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Abstract

Sheet Moulding Compound (SMC) based composites have a large potential in industrial contexts due to the possibil-
ity of achieving comparatively short manufacturing times. It is however necessary to be able to numerically predict
both mechanical properties as well as manufacturability of parts.

In this paper a fully 3D, semi-empirical model based on fluid mechanics for the compression moulding of SMC

is described and discussed, in which the fibres and the resin are modelled as a single, inseparable fluid with a viscos-
ity that depends on volume fraction of fibres, shear strain rate and temperature. This model is applied to an advanced
carbon-fibre SMC with a high fibre volume fraction (35%). Simulations are run on a model of a squeeze test rig,
allowing comparison to experimental results from such a rig. The flow data generated by this model is then used

as input for an Advani-Tucker type of model for the evolution of the fibre orientation during the pressing process.
Numerical results are also obtained from the software 3DTimon. The resulting fibre orientation distributions are then
compared to experimental results that are obtained from microscopy. The experimental measurement of the orienta-
tion tensors is performed using the Method of Ellipses. A new, automated, accurate and fast method for the ellipse
fitting is developed using machine learning. For the studied case, comparison between the experimental results

and numerical methods indicate that 3D Timon better captures the random orientation at the outer edges of the cir-
cular disc, while 3D CFD show larger agreement in terms of the out-of-plane component. One of the advantages

of the new image technique is that less work is required to obtain microscope images with a quality good enough
for the analysis.

Keywords Sheet moulding compound, Numerical modelling, High volume fraction, Method of ellipses, Machine
learning

Introduction

Sheet Moulding Compound (SMC) is a class of com-
posite materials that have the possibility to be useful in
automotive industrial applications, due to the possibility of
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comparatively short cycle times. More recently, Advanced
SMC (A-SMC) has also been introduced, the main differ-
ence compared to earlier materials being that the fibres
are now carbon and the volume fraction of fibres is higher
(35% and higher compared to earlier 20—25%). Another
important advancement is the rapid development cycles
in the automotive industry meaning that it is necessary to
be able to reliably numerically predict both the manufac-
turability and the mechanical properties of parts. While
current applications for functional composites as related to
SMC are limited, any future applications where the fibres
add additional functions besides the structural component
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will require good knowledge of fibre distribution and ori-
entation. This may, for instance, be electrical, insulation or
self-healing properties.

For the moulding process, fitted pieces of sheets con-
sisting of fibres and resin are placed inside a heated
mould. When the mould closes the SMC stack melts,
flows out and fills the mould after which the resin cures
and the solidified composite can be removed from the
mould. Process modelling of SMC is rather complicated
for a number of reasons [1]. Chief among these are the
complex material properties of SMCs, the presence of
high-volume fractions of fibres and the steep temperature
gradients. The rheology of SMC was previously studied
by, among others Lee et al. [2], Dumont and Le Corre [3—
5] and Vahlund et al. [6]; while the flow itself was experi-
mentally studied by, among others Barone and Caulk [7]
and Olsson et al. [8]. The fibres and in particular their
orientations will also greatly affect the mechanical prop-
erties of the parts. The focus of this work will thusly be on
fibre orientation prediction. The approach used for fibre
orientation is the one suggested by Folgar and Tucker [9]
and Advani and Tucker [10] (see, among others, [11-13]
for further methods in the same family). The squeeze
test rig that is studied in the work presented here is used
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instance Cengel and Cimbala [16]). To include the complex
rheology of the SMC the viscosity of it is modelled using
the semi-empirical model suggested by Kluge [17]

1 7

n=310(1+100f; + 100015,2)6*3(%0*7) (i) (1+7) £
(1)

where 7 is the dynamic viscosity, f; is the fibre volume
fraction, B is a temperature constant, 7 is the tempera-
ture, € is the strain rate, y is the shear strain rate, n is a
power law constant, and the subscript 0 indicates initial
values. Hence notice that the effect of the fibres on the
flow is included in this model.

