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Abstract

Carbon fibre reinforced sheet moulding compounds are being used more extensively, however their use
comes alongside the manufacturing issue of dimensional instability and unpredictable failure locations.
These are both features of the fibre orientation distribution which can be affected by the charge location.
This paper presents aspects of work examining the effect of the charge placement on the distortion and
strain distribution (measured by digital image correlation) of such panels. The warpage of the panel has
been compared with an investigation of the fibre orientation distribution by micro-computed
tomography. It has been found that the charge location affects both the warpage and strain distribution
under load of the moulded panel, with the fibre orientation distribution due to the flow of the charge in
the mould being the origin of both effects. To minimise distortion during manufacture, and reduce the
negative effects of strain concentrations within the material, the charge shape and placement must be
carefully considered during the design process.

1. Introduction

Improved emissions standards, required through such initiatives as the United States’ corporate average
fuel economy (CAFE) standards, are leading to extensive lightweighting within the automotive industry.
The consequence has been an increase in the use of reinforced plastics, but the high cost associated with
many manufacturing techniques is preventing more widespread use. To meet the balance between the
high strength of traditional carbon fibre reinforced composites, and the rapid manufacture associated
with traditional sheet moulding compounds (SMCs), carbon fibre reinforced sheet moulding
compounds (C-SMCs) are being used more widely within the automotive industry. However, the use of
C-SMCs has generated issues relating to the dimensional stability of components, and difficulties in
predicting strengths and fracture locations.
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With regard to dimensional stability, it is well known that unfilled polymers, as well as polymer
composites, can suffer from warpage. Unfilled polymers will shrink during cure and then undergo mould
shrinkage during cooling [1]. Differential shrinkage through the thickness, or in different directions
within a component, generates residual stresses [1-3] which can lead to significant warpage if local
stiffnesses are low [4]. In filled polymers, warpage caused by these processing paramters generally
reduces rapidly as the reinforcement percentage increases [4-6] and it has been shown that the effect on
the warpage by the reinforcement is related to differences in the local fibre volume fraction, and the
fibre orientation distribution [6,7]. The reinforcement phases tend to have lower coefficients of thermal
expansion than the matrix phase (see Table 1, below) and consequently localized areas with higher
volume fraction shrink less than those with lower volume fraction, leading to distortion of the panel [8].

Table 1. Coefficients of Thermal Expansion for common matrix and reinforcement materials [9,10].

Coefficient
Material of Therr_nal
Expansion
(10° K1)
Epoxy Resins 60
Polyesters 100-200
Nylon 6,6 90
Polypropylene 110
E-glass 5.4
Kevlar-49 -2.3--4.0
Graphite 0.045

The fibre orientation distribution for composites containing fibres with high aspect ratios, will obviously
play a large role in distortion/warpage of panels as shrinkage will be different in the transverse and
longitudinal directions in areas with highly aligned fibres. Use of a design process that simulates the
moulding process and the fibre orientation distribution to optimize the process has been shown to reduce
the warpage of components then produced by the process [5,11]. It is worth noting that traditional SMCs
do not suffer from such distortions to the same degree due to the use of fillers with low aspect ratios and
low profile additives (such as thermoplastics) to reduce shrinkage and improve surface finish.

With regard to the prediction of failure, viewed at a sufficiently large scale C-SMCs may be viewed as
homogeneous [12], but their locally heterogeneous nature leads to complexities in predicting both failure
strengths and failure locations. The complex failure of this material and its dependence on the fibre
orientation distribution is demonstrated by its apparent notch insensitivity [12,13]. Indeed, recent work
using micro-computed tomography (LCT) in conjunction with a failure analysis, has emphasized the
importance of the difficulty of predicting failure strengths and locations. [14].

The dependence of both the distortion and the failure of components moulded from C-SMC on the fibre
orientation distribution therefore requires careful design of the charge for moulding, as this will affect
the flow within the mould and therefore the localized fibre orientation distributions. In this work, out-
of-plane distortions of a C-SMC panel have been correleated with fibre orientations measured using
MCT, and with strain distributions for coupons of the panel under load measured by Digitial Image
Correlation (DIC).
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2. Materials and Methods

The material used was a tow-based carbon fibre reinforced sheet moulding compound, comprising
approximately 12k tows of approximate dimensions 25 mm x 8 mm x 0.2 mm, embedded in an epoxy
acrylate matrix; fibre volume fraction of the moulded panel was 0.43. The panel was moulded in a hot
press at 140 °C and 10 MPa, with a closing speed of 10 seconds and a cure time of 5 minutes. On removal
from the mould, the panel was placed on a flat metal plate to cool. The dimensions of the moulded panel
were 200 mm x 200 mm x 2 mm. The charge had a mould coverage of 0.25 (see Figure 1), and was
square with dimensions 100 mm x 100 mm, consisting of a stack of four sheets. The charge was placed
in the centre of the mould (Figure 1).
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Figure 1. Charge placement (shaded) for moulding of panel

