) and in its principal reference frame (eI,eII,eIII).
Notice that AIII � 0, eIII = 0.017e1 + 0.026e2 +
0.999e3 � e3. Hence, these results show that before com-
pression moulding, fibre-bundles are mainly orientated
in the (e1, e2) plane of the sheets and slightly orientated
along the e1 direction as a result of the early compound-
ing stages of SMC.

– Similar measurements were performed in core zones of
deformed samples Bi, Ci and Di. As in the case of sample
A, the out-of-plane components A3i = Ai3 (i 2 {1, 2, 3})
of the corresponding orientation tensors were found to
be very small compared to the in-plane components
Aij (i, j 2 {1, 2}), i.e. AIII � 0 and eIII � e3: graphs plot-
ted in Fig. 9 show the evolution of A11 and A33 along the
flow direction e1 of the three compression moulded
plates. As evident from these graphs, A11� A33, what-
ever the moulded plate and the considered sample. We
have also plotted in the same graphs the evolution of
both the major principal value AI as well as the angle
jhj the major principal vector eI makes with the flow
direction e1. Some of the corresponding orientation
ellipses have been plotted above the graphs (the ellipses
are aligned with the principal 2D reference frame (eI, eII)
and their major and minor axes respectively equal AI

and AII = 1 � AI). Hence, it can be concluded from
these graphs that the orientation of bundles within the
compression moulded plates exhibits two more or less
distinct zones. In zone 1, compression moulding has
induced a significant orientation of bundles along the
flow direction e1, i.e. jhj 6 30�, which intensity AI is
roughly constant: AI ranges between 0.7 and 0.8 for
the flat plate B, whereas it ranges between 0.65 and
0.75 for the stair plates C and D. In zone 2, the intensity
of the orientation of bundles is less pronounced than in
zone 1 (AI � 0.5).
5. Discussion

It is important to notice that the previous results have
been obtained only for a small number of scanned samples:
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Fig. 9. Evolution of the components A11, A33 and AI of the orientation tensor
and the absolute value of the angle jhj between the major principal vector eI

and the flow direction e1, for compression moulded plates B, C and D.
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ongoing work should thus confirm more precisely the
above tendencies. However, the following semi-quantita-
tive remarks can already be established from these results.

5.1. Flow mechanisms at the mesoscopic scale/segregation

Flow mechanisms of SMC were the issue of a number of
previous studies. Barone and Caulk [4] have shown that
during the compression moulding of plates under industrial
processing conditions, the plug flow was the dominant flow
mechanism. Plug flow is characterised by (i) uniform in-
plane elongational and shear deformations of stacked
SMC layers, (ii) absence of out-of-plane shear deformation
in the stacked layers and (iii) out-of-plane shearing of rich-
paste boundary layers close to the surface of the moulds.
More recent in situ observations of SMC layers during
compression moulding have given more detailed insights
on the SMC flow mechanisms [30]. Indeed, in the early
stage of compression, a first and short ‘‘squish’’ phase
may be observed near the flow front: upper and lower lay-
ers may be ejected (at least partially) from the stack, lead-
ing to very complex flow mechanisms. This phase is then
followed by a steady plug flow. At the last step of compres-
sion, a ‘‘boiling’’ phase is observed and is related to the
boiling of styrene. From the results obtained in this work,
it is still possible to complete the above observations:

– A skin-core-skin substructure has been observed in com-
pression moulded samples. Skins have rather small
thicknesses. They exhibit low pore and fibre contents
as well as highly broken up fibre-bundles. This latter
result tends to prove that during the flowing stage, these
zones may be severely sheared. By contrast, bundles
have kept their general shape and still form an entangled
network in the core zone, even if they are flattened,
slightly bent and even if they align with the macroscopic
flow direction (cf. next points). This suggests that during
the flowing stage, the shear deformation of the network
of bundles perpendicular to the e3 direction is negligible,
i.e. its deformation looks like a plug flow. These results
are in accordance with the observations performed at
the macroscale by Barone and Caulk [4] and Odenberger
et al. [30]. They also tend to consolidate some of the
assumptions stated by mesoscopic one-phase plug flow
models [1,5,9,10,17,33].

– If the average fibre content Æfæ could be considered as
roughly constant along the moulded plates (cf. Fig. 5),
it has been observed that the matrix-rich interfaces
between the bundle-rich layers of the initial samples
have completely disappeared after compression
(Fig. 4). This indicates that severe segregation phenom-
ena through the thickness of SMC occur during the
flowing stage: the initial inner matrix-rich interfaces
may be seen as matrix ‘‘reservoirs’’ from which the
matrix is sucked up during compression for the forma-
tion of the upper and lower skins. It should be noticed
that such segregation mechanisms could have a crucial
impact on the surface quality of moulded SMC parts.
Likewise, even if the mentioned one-phase plug flow
models may be adapted, in some average sense, to
describe the overall SMC flow during compression
moulding, they are unfortunately not able to capture
such segregation phenomena. In order to account for
them, it is necessary to develop mesoscopic multi-phase
models [18] with appropriate permeation laws to
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describe the flow of the non-Newtonian matrix through
anisotropic fibrous media [8,23,31,32,42].

