
1. Introduction
Thermoplastic (TP) based composites are a type of
advanced composite material poised to play an in-
creasingly significant role in aerospace, automotive,
sports and construction industries alike due to the
ease of handling and storage, efficiency and cost-ef-
fective scalability. Also, it is well suited for high-vol-
ume production rates and exhibits improved impact
strength, low flame-smoke toxicity and chemical re-
sistance [1]. The TP composite application avenues
are increasing, so are the invariable non-conforming
and off cut wastage during die-cutting of composite

tapes used for conventional processing techniques
such as injection moulding and compression mould-
ing. Every so often, processed wastes are repurposed
to fabricate quasi-isotropic compression pressed
plates for further processing into a complex shaped
part, trending towards closed-loop circularity [2].
Seemingly, several research has been published to
assess the product life of composites and the recy-
cling of composite materials using state-of-the-art
evaluation and decision-making tools such as life
cycle assessment and life cycle impact assessment.
In all instances, recycling and reprocessing [3] have
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proven beneficial compared to downcycling, landfill
and incineration [4–6].
Kiss et al. [2], investigated the recyclability and ther-
mo-mechanical performance of carbon fibre-rein-
forced polyamide 6 and glass fibre-reinforced poly -
propylene laminates. They achieved this by shredding
and compression moulding the materials into ran-
domly oriented sheet moulded compounds (SMCs).
SMCs fabricated from shredded fibres (0.5–7 mm,
4 mm sieve) and (5–25 mm, 8 mm sieve) showed in-
ferior thermo-mechanical performance compared to
standard injection moulded specimens. Researchers
inferred the poor mechanical performance of SMCs
was due to increased fibre length attrition and short
fibre randomised orientation during fabrication.
Similarly, Eguémann and coworkers [7, 8] and Roux
et al. [9] investigated the role of recyclability and
fibre lengths in polyether ether ketone (PEEK) SMC
door hinges performance compared to hinges pro-
duced by aerospace grade steel. It was reported that
recycled SMC hinges exhibited a greater ultimate
load-carrying ability before failure when compared
to injection moulded composite hinges. Additionally,
fibres 10 mm in length were found to be suitable for
processing and could potentially replace steel door
hinges, in contrast to the fibres 20 mm in length. Fur-
thermore, within the TPC-Cycle Project, TenCate
Advanced Composites incorporated continuous fibre
material with recycled SMCs and achieved a greater
degree of freedom in designing composite parts and
processing. The hybridisation of composite material
allowed the moulding of stiffening ribs with variable
thickness across the part and bosses around the
holes, which is difficult to achieve using just contin-
uous fibrous material [10]. Similarly, Trauth and
Weidenmann [11], performed hybridisation of con-
tinuous-discontinuous glass/carbon fibre SMCs and
achieved a significant increase in tensile (171%) and
compressive modulus (151%) properties compared
to corresponding SMCs specimens.
The carbon fibre-reinforced polycarbonate (PC) ma-
trix composites have better chemical inertness and
environmental degradation resistance and exhibit
better fatigue resistance compared to thermoset (TS)
based composites. To the best of our knowledge, very
few articles have examined the thermo-mechanical
properties and qualitative performance of the PC
based composites [12, 13] and none for PC based
SMCs. In-house trial runs generated approximately
20–25% off-cuts and process-scraped unidirectional