The fibre orientation evolution, in its turn, is mod-
elled using the model suggested by Folgar and Tucker
[9] and Advani and Tucker [10], in which the fibres are
assumed to be rigid ellipsoidal particles with a large
aspect ratio, and that they are sufficiently large so that
Brownian motion can be neglected. There are a num-
ber of issues with this approach as described in [18],
but the model is still applied in most commercial codes
designed for composites manufacturing. Orientation
tensors are used to describe the alignment with the
principal axes. The time evolution of the orientation
tensors may be written as

1. . .
= — = (wikar — aixwr;) + E/L()/ikﬂkj + ag vy — 2vuai) + 2D, (85 — aay) 2)

for determining the viscous properties of materials. This
study uses the geometry to compare the results of dif-
ferent simulation techniques. Two different approaches
are discussed here. The first approach uses Ansys CFX, a
commercial general fluid mechanics modelling software
for the displacement of the charge (previously discussed
in [14]) where the reorientation of the fibres is modelled
using self-implemented functions. The second approach
uses 3DTimon, a more specialized composite modelling
code where Direct Fiber Simulation (DFS) is used for the
fibre orientation modelling [15]. Results from both of
these approaches are compared to experimental results
obtained using microscopy and a new in-house image
recognition code.

where a;; is the orientation tensor,  is the vorticity, y is
the shear strain rate and D, is the rotary diffusivity. An
alternative to orientation tensors is quartonions [19].
These have some advantages when it comes to full rota-
tions which is not considered to be important for the high
fibre volume content suspension here studied. Worth
noting is that Eq. (2) contains a fourth-order orientation
tensor, which usually is handled using a closure approxi-
mation. Here the hybrid closure approximation suggested
by Advani and Tucker [20] has been implemented as

as = agy = (1 —f)ag + fau (3)

In Eq. (3), a is the linear closure approximation
according to (see also [21])

~ 1 1
jlt =~ 32 (8476k1 + Sixdjt + 5i15,'/<)+§ (@ijdus + axdjt + audjx + andij+apdi + audi) (4)

Methods

General code

The movement of the charge during the compression of the
mould is modelled using fluid mechanics by numerically
solving the complete set of Navier-Stokes equations (see for

while 4 is the quadratic closure approximation which is
described as

~

Ajjkl = Aijaks (5)
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and f is a scalar measure of orientation that here is
defined as

f =1 —Ndet(zz,'j). (6)

In Eq. (6), N varies depending on whether cases are
studied in 2D or 3D, and is equal to 27 for 3D cases.

The fibre orientation modelling is directly imple-
mented in CFX using, so called, user functions.

3DTimon

3DTimon is applied for the second numerical approach.
This is a software developed by Toray Engineering for
modelling of the manufacturing of plastic moulded
products including fibre reinforced polymer compos-
ites. The viscosity model for all but the fibres in the
SMC is in this case described in the following way

"o zcxllil(TT_TT*’2
n= W,no = De A2 ) (7)
1+ (%)

with # again being the dynamic viscosity, T is the tem-
perature, y is the shear rate, n; a power law constant, D
and A, temperature constants, and 7 and A, factors con-
nected to flow pressure.

For fibre orientation simulations in 3DTimon, Direct
Fibre Simulation (DES) is used [15]. In this approach,
each fibre is modelled as a sequence of rigid rods,
which allows for modelling of fibre bending and fibre
breaking.

Experimental setup
Method of ellipses
The method of ellipse is a common experimental
approach applied in many studies [22-24] to extract
the orientation tensors of fibres throughout the pro-
jection of their cross section on a 2D micrograph. The
fibres’ cross sections are then fitted to ellipses followed
by geometrical measurements of the major axis “a” and
minor axis “b” length, which are used to determine the
orientation angles of each fibre.

Each fibre is presented by a vector p in space as illus-
trated in Fig. 1:

b
6= arccos(;)

p1 = sin(#)cos(p) (8
p2 = sin(6)sin(¢p)
p3 = cos(h)

The orientation state of each fibre can be described
by a probability distribution function ¥ (0, ¢), such that
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Fig. 1 A description of the coordinate system used

the probability that a fibre is in the span 6 to 0 + d6, ¢
tog +dois

W (0, ¢)sinddode. 9)

Since ¥ is a density function it is subject to the
normalization

b4 2
/ / v (0, ¢)sinfdode = %‘l!(p)dp =1 (10)
6=0J ¢=0

The second order orientation tensor is calculated by a
dyadic product of the vector p according to

