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a b s t r a c t

During compression moulding, Sheet Moulding Compounds (SMCs) are subjected to tensile strains that
yield detrimental tears. To understand these mechanisms, tensile experiments were performed with
two uncured industrial SMC formulations with low and high pore and fibre contents. These experiments
were coupled with Digital Image Correlation to estimate mesoscale strain fields on the sample surface.
X-ray microtomography was used to obtain 3D ex situ evolutions of pores and fibre-bundle orientation.
Both formulations behaved as porous, elastoviscoplastic, anisotropic and shear thinning fluids, showing
strain hardening followed by softening and sample breakage. During stretching, SMCs dilated with
anisotropic pore growth, whereas fibre bundles aligned along the tensile direction following the
prediction of the modified Jeffery’s equation. In addition, the ductility of SMCs was largely altered both
by the initial pore contents and fibre-bundle flocs/aggregates induced during the prepreg fabrication,
the latter leading to undesirable strain localisation bands enhancing sample breakage.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Sheet moulding compounds (SMC) are thermoset prepregs that
are widely used in the automotive, aeronautics and electrical
industries. They exhibit excellent properties for a reasonable cost
and weight. SMCs are composed of a thermoset filled matrix
(polyester, vinylester, epoxy) reinforced with 15–60 wt% of
chopped fibres or fibre bundles with a typical length that ranges
between 10 and 50 mm (glass or carbon fibre bundles, biosourced
fibres). Before their forming, these materials are prepared in the
form of prepregs, i.e., 1 to 3-mm thick sheets [1]. The fabrication
process is achieved by compression moulding which can often be
divided into four steps: (i) a stamping phase of the SMC charges
to make them roughly fit the complex shapes of the moulds to
be filled, (ii) a compression phase corresponding to the mould clo-
sure, (iii) a curing phase of the thermoset matrix, and (iv) an ejec-
tion of the produced part. The two first steps involve complex flow
mechanisms, drastic and not well-predicted evolutions of the SMC
microstructures that can be at the origin of critical defects affecting
the end-use properties of produced parts [2–8].

During the stamping phase, SMCs are subjected to in-plane
tensile and shear loadings, out-of-plane bending, transverse tension–
compression and shear similarly to other thermoformed thermo-
plastic prepregs or dry fabrics. In particular, in-plane tensile
deformation modes can cause undesirable porosities and tears in
the SMC charges. This kind of damage is illustrated in Fig. 1a–b.
In addition, during the compression phase, the flow of SMC layers
often proceeds as plug flow, i.e., each individual sheets being
mainly subjected to an in-plane extension [3,6,7,9]. At the SMC
flow front, where the inner SMC layers can be squished out [6],
as well as inside vertical zones of the mould, the SMC in-plane
extension occurs with low or without compressive isostatic stres-
ses, i.e., close to tensile stress states. This can also generate detri-
mental pores and tears of the SMC charges, as emphasized in
Fig. 1c–d.

So far, numerous studies have focused on the rheology of SMCs
under compressive or shear deformation modes, using dedicated
large rheometers due to the non negligible fibre length [5,10–20].
Astonishingly, despite the commonly observed defects induced
by SMC stretching (Fig. 1), very few studies investigated the tensile

http://crossmark.crossref.org/dialog/?doi=10.1016/j.compositesa.2017.07.003&domain=pdf
http://dx.doi.org/10.1016/j.compositesa.2017.07.003
mailto:Laurent.Orgeas@3sr-grenoble.fr
http://dx.doi.org/10.1016/j.compositesa.2017.07.003
http://www.sciencedirect.com/science/journal/1359835X
http://www.elsevier.com/locate/compositesa


Fig. 1. Typical SMC tears observed during the stamping phase (a) or the compression phase (c–d). In (d), the SMC tearing that occured in a vertical zone of the mould has been
highlighted using initial SMC charges with stacks of sheets with cream and black colors. (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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behaviour of SMCs [10]. In their pioneering work, Lee et al. [10]
only reported some trends. The studied SMCs exhibited a low
deformability, i.e., they could only be elongated about 5% before
failure. The authors also observed the relative motion between
fibre bundles and their pull-out from the SMCmatrix at the sample
surface. Those qualitative observations are interesting. However,
they are insufficient to properly understand and model the
mechanics of SMC in tension and to avoid SMC tears during the
compression moulding process. This study provides neither quan-
titative data on the tensile rheology of SMC nor on the tensile-
induced evolutions of the SMC microstructures, e.g., on the pore
growth and fibre bundle kinematics induced during the SMC
stretching. Thus, it is important to characterise the tensile proper-
ties of SMC prepregs. This would allow proposing guidelines for
constitutive models implemented in simulation codes so as to
avoid SMC residual pores and tears during compression moulding.