(UD) carbon fibre-reinforced PC composite tapes.
However, process-scraped off-cuts and non-con-
forming UD composite tapes may exhibit properties
similar to pristine composite tapes. Additionally, the
thermo-mechanical properties of the composite are
significantly influenced by the fibre length. There-
fore, based on the literature study, we decided to
maintain the platelet lengths between 25 and 50 mm
[14, 15]. Henceforth, the underscored potential of
the TP-based SMCs as a suitable replacement for
TS-based SMCs, we decided to repurpose our inter-
nal process scraps. We achieved this by utilising com-
pression moulding to fabricate high quality, random-
ly oriented and hybridised randomly oriented long
carbon fibre-reinforced PC platelets’ composites hav-
ing different thicknesses.
In our current research, we tried to address the influ-
ence of processing technique on PC based SMCs
Hy-SMCs. The fabricated composite plates were
subjected to qualitative and thermo-mechanical stan-
dard tests’ methodology to determine the process-
ability and material. We characterised SMCs speci-
mens using X-ray computed tomography, heat
deflection temperature, and fractography with digital
microscopy and scanning electron microscopy to as-
sess the quality. To evaluate the thermo-mechanical
properties specimens were subjected to standard
short beam strength, tensile, flexural, notched
Charpy impact, and dynamic mechanical thermal
analysis tests. The qualitative and thermomechanical
data reported in the current research work may be
beneficial in computer aided engineering. The out-
come of the results may be further studied to opti-
mise the performance and processing conditions to
produce different grades of SMCs.

2. Materials and methods
2.1. Materials
Process scrapped and non-conforming, carbon fibre-
reinforced PC matrix based UD tapes were sheared
using a generic desktop sized paper cutting device
(Figure 1). The composite UD tape has a density of
1.5 g·cm–3 with a measured thickness of 0.17–
0.18 mm and a carbon fibre content between 50–
53 wt%. The length and width of the platelets de-
pended on the area of the scrapped tapes, i.e.
scrapped off-cuts and contour-cut UD tape dimen-
sions. The average platelets length was maintained
between 25–50 mm, and varying width up to 25 mm.
Similarly, non-conforming UD tapes were utilised to
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produce hybridised SMCs (Hy-SMCs) and UD tapes
in the top and bottom layers with SMC cores in a
50:50 ratio, respectively.

2.2. Compression moulding of SMCs and
hybrid SMCs plates

The process scrapped are non-conforming UD and
contour-cut tapes rejected by automated optical con-
tour recognition software for pick and place robotic
system [16]. Compression moulding of SMC plates
was performed based on the bulk moulding tech-
nique, as shown in Figure 1. The consolidation unit
Baugroesse 2 produced by FILL GmbH, Gurten,
Austria, consists of two compressing presses with a
usable area of 860×360 mm (length × width) each,
and a maximum closing force rating of 24 kN (melt-
ing) and 310 kN (consolidation). For lab-scale trials,
the first stage involves cutting of process scrapped
and off cut tapes into platelets. Initially, a desktop
sized cutting device is utilised but for large-scale in-
dustries, more efficient shearing machineries are
commercially available. Furthermore, before com-
pression moulding, the platelets and UD tapes are
pre-dried inside a vacuum chamber (Binder VD53)
at 120°C for 60 min. After drying, the platelets were
weighed according to the volume of SMCs and
Hy-SMCs plates (see Table 1), and vacuum sealed
in individual bags. The detailed thermocouple study
of the melting- and consolidation cycles are shown
in Figure 2. The pre-dried platelets were manually
filled into the tool cavity, and compression moulded
at 325 °C with an applied compression pressure of
3.4 bar for 180 s. After the melting cycle, the molten
mass is transferred onto the adjacent consolidation
press maintained at 100°C followed by applied com-
pression pressure of 47.1 bar for 180 s. At the end of
the solidification cycle, SMC plates are manually

extracted for further processing. Similarly, the
Hy-SMCs are produced by placing non-conforming
0.17–0.18 mm thick UD tape stacks in the top and
bottom of the cavity and filling the core (middle)
with process scrapped platelets.
The process settings for fabricating the SMCs tabu-
lated in Table 2 were selected according to Birtha et
al. [17]. To validate the chosen conditions viability
to the selected plates dimensions (Table 1), we fol-
lowed the experimental procedure detailed by
Kobler et al. [18]. Therefore, a thermocouple wire
(type-K) was fixed in the middle (core) section of a
2 mm thick UD-tape stacked specimen to evaluate
the feasibility of the selected processing settings and
conditions for the consolidation unit. The data ac-
quisition system QuantumX, produced by Hottinger,
Brüel & Kjær GmbH, Darmstadt, Germany, record-
ed the core temperature and applied pressure during
processing at 10 and 300 Hz, respectively. In Figure 2,
prior to placing the specimen with thermocouple
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Figure 1. Different stages in the preparation of sheet moulded compounds (SMCs) plates. Stage-1 involves preparation of
platelets and filling the tool cavity, stage-2 involves melting of platelets into a mass, followed by consolidation of
the melt to form a solid SMCs plate.