1< .
a = (ZPM)M =123
k=1

When a composite sample containing fibres with a
finite length is cut, it is more likely to cut across a fibre
than to cut down the length of a fibre. Therefore, a
weighing function F is used to compensate for this vis-
ual bias in the calculation of the average components of
the orientation tensor, such that

(11)

P(0) = Lcos(0) + Dsin(0) (12)

and

d = ZZ=1Fk“t‘j
DYy



Alnersson et al. Functional Composite Materials

(2023) 4:11

OlympusBXS3M | 200

Page 4 of 10

Fig. 2 Examples of microscopy images of polished cross-sections of moulded SMC. The matrix is dark grey and the fibres are the white areas

where L is fibre length, D is diameter and F¥ is the inverse
of Eq. (12).
The analysis applied is based on some assumptions:

+ The fibres have a circular cross-section with the
same diameter (being the mean diameter of all
fibres). The error that may occur due to the fact that
carbon fibres are not perfectly circular is neglected.

« The fibres behave as straight rods: Since they are
gathered in bundles with high volume fraction and
are partially entangled, this is a valid assumption.

Two fibres at angles (6,¢) and (6 —,¢ + 1) cannot be dis-
tinguished from each other in the 2D micrographs (leading
to the same orientation tensors). Clarke et al. [25] sug-
gested a new technique to solve this problem, based on
confocal laser scanning microscopy for improving the 3D
fibres orientation study. It was successful with glass fibre
composites allowing investigation of optical sections at a
depth (>40 um). However, the application of this tech-
nique with carbon fibre composites is limited where the

reached depth is only 5-10 ym due to the opaque nature
of the fibres and the high volume fraction. In this study, the
experimental measurements are limited to 2D measure-
ments and thus it is assumed that the fibres are distributed
equally between these angles, an assumption that do not
influence the measured values of the orientation tensor.

Sample preparation

Using conventional computer-aided image analysis
techniques, high resolution with excellent contrast is
required to be able to distinguish the fibres contour and
fit them to ellipses. All steps for the sample prepara-
tion, as described in [26, 27], from polishing to etch-
ing should, normally, be followed carefully. One of the
advantages of the new technique applied in this study,
presented in the next section, is that much less work
is required to obtain microscope images with a qual-
ity good enough for the analysis. No perfect polish-
ing nor etching is needed. The polishing time spent
through all steps is almost one third of that used to be
spent preparing the samples for the analysis with the
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Fig. 3 An example of the synthetic training data for the network. The
white ellipses mimic the fibres, the grey ellipses noise and the black
background the matrix

conventional techniques. Sample preparations starts
with a careful cut of the specimens using a diamond
cutting disc, any small deviation in the cutting plane
would induce other shapes for the fibre cross sections,
thus wrong results after the ellipse fitting. Then, the
polishing was carried out starting with rough polish-
ing papers gradual to 9 um, 6 um and 3 um diamond
polishing suspensions. An example of the micrographs
delivered after the sample preparation and ready for
analysis using the new technique is shown in Fig. 2.

Fibre orientation measurements

The new proposed technique for image analysis makes
the 2D fibre orientation measurement more accurate and
faster, allows image treatment with polishing defects,
with direct measurement without the need of image
threshold or any corrections, and with better fitting of

Synthetic

Training
images

data

Train
network
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dense and crowd population of fibres. To enable auto-
matic measurement of fibre angles in microscopy images
a deep learning approach to image segmentation was
developed using publicly available methods. A convolu-
tional neural network architecture called Mask-RCNN (
[28]) was applied to output instance segmented images.
This means that for each fibre detected a binary pixel-
mask is created. The implementation of Mask-RCNN
from Detectron2 (https://github.com/facebookresearch/
detectron2) was used to train the network and make
predictions. There was no training data available for, for
instance, segmented microscopy images of carbon fibres.
Therefore 1000 synthetic images that mimics the micros-
copy images were generated. An example of a synthetic
image can be seen in Fig. 3. The synthetic images were
created by generating random white ellipses on a black
background. These white ellipses represent the fibres.
Then noise was added, to simulate scratches and imper-
fections, in the form of random grey ellipses. Binary
masks of the white ellipses were also generated to be used
as the ground truth data when training the model. The
polishing defects, that are usually the reason behind the
bad ellipse fitting, are taken into account. This consid-
eration implies large time-savings later on in the image
analysis since manual corrections are not required and
since the program is trained with ML to deal with these
defects so no perfect polishing will be required. First syn-
thetic images were used, followed by training using real
images, that makes the analysis using microscope pic-
tures directly possible without the need for any threshold
algorithm.