– Within the investigated moulding conditions, two (more
or less) distinct zones have been observed in compres-
sion moulded parts: the flow front zone, i.e. zone 2,
and the rest of compression moulded parts, i.e. zone 1.
In zone 2, the average fibre content exhibits slight vari-
ations, bundles seem to be more compacted and bent
than in the zone 1, and their orientation remains close
to the initial orientation of bundles. If a close analysis
of the phenomena happening in the zone 2 would be
required, the last observation suggests that flow mecha-
nisms near the flow front may be different from those in
the rest of the parts: it would be interesting to see if the
above results can be related with the squish flow phase
observed in the earlier stages of compression moulding
[30].
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5.2. Porosity

In previous studies, some of the origins of pores in SMC
have been identified [15,30]:

– Compounding phase, i.e. paste mixing, fibre-bundle mat
impregnation induce air entrapment.

– Stacking of the SMC layers before compression leads to
similar mechanisms. This is confirmed by the porosity
profile sketched in Fig. 4b for the non-deformed sample.

– Rigidity and wetting properties of fibre-bundles, both
dependent on the types of sizing and over-sizing, affect
the porosity content of compression moulded parts.
Typically, the higher the rigidity, the higher the porosity.

– Squishing that may occur at the onset of flow can also
lead to air entrapment.

– Curing which induces the boiling of styrene, is also at the
origin of porosity (upper layer of Fig. 4b).
On the opposite, other factors tend to reduce porosity:

– Flow mechanisms within matrix-rich skins [15] have
shown that the surface porosity was lower than the
porosity in the core of compression moulded parts.
Results obtained in this work confirm this observation
(Fig. 6a). The intense and complex flow combined with
the low fibre content within the upper and lower skins
are suspected to be responsible for such porosity
profiles.

– Mould closing pressure, among all the possible process-
ing parameters affecting porosity, the mould closing
pressure at the end of the flowing stage can play a signif-
icant role by limiting the expansion of gaseous phases
entrapped in compounds during curing. In order to illus-
trate this, we have gathered in the graph of Fig. 10
experimental data collected (i) from the work of [15]
(formulations A1, A2, A3, before and after compression
with a maximum axial force exerted by the press of
100 kN and a in-plane dimensions of the mould
203 mm · 203 mm) and (ii) from this study (samples A
and D), i.e. from rather similar SMC formulations and
processing conditions. This graph emphasizes a note-
worthy decrease of the average porosity Æ/æ with the
average mould closing pressure p.

– Preheating of SMC layers: from results gained in the
present study, it is also shown that preheating of SMC
layers at moderate temperature (far below the boiling
temperature of styrene) and for a moderate time (before
the curing of the polyester resin) also affects porosity
and may be a proper way to reduce pores in compres-
sion moulded parts. This is revealed in Fig. 10 where
values deduced from sample C have also been added.
By diminishing the viscosity of the matrix [28,29], such
a preheating should facilitate the transport of pores
from the core of the SMC stack layers to the skins.
5.3. Deformation of bundles in core zones

The deflection of bundles in core zones is rather weak
before and after compression and exhibits a large scatter-
ing. This results shows that bundles display a sufficiently
high bending rigidity to sustain forces and moments they
are subjected to during compounding and compression
moulding. Consequently, bundle networks models that
assume in-plane rigid motion of bundles [3,26,27,37,41]
should be rather well-suited to model the rheology of
SMC, as a first approximation. Their predictions could
also be improved by accounting for the bending of bundles,
in a similar way to what was carried out in cases of flexible
fibre networks models [25,38].

Compression induces significant widening and flattening
of bundles (Fig. 8a and b). For instance, in the case of plate
B, the average in-plane (or widening) strain of bundles,
i.e. ea = lnÆa*æ, approximately equals 0.4. Similarly, the
average out-of-plane (or flattening) strain of bundles, i.e.
eb = lnÆb*æ, approximately equals �0.4. It is important to
underline that these local strains largely differ from the
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macroscopic strains along the thickness direction e33 ��1.2
and the flow direction e11 � 1.1 [19]. Moreover, it is well-
known that the rheology of highly concentrated fibre
suspensions such as SMC is mainly ruled by the micro-
mechanics of bundle–bundle contacts [27,35,37]. Hence,
the observed increase of the width of bundles should lead
to an increase of bundle–bundle contact zones, then to an
increase of contact forces and moments and finally to an
increase of the overall mesoscopic stress tensor required
to deform the SMC. To the best of our knowledge, bundle
networks models do not account for such micro-
mechanisms.