Table 1. Compression-pressed SMCs and Hy-SMCs plates
dimensions.

*l – length, w – width, t – thickness.

Nature of
plates

Plate dimensions, l×w×t*
[mm]

SMCs
[wt%]

UD-tapes
[wt%]

SMCs 230×150×2 100 –
SMCs 220×130×3.4 100 –
SMCs 160×110×4 100 –
Hy-SMCs 220×130×3.4 50 50
Hy-SMCs 160×110×4 50 50

Table 2. Processing settings are used to prepare SMCs and
Hy-SMCs.

Consolidation unit Temperature
[°C]

Pressure
[bar]

Cycle time
[s]

Melting press 325 03.4 180
Consolidation press 100 47.1 180



wire, the tools were subjected to cyclic pressure tem-
perature process, and thus the recorded specimen
temperature increased directly after transferring it into
the tool (black dotted line-Specimen load). The melt-
ing cycle starts when the 90% of set pressure value
(red solid line) is reached and it is sustained until the
end of cycle (180 s). Subsequently, the specimen in-
side the tool contacts the heated platens, which trig-
gers the temperature ramp (red dash-dot-dash line).
Furthermore, at the end of the melting cycle, the set
temperature reached the core of the specimen, and
this signifies the selected cycle time is sufficient. The
molten specimen inside the platen is then transferred
(15 s) onto the consolidation press automatically by
a shuttle system. Similarly, the consoli dation cycle
starts when 90% of the set pressure value is reached
(solid blue line) and is maintained until the end of the
cycle; the decline in specimens’ core temperature
(blue dashed line) is also recorded. The foremost im-
portant parameter during consolidation is the applied
pressure, and the set value (47.5 bar) is reached well
before the onset of glass transition temperature (Tg).
Also, the recorded core temperature of the consoli-
dated specimen reached the set temperature (100°C)
well within the set cycle time (180 s). For more in-
formation on the compression pressing setup, please
follow the experimental section of Birtha et al. [17].

2.3. Mechanical tests
All specimens were prepared according to the cor-
responding standard using Mutronic DIADISC 4200
precision cut-off saw, produced by Mutronic GmbH
& Co KG, Rieden am forggensee, Germany. Before
testing, all the standard specimens were stored in the
standard control cabinet as per ASTM D618-00 (rel-
ative humidity of 50% at 23 °C for 72 h).
Interlaminar shear strength (ILSS) was determined
according to ASTM 2344/D 2344M-00e1 standard
test method. The MTS 852 test damper system (MTS
Systems Corporation, Eden Prairie, Minnesota, USA)
was equipped with a 10 kN load cell and axial move-
ment was recorded. The specimen dimension of
25×6.4×2 mm (l×w×t) was used, the span length was
adjusted to span to thickness ratio of four, and the
testing speed was set to 1 mm·min–1. The specimens
with only mid-plane interlaminar shear failure were
considered for evaluation and test results were eval-
uated to a significance level of 5%. The identifica-
tion of the failure type and region was determined
using a TOOLCRAFT 1713197 digital microscope
(Conrad Electronic SE, Hirschau, Germany) having
a native resolution of 3072×1728 pixels with a max-
imum focus range of 50 mm and 300× optical zoom-
ing capability. Out of fifteen tested specimens, only
ten were evaluated to a significance level of 5%.
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Figure 2. Thermocouple study of compression pressed UD plate (2 mm), temperature and applied pressure as a function of
time. Solid lines with corresponding colour codes indicate the recorded applied force for each cycle. The recorded
melting cycle temperature ramp is represented by red dash dot dash line and the temperature decline during con-
solidation cycle represented by blue dashed line. Glass transition (Tg-DSC) temperature was determined using dif-
ferential scanning calorimetry.