To this end, it is interesting to notice that the tensile behaviour
of other dry or impregnated woven fabrics, as well as other disor-
dered fibrous materials such as papers or non-woven fibrous mats
has been extensively studied using either uniaxial or biaxial load-
ing conditions. For ordered structures with continuous fibres such
as woven fabrics, most of these studies were dedicated to the anal-
ysis of (i) the mechanical behaviour along the fibre directions, e.g.
to analyse the unfolding and the breakage of yarns, (ii) the in-plane
shear of the textiles, conducting the so-called bias-extension tests
[21–23]. As both the mechanics and the microstructures of these
fibrous architectures are very different from those of SMCs, it is dif-
ficult to extrapolate from these studies information on the tensile
behaviour of SMCs, apart from technical information related to
the experimental procedure. For instance, using Digital Image Cor-
relation DIC techniques [24], Cao et al. [22] showed that very useful
information on the kinematical fields on the surface of woven sam-
ples could be obtained during bias-extension tests. In parallel,
interesting studies deal with the mechanics and the microstruc-
tures of soft entangled fibre networks [25,26], papers [27–31]
and non-woven materials [32–34] during uniaxial extension tests.
The use of DIC was also very useful to analyse the local kinematic
fields on the surface of deformed samples [28,31–33]. These stud-
ies also provided interesting guidelines to understand the mechan-
ics of these fibrous networks and to link their behaviour to the
evolution of their microstructures. For example, by combining ten-
sile tests and 3D in situ observations using X-ray microtomogra-
phy, Rodney et al. linked the macroscale auxetic (in tension) and
dilatant (in compression) behaviour of entangled single wire mate-
rials with their fibrous architecture (fibre orientation, curvature
and connectivity). However, none of the aforementioned entangled
and disordered fibrous systems were impregnated with a non-
Newtonian polymer matrix as SMCs. As already observed in these
systems [5,10–20], this matrix can have large effects on the macro-
scale tensile behaviour and the evolution of the flowing
microstructures (fibre orientation, pore growth).

Thus, the main objective of this study is to bring an exhaustive
analysis of the tensile rheology as well as the related evolving
microstructures of two industrial SMC formulations, having a
standard fibre content and a moderate porosity, and a high fibre
content and porosity, respectively. Among the questions to be
elucidated, the followings are addressed herein: does the macro-
scale tensile behaviour of SMCs exhibits similarities with other
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loading modes such as compression or shear? What are the SMC
tensile ductility, the strain rate sensitivity? What are the roles of
the fibre content and spatial distribution on mesoscale strain fields
upon stretching SMCs? What are the pore growth and fibre orien-
tation evolutions? For that purpose, a tensile test setup was
designed, enabling the macroscale strains fields to be recorded
during the experiments using DIC. This device could be mounted
in a laboratory X-ray microtomograph so that ex situ analysis of
the evolution of the microstructures of SMC samples could be per-
formed at different stages of deformation.
2. Materials, tools and methods

2.1. Materials

The samples were extracted from two typical industrial formu-
lations of SMC with two very different fibre contents. SMCs were
fabricated by MCR – Plastic Omnium (Tournon-sur-Rhône, France)
and were identical to those recently studied [20]. The first SMC for-
mulation, denoted S, was composed of a polyester-based paste
reinforced with 29 wt% of glass fibre bundles with a length of
25 mm, height �0.05 mm and width �0.5 mm. This formulation
is typically used to produce lightweight automotive semi-
structural parts. Its macroscale rheology is similar to that of several
standard SMC formulations that were previously studied [16,17].
The second SMC formulation, denoted H in the following sections,
was a vinylester-based paste reinforced with 50 wt% glass fibre
bundles having the same dimensions as the S formulation. This
SMC is used to manufacture automotive structural parts. Tensile
specimens were cut from the middle zones of sheets [35] in the
shape of slender rectangles of dimensions l0w0 = 400 � 50 mm2

parallel (MD) and perpendicular (CD) to the machine direction.
Their initial thicknesses t0 were equal to 2 and 3 mm for the S
and H specimens, respectively. Their initial fibre volume fractions
were close to 0.22 and 0.27, respectively.
2.2. Standard tensile tests

An electromechanical tension–compression machine (Fig. 2a)
was used to conduct the uniaxial tensile tests (MTS 4M, max. load
20 kN, max stroke velocity 15 mm s�1). The compression device
was equipped with a load cell of 500 N to record the tensile force
F1 and to calculate the nominal tensile stress r11 ¼ F1=ðt0w0Þ, from
Fig. 2. Experimental setup showing the tension–compression machine, a sample mou
experiments used to estimate the Hencky strain tensor e on the surface of the sample (a
SMC samples. (For interpretation of the references to colour in this figure legend, the re
the knowledge of the initial sample width w0 and thickness t0. The
clamps used to grip samples were covered with sandpaper in order
to avoid sample slipping. The initial gauge length between the
clamps was set to h0 � 300 mm. During tensile tests, the actual
height h of the sample was measured from the displacement of
the cross-head of the machine, enabling the mean tensile Hencky
strain �e11 ¼ lnðh=h0Þ to be measured. Before testing, note that sam-
ples were subjected to a small tensile stress (3.10�3 MPa) to ensure
that they were not bent. After the relaxation of this stress (�3 min),
the mechanical loading was applied. It consisted in stretching sam-

ples at constant mean strain rate �D11 ¼ _h=h along the e1-direction
up to failure. Strain rates �D11 that ranged from 104 s�1 to 101 s�1

were used, including values encountered during the SMC process.
For each of the testing conditions, tests were performed at least
three times.