5.4. Orientation of bundles in core zones

It has been seen that the orientation of fibre-bundles was
mainly contained in the (e1, e2) plane and that bundles tend
to align along macroscopic flow direction. We have tried to
compare these experimental trends with the prediction
given by a 2D Jeffery-based equation for the evolution of
the second order orientation tensor A [24,2]. This equation
is usually well-suited to predict fibre-orientation in dilute
Newtonian suspensions. To perform this comparison, it
was assumed that the bundles were slender bodies and that
the bundle network deformed as a homogeneous plug flow
during the irrotational compression moulding of plate B.
This last assumption should be roughly valid at least in
the zone 1 (far from the flow front). Then, the Jeffery equa-
tion simply reads:

@Aab

@t
¼ AacDcb þ DacAcb � 2AabcdDcd; ð4Þ

where a, b, c, d 2 {1, 2}, Dab represents the 2D components
of the macroscopic strain rate tensor D and where the com-
ponents Aabcd of the fourth-order orientation tensor have
been approximated using the natural closure approxima-
tion [20]. By using the experimental values of A of the
non-deformed sample A as initial conditions, the computed
value A11 of the second order orientation tensor at the end
of compression is �0.82. This predicted value follows the
experimental trend but it is slightly higher than the average
experimental value in zone 1, i.e. A11 � 0.75. It must be
pointed out that a similar overestimate has been observed
in the case of the homogeneous plane strain compression
of transparent model bundle suspensions [19]. The ob-
served discrepancy is mainly ascribed to the non-Newto-
nian rheology of the pasty matrix and to the very high
fibre content of SMC, largely above the dilute and semi-di-
lute regimes.

6. Conclusion

The phase contrast microtomography was used to ana-
lyse the microstructure of non-deformed and deformed
samples of SMC. This technique permitted to reconstruct
3D images of the microstructure of the SMC samples and
to detect and differentiate the pores, the filled polymer–
matrix and the fibre-bundles. This study was essentially
aimed at analysing fibre-bundles before and after compres-
sion. Consequently, the required voxel size did not allow
proper observation of fibres as well as micropores inside
bundles: smaller voxel size (and hence smaller size of sam-
ples) could be used in order to focus the analysis on possi-
ble micropores contained inside the fibres of given bundles.
Moreover, it was also shown that the contrast between the
matrix and the fibre-bundles was however not sufficient
enough (i) to get accurate estimates of the absolute volume
fraction of fibres; (ii) to allow automatic image analysis of
scanned volumes. A possible solution to further enhance
the contrast between the matrix and the fibres would con-
sist in using the holotomography [6,13]. This solution will
be explored in future work. However, by analysing these
images with simple and rather reliable methods, it was pos-
sible to quantify various microstructure descriptors such as
the deflection, widening, flattening and the 3D orientation
of bundles. Some estimates of the volume fraction of pores
and fibres through the thickness and along the flow direc-
tion of moulded parts were also reported.

– The substructures of initial SMC layers and compres-
sion moulded parts through their thicknesses exhibit
three distinct regions: cores zones sandwiched between
two skins. In cases of initial SMC layers, such substruc-
tures are directly connected with the compounding
phase, whereas compression moulding induces it in cases
of deformed samples.

– Within the skins of deformed samples, the porosity as
well as the fibre content is much lower than in core
zones, and the rare bundles are severely broken up. This
suggests that these zones are highly sheared during com-
pression. By contrast, the network of bundles is pre-
served in the cores zones of compression moulded
parts. This tends to prove that shearing through the
thickness of core zones is weak and that networks of
bundles deform following plug flow modes.

– Within core zones, bundles slightly bend, significantly
widen and flatten. Such microscopic deformation modes
largely differ from the macroscopic deformation to
which the samples are subjected during compression.

– Almost no fibre-matrix separation was observed in the
plane of the tested compression moulded parts, since
the average fibre content along the flow direction is kept
approximately constant. In parallel, the inner skins of
the initial stacked layers have disappeared after com-
pression. This reveals that strong matrix migration
occurs through the thickness of parts during compres-
sion moulding and contributes to the formation of skins.

– During compression, the porosity decreases sharply in
the core of moulded samples and even more in their
skins. Furthermore, it has been shown that the average
porosity is a decreasing function of the average mould
closing pressure and that a preheating of SMC layers
can be beneficial to achieve a lower pore content.
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