The tensile properties of the SMCs and Hy-SMCs
were determined using the ISO 527-4/ 2/ 2 stan-
dard test method. The specimen dimension of
220×25×3.4 mm, with grip to grip separation of
100 mm. The Zwick/Roell Z150 (ZwickRoell GmbH
& Co. KG, Ulm, Germany) equipped with a 150 kN
load cell and macro extensometer were utilised for
testing. The modulus of elasticity was determined
between 0.05 and 0.25% at a constant testing speed
of 2 mm·min–1. For SMCs specimens’ emery cloth
was used, and glass fibre-reinforced composite end
tabs for Hy-SMCs (Figure 3). A total of five speci-
mens for each type were assessed, and the test results
were evaluated at a significance level of 5%.
To distribute stress concentration over larger area
and achieve pure bending phenomenon during tests,
four point bending (4PB) based flexural properties
of SMCs and Hy-SMCs were determined based on
ISO 14125:1998 Class II standard method (Figure 3).
The Zwick/Roell ZMART.PRO (ZwickRoell GmbH
& Co. KG, Ulm, Germany) equipped with a 10 kN
load cell was used for 4PB tests of five specimens
(80×15×4 mm) for each type at 2 mm·min–1, and re-
sults were evaluated to a significance level of 5%.

The notched Charpy impact specimens were pre-
pared according to EN ISO 179-1-(1/e/A) standard
test method. A wedge-shaped cutting blade with a
notch depth of 2 mm and a tip radius of 0.25 mm
was used to create a notch on SMCs and Hy-SMCs
standard specimens (80×10×4 mm). Instron CEAST
9050 Impactor II (Instron GmbH, Darmstadt, Ger-
many) with 8 J pendulum was used for measuring
the impact energies and impact strength of speci-
mens, and the obtained values were evaluated to a
significance level of 5%.

2.4. Heat deflection temperature
As with any machined part, it is critical for a designer
to predict material behaviour subjected to elevated
temperature and strain. Cutting and drilling tools pro-
duce frictional heat when they encounter TP-based
composites, and TP tend to deform under high tem-
perature. To fabricate composite products with accu-
rate dimensions and tolerances, it is important to un-
derstand the HDT of a TP matrix material. Also, it is
an important parameter of design consideration for
injection moulding processes, increased HDT leads
to reduced processing cycle time. The heat deflection
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Figure 3. Post tensile tested Hy-SMCs with glass fibre tabs and SMCs with emery cloth (faint white scratches). The red
arrow indicates top and bottom layers fibre direction in Hy-SMCs. For untested flexural specimens, flexural loading
is indicated by blue pins.



temperature (HDT) testing was performed according
to EN ISO 75 in HDT-B (0.45 MPa and 120°C·h–1)
and HDT-C (8 MPa and 120°C·h–1) modes for spec-
imens having 80×10×4 mm dimensions. In Figure 4,
the measurements were conducted in Instron CEAST
HV 3 (Instron GmbH, Darmstadt, Germany) and sil-
icon oil was used as a heating medium, so the maxi-
mum measured temperature is 200°C. The testing is
stopped at the set maximum deflection and the tem-
perature is recorded for each specimen.