In order to estimate the local strain field on the surface of
stretched samples and to avoid potential slipping of samples in
the clamps, a DIC setup was coupled to the tensile device using
(i) a CCD camera (Jai Pulnix, spatial resolution of 1624� 1236 pix-
els, frame rate of 10 Hz, Fig. 1a), and (ii) the 7D DIC software
[24,31]. Hence, before testing, samples were coated with spray-
paint speckles. We checked that the speckles did not modify the
mechanical response of the samples. For the H formulation
(Fig. 1b), a black spraypaint was directly sprayed onto the sample
surface, whereas, for the S formulation (Fig. 1c), a uniform white
layer was firstly used before applying the black spaypaint layer.
The correlation analysis was conducted with correlation grid steps
and windows of equal sizes set to 20 � 20 pixels. Thus, it was pos-
sible to obtain 2D maps of the local Hencky strain tensor e on the
sample surfaces.

Uniaxial and lubricated compression tests along the e3-
direction were also performed at various and constant compres-
sion strain rates �D33 to show similarities with results obtained in
tension. For that purpose, the experimental procedure reported
in [16,17] was used: cylindrical stacks of two SMC layers with a
diameter D0 = 80 mm were lubricated and compressed inside a
compression rheometer, and the SMC nominal stress at the onset
of the SMC flow r33 ¼ 4F3=pD2

0 was recorded.

2.3. Ex situ tensile setup for 3D imaging

To link the macroscale tensile behaviour of SMCs with their
microstructures, two additional tensile tests were also performed
nted in the tensile clamps, the lighting system and the CCD camera used for DIC
). Photographs of the S (b) and H (c) samples showing the speckles on the surface of
ader is referred to the web version of this article.)
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with one S and one H sample, using a specially designed tensile
setup (Fig. 3a). Compared with the standard setup shown in
Fig. 2, the new setup was equipped with a transparent cylindrical
chamber made of PMMA. This chamber could also enabled the
stretching of the sample to be recorded with the video camera
and the DIC analysis to be achieved properly. The tensile tests con-
sisted in stretching the specimens at constant strain rate
�D11 = 5:10�3 s�1 up to a given tensile strain, after which a relax-
ation was carried out up to full stress relaxation. This operation
was repeated several times (e.g. seven times for the S sample and
3 times for the H sample). For four stages denoted ➀,➁,➂,➃ in the
following sections, the test was temporally interrupted by fixing
the relaxed sample configuration with locking screws (Fig. 3a).
Then, the setup was mounted on the rotation stage of a laboratory
X-ray microtomograph (3SR Lab, Grenoble, France, RX solutions) in
order to perform a complete scan of the sample (Fig. 3b). For that,
1500 radiographs of the sample were acquired over a 360� rotation
of the sample (X-ray voltage: 86 kV, current intensity: 300 mA)
with a voxel size of 45� 45� 45 mm3. As the sample height was
larger than the X-ray detector height, 5 scans per sample were
required (total scanning time of approximately 2 h). The resulting
images were concatenated to obtain, after reconstruction, full 3D
grey-level images, representing the X-ray absorption coefficient
of the samples.

2.4. Image analysis

From the 3D images, various image analysis procedures were
carried out to analyse both the shape of deformed samples and
extract descriptors of their microstructure. These analyses were
done using the softwares Fiji and Matlab. Some of them are identi-
cal to those reported in a previous study [20]:

– Using the function ‘‘Wand” of Fiji, the mean in-plane area �A (in
the (e1; e2) plane) of samples between the clamps was esti-
mated. This allowed the mean sample surface strain
�es ¼ lnð�A=�A0Þ to be calculated [20].

– The good contrast between the pores and the solid phases of
imaged samples enabled easy manual thresholding operation.
After filling the closed pores, the volumes V of the samples were
Fig. 3. Detailed view of the designed chamber used for the 3D ex situ imaging experimen
Grenoble, France). (For interpretation of the references to colour in this figure legend, th
calculated by counting the number of voxels that constituted
the sample. Then, the mean volumetric strain �ev ¼ lnðV=V0Þ
was calculated for each deformed and imaged sample.

– As fibre bundles exhibited planar orientation, their orientation
was estimated using the plugin OrientationJ [36]. This plugin
is based on the estimation of the gradients in a region of interest
(ROI) of 2D grey scale images, from which 2D structure tensors
Ai within the neighbourhood of N pixels i in the ROI are built.
Then, structure tensors Ai were averaged in the fibrous phase
of the ROI (as shown in Fig. 3a and c) to build a mean second
order fibre orientation tensor A [37]:

A ¼ 1
N

X
N

Ai; ð1Þ

This tensor was computed A by averaging its values for all the
slices of a 3D image. We also checked that the components of this
tensor were consistent with those obtained using manual mea-
surements [38,39].

– Other image analysis operations were also performed with seg-
mented images (Fig. 4) that were obtained after manual thresh-
olding. These analyses were achieved in the ROIs shown in
Fig. 4. Thus, various microstructural descriptors of the porous
phase such as the volume fraction of pores /p, the 2D mean

in-plane porosity �/p2D and the pore anisotropy ratios r12, r13
and r23 (deduced from the calculation of the mean chord lengths
in the porous phase) were computed using procedures exten-
sively reported in [20].