After training with the synthetic data, the network could
output partially segmented images. These images were
then manually annotated and corrected and used to retrain
the network. The process as depicted in Fig. 4 was iterated
until the output of the network was deemed acceptable.

Using the output from the network, first polygons and
then ellipses were fitted to the pixel masks, output of this
as well as resulting orientations can be seen in Fig. 5.
The microscopy images had a resolution of 19201080

Manual

Output :
correction

images

Fig. 4 Schematic view of the ML training process for the network
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Fractions: <10: 0.7%, 10-20: 6.6%, 20-40: 17.8%, 40-60: 17.9%, 60-80: 2.5%, >80: 0.0%, total: 45.6%

Angle histogram

Color coded

0 20 40
Angle to plane

0 0

Fig. 5 From left to right: Ellipses (in blue) fitted to fibre masks on a polished cross-section (the white ellipses are the fibres), a histogram of ellipse
angles with numbers of ellipses as a function of angle to the polished plane, and ellipses colour-coded according to the angle to the polished plane

pixels. Good results were harder to obtain when using
the whole image and therefore 640x640 crops of the
image are used. Using a sliding window, the whole image
was processed with overlaps. The resulting polygons were
merged before fitting ellipses. Long ellipses, obtained
when the fibres are cut along or close to their longitu-
dinal direction, still impose a challenge and especially if
they are not horizontal in the image section and are close
together. This could possibly be improved by implement-
ing rotated bounding boxes for Mask-RCNN. There is
also room for improvement in the merging of polygons.

Case setup
The pressing setup can be seen in Fig. 6. The geome-
try is a pressing tool used for rheological testing. The

inner area (in dark grey in the left figure) indicates
the initial charge placement with the initial charge
having a diameter of 3.5 cm. The charge is pressed
from an initial thickness of 2.86 mm to a final thick-
ness of 0.36 mm.

To compare the numerical and experimental
approaches, a plane is cut along the x-axis, this can also
be seen in Fig. 5. The orientation tensors are measured
at three locations: 10 mm from the left edge, at the mid-
point and 10 mm from the right edge of the resulting disk
respectively. These locations are marked in Fig. 6. Each of
these windows have a width of 750 ym and cover the full
height. For each of these windows 35 microscopy images
are taken and used as a basis for the orientation tensor
estimation.

Fig.6 A view of the press setup (rheological testing tool), along with the cutting plane used for the experimental measurements in which
the specific measurement locations are marked in red. The initial charge, in dark grey in the left figure, has a diameter of 355 mm and initial charge

height 2.86 mm
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Results and discussion

Examples of the resulting fibre orientations from the
experiments are displayed in Fig. 7, with one ML-ana-
lysed cross-section from each of the measurement win-
dows. Coloured ellipses represent fibres that the image
processing has managed to capture, and the colour scale
is just used to distinguish the fibres from each other.
Almost all fibres are coloured, meaning that the method
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can successfully capture orientation. It is worth not-
ing that many of the fibres that are not coloured, i.e. not
detected by the software, are as previously mentioned the
more elongated ones that are more aligned with the flow
direction, so a slight underprediction of the alignment
with the flow direction is expected; however, since the
fraction of non-coloured fibres is small, this error should
not significantly affect the results.
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Fig. 7 Some examples of treated images where the fibres a coloured just to distinguish them from each other and to show that they are accounted
for in the analysis. The grey area is the matrix. The upper example is from the left position, the middle from the middle position and the bottom
from the right position respectively; consequently, the flow direction is to the left in the upper image and to the right in the bottom image
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Orientation tensors from the two numerical methods
as well as from the experimental results have been com-
puted for three locations as described in the Case Setup
section and as displayed in Fig. 5. In addition, measured
thickness and area of the measurement windows of the
SMC part can be seen in Table 1 for the three locations.