2.5. Dynamic mechanical thermal analysis
(DMTA)

The thermo-mechanical properties of SMCs and
Hy-SMCs were investigated using the Netzsch
GABO Eplexor 500 N testing machine (Netzsch
GmbH & Co. KG, Selb, Germany). The orientation
of the outer UD region for the Hy SMC specimen was
aligned with the deflection curve of the test setup.
The temperature sweep measurements were per-
formed on 50×10×3.4 mm specimens in three-point
bending mode with a support length of 20 mm, from
30 up to 210°C at a heating rate of 3 K·min–1 and a
corresponding step width of 3 °C. At each interval, a

soaking time of 60 s was set to achieve a homoge-
nous temperature distribution within the sample.
Due to a displacement-controlled loading, a sinu-
soidal deflection of 30 μm was applied for forty in-
tervals at a frequency of 1 Hz after a contact force
of 0.5 N was reached. The mechanical and thermo-
mechanical tests utilised to evaluate material re-
sponses of SMCs and Hy-SMCs are tabulated in
Table 3.

2.6. X-ray computed tomography and
scanning electron microscope

A non-destructive technique, X-ray computed to-
mography (XCT), was employed to determine the
fibre orientation, fractography, and part quality (see
Figure 5). XCT scans were conducted on both tested
and untested specimens. XCT scans (fractography)
of tested and region of interest (ROI) high-resolution
XCT scans for untested specimens were performed
with a Nanotom 180NF (GE Sensing & Inspection
Technologies GmbH, Wunstorf, Germany). The
180 kV sub focus X-ray tube was equipped with a
molybdenum target on a beryllium window. A
2304×2304 pixel flat panel detector (Hamamatsu
Photonics K.K., Shizuoka, Japan) was used as the
detector. Based on the specimen area, platelets’
length and to reduce measurement effort, the used
voxel size was set between 2.7 and 31 µm3. A mul-
tiscale approach was applied to optimise the segmen-
tation results of matrix-rich areas and the fibre ori-
entation distribution analysis as described by Stelzer
et al. [19]. Similarly, the void volume fraction was
determined by a multiscale approach according to
the procedure specified by Plank and co-workers
[20, 21]. Therefore, additional ROI high-resolution
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Figure 4. Photography of standard heat deflection temperature measuring device showing different points of interest and
specimen holder setup in the inset.

Table 3. Details of SMCs and Hy-SMCs specimens subject-
ed to different test methods.

Nature of plates
(thickness) Test method

SMCs (2 mm) ILSS, DMTA
SMCs (3.4 mm) Tensile, DMTA

SMCs (4 mm) Flexural (4PB), 
Notched Charpy impact test, HDT

Hy-SMCs (3.4 mm) Tensile, DMTA

Hy-SMCs (4 mm) Flexural (4PB), 
Notched Charpy impact test, HDT



scans at 2.7 µm3 voxel size were performed on
untested specimens, and an ISO 48 threshold for a
grey value-based segmentation was determined for
specimens scanned with a voxel size of 10.5 µm3. It
must be noticed that the use of a global threshold al-
ways represents a compromise between an under- and
over-segmentation of void structures. For void vol-
ume fraction calculations, only structures bigger than
8 connected voxels were considered to minimise-mis-
segmentation of smaller artefacts and image noise.
Whereas the CT void volume fraction is calculated
as the ratio between “segmented voxels” divided by
“total number of voxels” in a defined “region of in-
terest”. Detailed parameters and the resulting voxel
size for the test setup are listed in Table 4.
Reconstruction of XCT scanned specimen were
done using datos-x software, based on the filtered
back projection algorithm, provided by the XCT
manufacturer. During reconstruction, a software-
based beam hardening correction (value 8) for
multi-materials was applied. For voxel dataset han-
dling, manual- and semiautomatic registration of in-
dividual scans, VGSTUDIO MAX 3.3 (Volume
Graphics GmbH, Heidelberg, Germany) was used as

a standard software tool. Additional fibre orientation
analysis was done using the fibre composite material
analysis tool. The following main parameters were
used in VGSTUDIO MAX on a quadratic ROI of
9.8×0.8 mm: mode fibres (direction); scale-1, inte-
gration radius-2, and plane projection 0-1-0. Further-
more, to get a fibre orientation distribution over the
entire specimen thickness, integration mesh cells of
100 µm thickness were evaluated.
The fractography of the impact-tested notched Charpy
samples was investigated under a scanning electron
microscope (SEM) with accelerating voltage at
10 kV using Phenom Pro X by ThermoFisher Scien-
tific Inc., Massachusetts, USA. For qualitative spa-
tial resolution, the fractured surface was sputtered
with very thin conductive gold coating (15 nm) in
SC7620 Mini sputter from Quorum technologies,
Laughton village, UK, for 100 s at 20 mA.