To measure the distortion of the cooled panel, the panel was placed on a flat metal reference plate. A
ROMER Absolute Arm, with an integrated laser scanner, was used to scan the panel and Geomagic
Qualify software was used to process the point cloud and produce a 3D digital representation of the
surface, which compared each of the points to a reference plane. This representation was then used to
produce a colour map of the distortion. The panel was cut into four ~50 mm wide tensile-test coupons
using a diamond edged Boart saw. The machine used was an Instron 5285 universal testing machine and
strain was measured on each face using 3D DIC; i.e. two stereo camera systems, operated via a control
box, with Correlated Solutions software VicSnap and Vic3D used to capture and post-process the images
to extract the strains. In order to measure the strain, the coupons were spray painted using a standard
off-the-shelf matt white, and then speckled using another off-the-shelf black spray paint; the camera
setup is shown in Figure 2. Tensile testing was carried out at a cross head displacement rate of 2 mm s
!, Each coupon was loaded to 2kN for the DIC investigation, unloaded and scanned using uCT, before
being tested to failure. To determine the fibre orientation distributions, 4 coupons were scanned in one
stack, using a Nikon XTEC XTH 320, with a tungsten target. Due to the size of the tows, scanning at a
relatively low resolution was possible since individual fibres did not need to be imaged, reducing the
time per scan. The pixel size was 53 pum, with a beam energy of 75 kV, a current of 250 pA, with 3142
projections and 2 frames per projection.
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Figure 2. Camera system and lamps set up for DIC on two faces of a specimen.

3. Results and Discussion
3.1 Dimensional Stability

A colour map of the dimensional distortion of the 200 mm x 200 mm panel is shown in Figure 3. The
distortion pattern is a saddle shape, with the top right and bottom left corners distorting down (into the
page) and the top left and bottom right corners distorting up (out of the page). The top left and bottom
right corners had similar levels of distortion (0.70 and 0.51 mm respectively), whilst the top right corner
had a much greater distortion than the bottom left (-3.20 mm compared with -0.27 mm). The distortion
at the corners to create the saddle shape is due to alignment of the tows as the charge flowed towards
the edges of the mould during the compression stage. Of course, the charge has flows in all directions,
but it is expected that a greater degree of alignment would take place towards the corners as this was the
greatest flow distance. This allows the tows to rotate further to align with the flow, than shorter flow
distances. Tow alignment results in the tows resisting shrinkage in the diagonal directions between the
corners, leading to the distortion at the corners that can be seen in Figure 3.
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Figure 3. Colour map of the warpage of the panel, including point measurements (mm). The red
dashed line indicates the limits of the test coupon investigated by DIC and uCT.
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3.2 Strain Distribution Under Load

Figure 3 shows a 50 mm wide section cut from panel, loaded under tension, with the strains measured
using DIC. The coupon was loaded to 2 kN and the strain distributions on the front and back face were
examined (see Figure 4). The left hand side of the specimen (marked “L”) show low &y strains, typically
a maximum of 600 ue (with the y-direction being the loading direction), whilst the right hand edge of
the coupon (labelled “R”) showing regions of higher strain, up to about 900 ue. The high strain feature
at the top left corner of the front face is a strain concentration arising as a consequence of gripping the
coupon. The low strain areas along “L” suggest a greater alignment of tows in this region in the loading
direction. This is expected due to tow realignment as the flow meets the mould edge and is redirected
along it. It should also be noted that the front and back faces of the coupon have very different locations
of high strain in the DIC images. This is because the tow orientation distribution varies through the
thickness, as confirmed by the uCT images.

Images of the same coupon taken using UCT investigation are shown in Figure 5. The images shown,
representing slices 53 pm thick, were taken at the surfaces of the coupon i.e. front and back face (Figure
5). It is clear that the tow orientation distribution is quite different which is to be expected because the
tow thickness is 0.2 mm within a panel thickness of 2 mm. In the DIC images, both front and back faces
have high strain regions along the right hand edge. Comparison of the DIC with the uCT images show
that these high strain regions correlate with tows which are oriented transversely to the loading direction.
The tows marked A to E in the uCT image (Figure 5) correspond to the high strain regions marked A to
E in the DIC image in Figure 4.

50 mm

Figure 4. Surface strains on the front and back face, as measured by DIC. The R and L labels indicate
the right and left hand sides as viewed from the front face of the specimen.
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50 mm

Figure 5. Images of the orientation of carbon fibre tows obtained by uCT for the front and back face
of the coupon. The R and L labels indicate the right and left hand sides as viewed from the front face
of the specimen.

4. Conclusions

The warpage and strain distribution of a panel manufactured from C-SMC are dependent on the fibre
orientation distribution, which is, of course, directly affected by the flow of the charge within the mould.
In the work reported here, a 200 mm x 200 mm panel showed an out-of-plane distortion of about 3 mm
which is related to the flow within the mold. A combination of uCT and DIC (for a coupon under load)
showed that high strain levels in the DIC images corresponded to transversely oriented tows. The results
suggest the design of the shape and placement of the charge within the mould cavity must be carefully
considered to minimize out-of-plane distortion. The tow orientation distribution varies through the
thickness, resulting in different strain distributions on the front and back face, which is related to the
difficulty in predicting the strengths and failure locations within components. The effect of varying tow
orientation distribution on the failure location will be examined in future work.
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