3. Results

3.1. Typical macroscale results

The principal macroscale observations deduced from the tensile
tests coupled with DIC and tomography are shown in Figs. 5–7.
Fig. 5 shows two typical stress–strain curves and strain maps and
paths (deduced from the DIC) obtained after stretching (or com-
pressing) at constant strain rate (with or without stress relaxation)
two S and H samples. Fig. 6a provides some photographs of several
ts (a), and view of the setup once mounted in the X-ray microtomograph (b, 3SR Lab,
e reader is referred to the web version of this article.)



Fig. 4. Initial grey scale slices (a, d), slices segmented on the pores phase (b, e,
black), and orientation maps obtained using orientationJ (c, f) for the S (a–c) and the
H (d-f) samples. (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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S and H samples after breakage, as well as some trends about the
influence of the strain rate on stresses and strains recorded during
the tests. Fig. 7 gives information on the surface and volume strain
paths for the samples subjected to the 3D ex situ observations.
From these figures, the following remarks can be made:

Stress–strain curves and surface aspects of samples – During con-
stant strain rate tests, the S and H samples systematically exhibited
an (elasto)viscoplastic response (Fig. 5a–b) with a sharp initial
strain hardening until a stress peak rmax, which was very similar
for the two tested samples in Fig. 5a-b. After the stress peak, the
sample deformation exhibited softening until breakage. The break-

age occurred at large tensile strains e
�
11 for the S samples (0.25 in

the example of Fig. 5a), whereas the H samples always exhibited
a less ductile behaviour with a failure at a lower strain (0.08 in
Fig. 5b). This breakage was associated with the pull-out of fibre
bundles from the impregnated network (Fig. 5a). For the ductile
S samples, the morphologies of breakage zones also showed that
during tensile tests, fibre bundles aligned along the tensile direc-
tion (see next subsection). Furthermore, regardless of the consid-
ered formulation, the tensile SMC behaviour drastically differed
from its out-of-plane compression behaviour (Fig. 6a–b), where
stress levels were approximately 1.5 (S samples) to 10 (H samples)
times higher, and where no stress softening occurred. A weak ani-
sotropy was also noted on tensile stress levels (Fig. 6b). Regardless
of the investigated strain rate, the peak stress rmax was approxi-
mately 1.2 times higher along the MD direction than along the
CD direction for both formulations. This anisotropy effect could
not be easily observed for the strains (see next point). At last, dur-
ing the tests conducted with several constant strain rate loadings
followed by stress relaxations, the tensile stress fully relaxed, as
shown in the case of the S specimen in Fig. 4g.

Strain fields – Various interesting comments can be made from
the strain measurements obtained using DIC and 3D imaging:

– As shown in the maps of the local strain field e11 in Fig. 5a, two
stages occurred during the sample deformation, regardless of
the formulation and the strain rate. First, the 2D Hencky strain
tensor e was rather homogeneous and did not exhibit any shear
component in (e1; e2). This regime was obtained even after the
nominal stress peak rmax. Second, above a critical tensile strain
�ecrit , which was arbitrarily defined when the local strain field e22
deviated from its mean value �e22 with a relative standard devi-
ation (RSD) above 5% (Fig. 5b–c), the sample deformation was
heterogeneous, showing localised deformation in the form of
bands which spread over the sample width (the critical tensile
strain �ecrit was close to 0.1 and 0.025 for the S and H specimens,
respectively, as shown in Fig. 5b–c). In these bands, the strains
were the highest. In addition, no well-defined inclination angle
of the bands with respect to the tensile direction could be prop-
erly determined, ranging between 40� and 90�.

– Below the critical tensile strain �ecrit , strain paths recorded dur-
ing tests performed at constant strain rate (Fig. 4b–c) were
practically linear, regardless of the considered formulation.
Thus, for these conditions, the tangent transverse Poisson ratio
m12 ¼ �de22=de11 � ��e22=�e11 was estimated. The Poisson ratio
was close to 0.35 and 0.27 for the S and H samples, respectively.
As shown in Fig. 6d, it was difficult to distinguish the values
obtained along theMD and CD directions so that at first approx-
imation mCD � mMD.The situation was more complex for the
experiments performed with stress relaxation (Fig. 5e–f).
Indeed, as illustrated in Fig. 5f, the strain paths were no more
linear even below the critical strain. In particular, if the axial
tensile strain �e11 remained constant during the relaxation, the
transverse strain �e22 exhibited noticeable partial recovery.