3. Result and discussion
3.1. Fibre orientation and void volume

fraction
SMCs are susceptible to localised structural weak-
nesses in-plane, highly anisotropic platelets fabricated
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Table 4. Detailed XCT parameters and applied voxel size for the experimental test setup.
Voxel size

[µm3]
Tube voltage

[kV]
Tube current

[µA]
Number of
projections Average/skip Detector integration time

[ms]
Total scanning time

[min]
2.7 60 200 1800 8/2 500 153
7.5 60 160 1800 6/1 700 150

10.5 60 200 1700 8/2 500 145
16.0 60 280 1800 7/2 500 135
31.0 60 425 1700 6/1 800 162

Figure 5. Exemplary XCT cross-sectional images detailing sectional difference between SMCs and Hy-SMCs. Light grey
corresponds to carbon fibres, dark grey is polycarbonate, and voids are identifiable from black colour.



into randomly oriented laminates double-down as a
localised flaw within the laminate when fibres are
out-of a plane to the applied load [22, 23]. Hence,
XCT is a helpful tool in understanding the influence
of the fabrication process on platelet orientation and
quality. In Figure 6, the random fibre orientations are
vividly revealed as the projected angle on SMCs and
Hy-SMCs XCT sectional images. The composite
platelets laminate is shown with scalar field’s colour
scales for the randomised orientation in SMCs, the
core region of Hy-SMCs, and primarily UD-oriented
carbon fibres in the top and bottom layers of
Hy-SMCs. The initial platelet orientation and the

optimised processing conditions resulted in a highly
randomised fibre orientation in 2 mm thick SMC
plates, in contrast to the more aligned fibres found in
the 3.4 and 4 mm thick SMC plates. Furthermore, 3.4
and 4 mm thick SMCs scalar field’s colours exhibit
most platelets’ layers having fibre orientation be-
tween 30°–60° projected angle. Similarly, the core of
the Hy-SMCs (3.4 and 4 mm) has randomly oriented
platelets, whereas the higher randomly oriented
platelets are formed in 4 mm (aligned between 0°–
180°) compared to 3.4 mm (aligned at 50° and 150°).
Additionally, the partial re-orientation of UD com-
posite tapes in Hy-SMCs (90°–120°) is due to
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Figure 6. XCT cross-sectional images of SMCs and Hy-SMCs are shown as projected angles with scalar colour field’s scale.



process-induced undulation and is influenced by the
flow of high-viscous matrix melt subjected to high
compaction pressure; similar results were also re-
ported by Belliveau and co-workers [24, 25].
Similarly, XCT is also used to identify and quantify
the voids as it is necessary to assess the quality of the
fabricated platelets’ laminate via non-destructive
methodology. The void volume fraction of each spec-
imen type of SMCs and Hy-SMCs are tabulated in
Table 5, and localised void percentages over the in-
dividual specimen thickness are depicted in Figure 7.
The quantified void volume fraction and void per-
centage of SMCs (2 mm) are imperceptible when
compared to thicker specimens, and this may be at-
tributed to optimised fabrication conditions and spec-
imen thickness. Similarly, the measured void volume
fraction of Hy-SMCs (3.4 mm) is like SMCs (2 mm),
a localised minor void content (0.6 vol%). The thick-
er SMCs (3.4 and 4 mm) and Hy-SMCs (4 mm) have
similar void volume fractions and are well within ac-
ceptable industrial standards of less than 2 vol%
[26], but they have different localised void percent-
ages. The highest localised void percentage (19%) is
detected in the Hy-SMCs (4 mm) specimen and is