The resulting a,, and a,, tensors for the three positions
are plotted in Figs. 8 and 9 respectively. Since the cut
is along the x-axis, a;; is the component that is aligned
with the principal flow direction, while a,, is perpendicu-
lar to the flow direction. Values of a;; and 4,, equal to
0.5 means that the fibres are randomly oriented in the
plane. Hence the 3DTimon simulations indicates that
the flow do not influence the in-plane orientation to any

0.65
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larger extent although there is an element of alignment
in the direction perpendicular to the flow direction. The
Advani-Tucker approach in the 3D CFD case suggests
that the fibres will align with the flow direction. How-
ever, for both the left and right cases results are still in
a region where the orientation can be considered ran-
dom. Regarding the comparison to the experimental data
3D Timon compares better but neither of the numerical
methods predict the peak in orientation that occurs in
Figs. 8 and 9 for the middle position. As can be seen in
Table 1 the middle position is thinner than the other two
positions. This is not currently captured in the numeri-
cal models used here. Additional experimental data
would be required to study this effect. Other reasons to

0.60 4

0.55 1

0.50 -1

0.45 1

All

0.40 -

0.35 1

0.30 4

® 3DCFD
m  3DTimon
* Experimental

] =

0.25 T
left

mid right

Fig. 8 Experimental and numerical results for the orientation tensor component aligned with the flow direction. Note that the scale is cut

off in both the upper and lower end
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0.50 1
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§ 0.45 -
040{ ® ¢ o
0.35 1
® 3DCFD
0304 ™ 3DTimon
*  Experimental
0.25 T T T
left mid right

Fig. 9 Experimental and numerical results for the orientation tensor component perpendicular to the flow direction. Note that the scale is cut

off in both the upper and lower end
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Fig. 10 Experimental and numerical results for the out-of-plane component of the orientation tensor. Note that the scale is cut off in the upper

end

Table 1 Measured thickness of the sample SMC part at the three
measurement windows

Position Measured thickness [mm] Measurement
window [mm?]
Left 0.36+0.02 0.27+0.015
Middle 0.27+0.04 0.203+0.03
Right 0.36+0.015 0.27+0.011

the discrepancies are that the Advani-Tucker approach
for approximating fibre-fibre interactions was not devel-
oped for high fibre volume fraction materials as the one
studied in this paper, and 3DTimon methodology applied
does not take interactions into account. It would be
expected that the high fibre volume fraction affects how
the material behaves. It is, however, worth noting that
the experimentally measured fibre orientations are still
fundamentally random, so more experimental data are
required in realizing whether there are any actual trends
in the resulting orientations.

For the out-of-plane component, a;;, the 3D CFD
approach and the experiments give results in the
same direction, while 3DTimon predicts essentially
no out-of-plane orientation whatsoever, see Fig. 10.
Images from Odenberger et al. [29] and Olsson et al.
[30] on the flow front and the motion of different lay-
ers, respectively, in real mouldings in a similar geom-
etry as the one used here indicate that there should
be an out-of-plane orientation of the fibres. Still more

quantitative measurements are required to validate
the predicted out-of-plane orientation.

Conclusions

Two numerical approaches for flow and fibres orientation
modelling during compression moulding of a high fibre
volume content SMC (35%) are presented. The fibre orien-
tation results from the numerical simulations are compared
to experimental results that are obtained using microscopy
and a novel image recognition method based on describing
the fibres in the images as ellipsoids and ML-algorithms.
The image recognition software manages to capture almost
all fibres and it is a much more efficient method as com-
pared to a more manual process since less work is required
to obtain microscope images with a quality good enough
for the analysis. For the studied case, comparison between
the experimental results and numerical methods indicate
that simulations with 3D Timon show the largest random-
ness in principal and perpendicular flow direction, and
hence less difference when compared to experiments at
the outer edges of the circular disk. The 3D CFD approach
shows larger resemblance with the experimental out-of-
plane component. None of the numerical methods, how-
ever, manage to capture the unsymmetrical effects arising
from the pressing and all in-plane results indicate a close
to random orientation. Hence more experimental data is
required to fully explore the trends in the resulting ori-
entations and the models used for the simulations can be
improved by for instance fully two-way or four-way cou-
pled simulations.
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SMC Sheet Moulding Compound
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