– Using the 3D images of the ex situ tests, the mean surface ð�esÞ
and volume ð�ev Þ strains of the samples at various imposed ten-
sile strains was assessed, as shown in Fig. 7. As proved in Fig. 7a,
the mean surface strain deduced from the 3D images was nearly
the same as that measured on the surface of the sample using
DIC. Furthermore, this figure shows that the mean volume
strain �ev of the S sample was lower than the surface strain �es,
whereas these two strains were practically identical for the H
sample. Below �ecrit , the out-of-plane secant Poisson ratio �m13
(between the undeformed initial configuration and the fully
relaxed configuration) could be calculated, i.e.,



Fig. 5. Typical stress–strain curves (in a, b, e, the error bars represent the maximal deviation of the stress, the insets in a and b represent typical results obtained in transverse
compression) and strain paths (in c, d, f, the error bars represent the standard deviation of e22 on the surface of the samples) for the S (a, c, e, f) and H (b, d) formulations and
for tests performed at constant strain rate of 10�3 s�1 (a, b, c, d) or with stress relaxations (e, f, the symbols ➀ to ➃ indicate where the 3D images of the stretched sample were
acquired). (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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�m13 ¼ ð�ev � �esÞ=�e11: For the considered strain and strain rate his-
tory, and for the S and H samples, �m13 was equal to averaged val-
ues of 0.3 an 0, respectively.

Influence of the strain rate and strain rate history – The tensile
strain rate �D11 and its history have a great effect on the tensile
behaviour of SMCs:

– As clearly evidenced in Fig. 6b, for constant strain rate tests, the
peak stresses rmax were largely affected by the strain rate. They
were slightly higher for the MD direction and much lower than
the flow stress obtained in transverse compression (inset in the
figure). In addition, below a tensile strain rate �D11 ¼ 1:103 s�1,
the peak stresses of the H samples were slightly higher than
those of S samples, this trend being reversed above this strain
rate. The peak stress followed a power-law function of the
tensile strain rate �D11, i.e., rmax � g0

�Dn
11. Resulting values have

been reported in Table 1. it is interesting to mention that
the power-law exponent n is identical in tensions (MD or CD)
and in transverse compression (regardless of the formulation)
with n ¼ 0:44 and 0:33 for the S and H formulation,
respectively.

– As shown in Fig. 6a, c–d the tensile strain rate �D11 also drasti-
cally affected the flow of the S specimens and, to a less extent,
that of the H specimens. Fig. 6a shows that the lower the strain
rate, the higher the SMC ductility. This point is quantitatively
highlighted in Fig. 6c, showing that the critical strain �ecrit (i)
was a decreasing function of �D11, (ii) and reached very high val-
ues close to 1 for the S formulation at the lowest investigated
strain rate. It is also worth mentioning that the strain rate



Fig. 6. (a) Photographs of the samples after tests performed at various constant strain rates. Evolution of (b) the peak stress rmax (in tension) or the flow stress (in
compression, inset), (c) the critical strain ecrit and (d) the Poisson’s ratio m12, as a function of the applied strain rate. In the graphs, blue and red symbols are related to the H and
S formulations, respectively, whereas open and filled symbols correspond to theMD and CD, respectively). (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

Fig. 7. Evolution of the volume ev and surface es strains as a function of the tensile strain for the S (a) and H (b) formulations (�D11 ¼ 5:10�3 s�1). In graph (a), the dashed line
represents the surface strain that was obtained using DIC on the entire surface of the S sample. (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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history also affected the ductility of SMCs. Indeed, according to
Fig. 6c, �ecrit was close to 0.04 for a constant strain rate of
5:103 s�1, whereas a value of 0.06 was recorded for the test
which results are shown in Fig. 5e–f and that were performed
at the same strain rate but with multiple relaxation stages with
a duration of �2 h. At last, Fig. 6d shows that the tensile strain
rate �D11 also altered the other components of the strain field e of
the S samples: the tangent Poisson function m12 recorded during
constant strain rate tests progressively increased from 0.25 to
0.5 above 3:103 s�1. On the contrary, m12 was practically con-
stant for the H specimens.

3.2. Initial and flow-induced microstructures

Results obtained from the 3D images of the S and H samples are
shown in Figs. 8–10 and allow the initial and flow-induced



Table 1
Values of the consistency g0 and the power-law exponent n used to fit experimental data shown in Fig. 6b with power-law functions.

Formulation Loading Direction g0 (MPa s�n) n

S Tension MD 6 0.44
S Tension CD 4.8 0.44
H Tension MD 6 0.33
H Tension CD 2.5 0.33
S Compression – 6 0.44
H Compression – 36 0.44
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microstructures of SMCs to be characterised. The following com-
ments can be made:

Porosity – As it has been already reported in [20], the two stud-
ied SMC formulations exhibited a significant amount of pores in
their initial configurations. The volume fraction of pores /p0 for
the S and H samples was equal to 0.047 and 0.33, respectively
(Fig. 8a). These porosities were slightly higher than those reported
in [20], as the samples analysed in the cited study were first sub-
jected to a small pre-compaction that altered and decreased their
initial porosities. It is also interesting to notice from the 2D poros-
ity map in Fig. 9a that the volume fraction of pores was not per-
fectly homogeneous along the sample height (see the examples
shownwith the arrows): this is mainly ascribed to the process used
to manufacture the sheets [1,35]. In addition, for both formula-
tions, subjecting samples to a tensile strain led to a pronounced
increase in the porosity (Fig. 8a): this is (i) in accordance with
the evolution of the sample volume strain �ev (Fig. 7), (ii) whereas
an opposite trend was seen transverse compression [20]. Obvi-
Fig. 8. Evolution of the porosity /p (a–b) and the pore anisotropy ratios r12; r13; r23 (c–d) a
graphs (a) and (b) correspond to the 3D upper views of the porous phase (the scale bar re
the reader is referred to the web version of this article.)
ously, the porosity increase was much more pronounced for the
ductile S samples which could be deformed to higher strains than
the H samples. Lastly, it is worth noticing that the initial macro-
scale pore gradients were enhanced during tensile tests (Fig. 9).
This figure also shows that zones with initially higher porosity cor-
responded to zones where the strain field localised upon stretching
the samples.