spotted at the interface of the UD fibre layer and ran-
domly oriented fibre core. This may be attributed to
low compression pressure as the process settings
were optimised for a 2 mm thick specimen. Similar-
ly, the top sectional localised void percentage of 9.5
and 5.1% is detected in 4 and 3.4 mm thick SMCs,
respectively, and may have been influenced by upper
tool-buckling during transfer and consolidation. Fur-
thermore, voids and defects such as fibre undulation
and matrix/fibre-rich zones are inevitable, and there
is an inverse trade-off between composite part thick-
ness and processing conditions like pressure and
temperature.

3.2. ILSS and HDT
The ILSS and heat deflection under constant load at
elevated temperatures are necessary to assess the
quality of the compression moulded SMC plates.
The objectivity of ILSS evaluation is to minimise the
influence of flexural responses (compressive and
tension stress) and maximise the induced shear
stresses due to the relatively low span-to-thickness
ratio [27]. The ILSS also depends on the integrity
and fabrication quality of SMCs parts, hence it is
well suited to evaluate the impact of selected pro-
cessing parameters. In Figure 8, the applied axial
load is line plotted against the recorded displacement
of SMCs (2 mm) specimens, and the averaged
recorded maximum load and the corresponding dis-
placement (0.9±0.2 mm) is indicated by a marker
with error bars. As a result, the mean interlaminar
shear strength and error with a 95% confidence in-
terval (CI) of pressed SMCs (2 mm) is assessed to
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Table 5. The void volume fraction of SMCs and Hy-SMCs
specimens with the corresponding thickness (t).

Specimen Void content
[vol%]

SMCs (2 mm) 0
SMCs (3.4 mm) 1.3
SMCs (4 mm) 1.1
Hy-SMCs (3.4 mm) 0
Hy-SMCs (4 mm) 1.3

Figure 7. Localised void content of a) samples Hy-SMCs (3.4 mm) and SMCs (2 mm) and b) samples Hy-SMCs (4 mm),
SMCs (4 mm) and SMCs (3.4 mm) over the individual specimen thickness, with corresponding sectional XCT
images with markings of the highest localised void region.



34.1±1 MPa with a coefficient of variation (CoV) of
3.8%. Similarly, the recorded maximum load en-
dured by the SMCs specimen is 581.7±16.6 N at
3.8% of CoV. The multi-shear peak maxima are not
appreciated nor accepted in the UD composites, but
in SMCs, it is a consequence of the stacked ran-
domised fibre orientation.
Only mid-plane interlaminar shear failure (MP-ILSF)
specimens were evaluated to determine the ILSS due
to the false apparent value resulting from tensile and
compressive failures in SMCs subjected to trans-
verse loading. Due to the nature of SMCs, we ob-
served tension failure (TF), compressive failure (CF),
interlaminar shear failure (ILSF) and MP-ILSF. The
digital photography of fractured SMCs (2 mm) with
different failure types is descriptively shown in
 Figure 9. Indicatively, in Figure 9a, a typical mid-
plane interlaminar shear failure is shown with a red
pointed arrow and a combination of MP-ILSF and
ILSF is shown in Figure 9b. Similarly, TF and CF
are shown in Figure 9c and Figure 9d.
The measured displacement is plotted against tem-
perature in Figure 10. Initially, there is negative de-
flection for all samples, and it continued till 140 °C
in HDT-B and up to 130 °C in HDT-C test condi-
tions. In Figure 10, the negative deflection in compos-
ites resulted from thermal dilatation, causing the com-
posite material to deflect opposite to the applied load
due to the support pins, similarly reported by Li and
Mason [12]. Furthermore, the increased constant test
load in HDT-C (8 MPa) compared to HDT-B
(0.45 MPa) mode negatively influenced the meas-
ured temperature at the highest deflection regardless