Pore anisotropy – In accordance with the previously reported
results [20], Fig.8b shows that the pores inside the two SMC formu-
lations exhibited transverse isotropy, with r12 < r13 � r23 (values
reported in [20] for r13 and r23 are slightly higher than those shown
in the graph due to the sample precompaction): pores were flat
and lay in the (e1, e2) plane, most of them being closed (resp. open)
for the S (resp. H) sample [20]. During stretching, pores still
remained flat but two tendencies occurred for both formulations:
(i) the pore transverse isotropy evolved towards a more general
anisotropy, i.e., r12–r13–r23, (ii) the anisotropy magnitude
increased (all anisotropy ratios increased). These trends differed
s a function of the tensile strain �e11 for the S (a, c) and H (b, d) formulations. The inset
presents 1 mm). (For interpretation of the references to colour in this figure legend,



Fig. 10. (a): surface strain paths in the zones Zi shown in Fig. 7d (a). (b): measured (marks) and predicted (lines, using Eq. (3) with Ci ¼ 0:02) values of the component A11 of
the second order fibre bundle orientation tensor A for the three zones. (c) For zone Z3, comparison between the experimental values (marks) and those given by Eq. (3) with
Ci ¼ 0 (continuous line) and Ci ¼ 0:02. (dashed-dotted line). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)

Fig. 9. 2D maps that show the porosity averaged along the thickness �/p2D of the S sample subjected to the ex situ test and corresponding 2D strain fields e11 at various
compressive strains �e11: (a) 0, (b) 0.006, (c) 0.09, (d) 0.28 for the S sample. In (d), Zi correspond to the zones that were used to build Fig. 8. (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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from those recorded during transverse compression, during which
pores kept their transversely isotropic shape and became more and
more isotropic with the compression [20].

Fibre bundle orientation – In their initial configuration, both for-
mulations practically exhibited planar random fibre bundle orien-
tation, with a weak alignment along the MD direction probably
induced by the sheet manufacturing process. For the imaged S
and H samples, the corresponding second order fibre bundle orien-
tation tensors in the whole samples were very close and were
expressed as follows (the MD is parallel to the tensile axis e1):

A � 0:52 � 0:00
� 0:00 0:48

� �
e1 ;e2

ð2Þ

As illustrated in Fig. 10b, it was possible to follow the evolution
of A for the S sample during stretching (because of the small strains
obtained with the H specimen, the method was not sensitive
enough to capture any significant orientation change). In this fig-
ure, only the component A11 of A was reported since the non-
diagonal components A12 ¼ A21 were weak and since
A22 ¼ 1� A11. Three estimations were done. The first one corre-
sponded to the entire correlation grid denoted Z1 in Fig. 9. The
two others were obtained in smaller correlation zones shown in
Fig. 9d, i.e., in subzones where the strain field remained homoge-
nous (denoted Z2 in the figure) or exhibited strain localisation
(denoted Z3) during stretching, respectively. The three strain paths
of these zones are plotted in Fig. 10a, showing both strain recovery
effects as well as the large differences between them. Fig. 10b
shows that, regardless of the considered zone, fibre bundles
aligned along the stretching direction e1. Furthermore, the higher
the tensile strain in the considered zone, the higher the fibre bun-
dle alignment. In addition, important orientation difference
appeared between all zones: in zone Z1, �e11 ¼ 0:3 and A11 � 0:65,
whereas A11 � 0:75 in subzone Z3 where strain localised and
A11 � 0:55 in subzone Z2 within which �e11 ¼ 0:25.

4. Discussion

The two SMC formulations tested in this study had rather
different microstructures. The S specimens had a low initial pore
content with closed pores, whereas the H specimens had a high
amount of pores which were mainly open [20]. In addition, the
matrix of H samples mainly impregnated the fibre bundles or
formed joints in contact zones between fibre bundles. These
different microstructures led to two tensile mechanical
behaviours:

– The first difference was revealed from stress levels, which were
surprisingly of the same order of magnitude, despite the higher
fibre content in the H specimens. This is mainly related to the
high pore content in the H samples. Indeed, standard SMCs
are usually considered to be highly concentrated fibre suspen-
sions, within which two main micro-deformation mechanisms
contribute to the their overall stress tensors [5,40]: elastovis-
coplastic friction forces occurring at the numerous bundle-
bundle contacts and short-range elastoviscoplastic interactions
of the matrix with fibre bundles away from contact zones. Obvi-
ously, the H samples rather resemble to porous media than to
fibre suspensions, so that the last contribution could be
neglected due to the very high pore content. On the contrary,
it played a role on the overall tensile stress response of the S
samples which can still be viewed as concentrated suspensions.
Thus, the fibre–matrix interaction could be seen as an addi-
tional stress contribution that would make stress levels reach
those exhibited by the H samples.
– The second difference was related to the macroscale post-peak
deformation modes which depended on the considered formu-
lations (Fig. 5), i.e., with a pronounced ductile response for the S
formulation and a much less ductile flow for the H formulation.
Once again, the high (resp. low) pore contents of the H (resp. S)
formulations may be responsible. Indeed, during the flow of H
specimens, polymer bundle-bundle bonds were highly sheared
and could be irreversibly broken and not rejuvenated elsewhere
as there was practically no polymer matrix elsewhere in the
SMCs [20]. On the contrary, when bonds broke in the S speci-
mens, they could be rejuvenated elsewhere due to the presence
of the matrix surrounding the fibre bundles. However, these
effects could be restrained by the increase in the strain rate
(Fig.6a). From a practical standpoint, it is thus important to
restrain the initial pore content in SMCs and the tensile strain
rate they are subjected to in order to increase their ductility
during stamping or moulding flow phases.

In parallel, some features of the tensile behaviour of the S and H
samples were similar. They are detailed below and discussed in
regards to those obtained for other fibrous materials with compa-
rable disordered planar fibrous networks.

– SMCs exhibited an elastoviscoplastic behaviour with strain
hardening, softening and damage up to failure, as reported for
papers or non-woven materials [25,32,34,41–43]. However,
due the viscous nature of the matrix surrounding the fibre bun-
dles and to the weak fibre bundle entanglement, the tensile
behaviour of SMCs rather resembled to that of fluids rather than
to solids, as these materials exhibited (i) a pronounced strain
rate sensitivity (this behaviour is less pronounced for dry
papers and non-wovens) and (ii) practically full stress relax-
ation when stopping the strain loading (Fig. 5). In addition, it
is interesting to mention that for the two tested formulations,
the strain rate sensitivity did not depend on the orientation of
the samples (MD or CD), nor on the type of loading (in-plane
tension or out-of-plane compression): given the SMC formula-
tion, the power-law exponent n remained unchanged (Fig.6b,
Table 1), as it has already been reported for other SMC formula-
tions [16,17]. This point is interesting as it validates this
assumption made in many SMC rheological models.

– SMCs dilated as paper materials and other soft fibrous materials
upon stretching. This phenomenon is related to the mechanics
of their fibrous network and to the interaction of fibre bundles
with the matrix. This induced the increase in their porosity
(Fig. 8). At low strain rates, i.e., when viscous effects induced
in the matrix were weak, it is interesting to mention that both
formulations exhibited an in-plane tangent Poisson ratio m12
of approximately 0.27. This value is very close to those that
have often been reported for paper materials with planar ran-
dom fibre orientation [44]. The comparison is even still valid
at higher strain rates for the H formulation, the microstructure
of which is closer to that of papers. For the imaged H sample,
the out-of-plane secant Poisson ration m13 was close to 0, in
accordance with data reported for several paper materials too
[41].

– As for papers or nonwoven materials, the SMC manufacturing
[1] induced several microstructure features and defects that
altered their tensile properties. For example, an initial weak
fibre alignment was induced in the SMCs which led to their
weakly orthotropic mechanical behaviour. Furthermore, the sheet
manufacturing also induced noticeable gradients for the
spatial distribution of fibre bundles within the sheets, in the
form of flocs or aggregates (Fig. 9) [35]. As for paper materials
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or nonwoven sheets, for which similar heterogeneities are gen-
erated during their manufacturing [27,28,33], undesirable
strain localisation bands were also observed in low fibre con-
tent zones (Fig. 9) and induced an important decrease in the
ductility of the SMC samples. Thus, it is clear that minimising
the fibre content gradients in the sheets during their manufac-
turing would greatly improve their formability during stamping
or compression moulding.

– For several aspects, the in-plane stretching behaviour of the two
tested SMCs significantly differed from that obtained during
transverse compression. This is mainly related to the presence
of positive (in tension) or negative (in compression) isostatic
stresses. During transverse compression, negative isostatic
stresses occurred so that pores disappeared and the fibre bundle
networks was consolidated, storing bending and contact elastic
energies [20,45]. This led to noticeable strain-hardening which
is clearly apparent in the stress–strain curves and to stress
levels much higher than in tension (Fig. 5). On the contrary,
for tension, i.e., with a positive isostatic stress, SMCs dilated,
leading to a progressive increase in the porosity and damage
of the bonds between fibre bundles, and thus to a softening of
the stress–strain curves which led to the breakage of samples.
Such a strong tension–compression asymmetry and, more gen-
erally the effects of isostatic pressure on the SMC volume vari-
ations are unfortunately not properly taken into account in
current SMC rheological models. Most of them assume the
SMC incompressibility, and thus cannot account for the
observed pronounced pressure induced volume or porosity
variations. Besides, none of them accounts for sample breakage
above a pressure dependent strain state.

– During stretching, fibre bundle aligned along the tensile direc-
tion, as it has already been observed for non-woven fabrics or
other soft fibrous materials [25,26,32]. Combined with the sam-
ple stretching, this alignment also caused pores to take a slen-
der shape (Fig. 7). We checked whether the observed
evolution of the fibre bundle orientation could be predicted
by the Jeffery’s equation [46] modified by Folgar and Tucker
for concentrated suspensions [47]. This equation was written
assuming fibre bundles as slender rods, lying in the ðe1; e2Þ
plane:

D
Dt

A ¼ L � A�A : Dþ 2Cij _cjðd� 3AÞ; ð3Þ

where L is the velocity gradient, _c ¼
ffiffiffiffiffiffiffiffiffiffiffi
�D : �D

p
the generalised shear

rate, A the fourth-order fibre bundle orientation tensor [37], d the
identity tensor and where Ci is the Folgar and Tucker constant used
to account for fibre–fibre interactions during the SMC flow. The pre-
diction of this equation was compared to the fibre bundle orienta-
tion evolution measured during the ex situ test performed with of
the S sample (Fig. 10b). This comparison was achieved for the three
zones Zi shown in Fig. 9. For that, the time integration of Eq. (3) was
performed using a fourth-order Runge Kunta scheme implemented
in Matlab, and the velocity gradients L, as well as the strain rate ten-
sors D were derived from DIC measurements that led to the three
strain paths plotted in Fig. 10a. Furthermore, the orientation tensor
A was estimated using the hybrid closure approximation from the
knowledge of A [37]. Lastly, the interaction coefficient Ci was deter-
mined to obtain the best fits of the three assessed experimental
evolutions, leading to a value of 0.02 which is rather close to those
found for short fibre-reinforced polymer composites [47,48].
Results are reported in Fig. 10b showing good prediction of the
modified Jeffery’s equation for the three strain paths. Thus, even if
the modified Jeffery’s equation was initially written for incompress-
ible fibre suspensions, it is interesting to notice from Fig. 10b that it
could however represent the experimental trends in the three
considered zones Zi. This is interesting as (i) the recorded strain
paths were very complex and exhibited viscoelastic strain
recoveries (Fig. 10a) and compressible trajectories (Fig. 7a). In
addition, we have also plotted in Fig. 10c the prediction of the
modified and the non-modified (Ci ¼ 0) Jeffery’s equation for zone
Z3, showing that the non-modified equation provides a faster
fibre re-orientation, but still fairly in good accordance with the
experimental measurements.
5. Conclusion

An important experimental database was obtained in this study
to characterise and better understand the in-plane tensile rheology
of two uncured SMCs with different microstructures. In particular,
thanks to (i) the measurement of the local kinematical fields on the
surface of stretched samples (DIC method) and (ii) the 3D imaging
of their flowing microstructures (ex situ X-ray microtomography),
interesting observations and results could be obtained. They are
summarised in the following points:

– Over a wide range of in-plane tensile strain rates, SMCs exhib-
ited a fluid-like behaviour with (i) shear thinning effects that
were identical to those observed in transverse compression,
(ii) strain-hardening followed by softening, damage and break-
age. These three last features are different from those observed
during transverse compression and not taken into account into
current SMC rheological models although they often occur dur-
ing the flowing phases of the compression moulding process,
inducing undesirable defects (Fig. 1).

– Upon stretching, SMCs exhibited positive volume variation. Ini-
tial pores contained in SMCs grew and took slender shapes par-
allel to the tensile direction, whereas the two opposite trends
were observed during transverse compression. For low initial
pore content, the volume variation was progressively restrained
by the presence of the matrix, and the ductility of sample
reached substantial values. On the contrary, for high initial pore
contents, the porosity rapidily increased yielding to a fast sam-
ple breakage. To date, no constitutive theory accounts for the
presence of pores and for the effect of the isostatic stress on
their growth in SMC rheological models. Combined with the
results obtained previously in transverse compression with
the same SMC formulations [20], the database gained here will
be useful to build rheological compressive models with relevant
pore growth kinetics.

– Meanwhile, fibre bundles aligned along the stretching direction,
following rotational kinematics rather well described by the
(non-)modified Jeffery’s equation, even if SMCs were compress-
ible media.

– The tensile SMC ductility, and thus the capacity of these mate-
rials to be stamped or stretched during compression moulding,
depended on the loading condition and on their initial
microstructure. In particular, it depended on the stretching rate,
the SMC ductility being more important at lower strain rates.

– In addition, two principal microstructure features were identi-
fied as playing leading and negative roles on the SMC ductility.
Both of them should be better controlled and minimised during
the fabrication of the prepregs. The first parameter is the initial
porosity contained in the sheets: as shown in the case of the
high fibre content formulation, large initial pore content does
not allow bundle-bundle bonds to be repaired or rebuilt/rejuve-
nated during stretching, leading to rapid damage and breakage
of the sheets that exhibits a low ductility. As already been
pointed out in [20], optimising the impregnation of the fibre
bundle mats during the calendering phase during the manufac-
turing of the sheets could reduce the initial pore content. The
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second parameter is the spatial distribution of fibre bundles
within the sheets: regardless of the SMC formulation, flocs or
aggregates of fibre bundles led to early strain localisation bands
in stretched samples, thus limiting drastically their overall
ductility. Thus, it could be very interesting to minimise the
formation of flocs during the sheet fabrication.
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