of specimen types. Conversely, at constant low load
conditions (HDT-B), the measured value shifted to
a higher temperature, indicating load-depended
amorphous PC matrix material response. Interesting-
ly, in HDT-C, the recorded deflection with corre-
sponding temperature similarly follows the phase
transition thermogram between 125 to 145 °C, the
glass transition temperature range of consolidated
PC SMCs measured in differential scanning
calorimetry (inset). Moreover, the measured temper-
ature at the highest deflection for SMCs and
Hy-SMCs in HDT-C type test condition is approxi-
mately 138.1±0.1 and 138.3±1°C, respectively. Also,
the measured temperature at the highest deflection
in HDT-B mode for SMCs is 155±0.1 °C, and for
Hy-SMCs is 160±0.7°C. The significant increase in
measured HDT for Hy-SMCs in HDT-B mode may
be due to resistance to deflection by unidirectional
fibres (out-of-plane aligned to applied load) rein-
forced in the top and bottom surface.

3.3. Dynamic mechanical thermal analysis
(DMTA)

In Figure 11, the thermo-mechanical response graph,
storage modulus, E' (solid line) and the loss angle
tangent, tan δ (dotted line), were obtained as a func-
tion of temperature. The glass transition temperature
(Tg) is evaluated by locating the onset and inflexion
point in storage modulus and peak maxima in tan δ
curves. The Tg onset indicates the rapid decrease of
the material´s storage modulus, leading to a reduced
mechanical performance at elevated temperatures.
Similarly, the damping characteristics of composite
materials and historical DMTA-determined Tg refer-
ence values are based on the tan δ peaks. Moreover,
Tg in amorphous PC phase transition during heating
is not influenced by long/continuous fibrous materi-
als reinforcement. Independent of composite type
and thickness, PC matrix material Tg values are eval-
uated at 148–153 °C (E' onset), and with strong loss
angle tangent apex at 171–173 °C (tan δ peak). Fur-
thermore, the determined Tg value of materials in
DMTA can range to a difference of 25 °C based on
the chosen methodology [28–30]. The E' is indica-
tive of the elastic response of the material, and the
value at the onset of Tg is a significant indicator of
composite part performance that is subjected to
temperature and load. The storage modulus of SMCs
(3.4 mm), SMCs (2 mm) and Hy-SMCs (3.4 mm) at
the onset of Tg is 14.3±0.6, 16.3 ±1.3 and 22.7±1 GPa,
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Figure 8. Resulting axial load vs. displacement curves of
SMCs (2 mm) from ILSS experiments. The aver-
aged maximum axial load is indicated by marker
and error bars (CI 95%).



respectively. Researchers Kore et al. [13] reported
similar thermomechanical properties for continuous
biaxial fabric (±45°) composite (3.5 mm thick) spec-
imens. This finding suggests that repurposed SMCs

and Hy-SMCs may possess material properties that
are equivalent-to bidirectional composite parts. The
higher modulus of Hy-SMCs (3.4 mm) at the onset
temperature compared to SMCs (3.4 mm) may be
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Figure 9. ILSS tests fractured SMCs (2 mm) specimens with different failure types. a) and b) Image highlights the midpoint
interlaminar shear failure (MP ILSF) and interlaminar shear failure (ILSF); c) and d) image showcases a kinked
specimen with combined tension failure (TF), compressive failure (CF) and MP-ILSF.



attributed to UD carbon fibre reinforcement. Inter-
estingly, only in Hy-SMCs (3.4 mm), an increase in
E' (3.5%) before the onset of Tg was observed in a
viscoelastic curve due to apparent stiffening of the
reinforced UD carbon fibre composite. The SMCs
(2 mm) specimen shows better resistance to deforma-
tion under load and temperature compared to SMCs
(3.4 mm), indicative of optimised fabrication pro-
cessing settings. Similarly, there is a noticeable dif-
ference between SMC specimens in terms of tan δ
absolute value; SMCs (3.4 mm) have higher loss
angle tangent response at all temperatures.

3.4. Notched Charpy impact test
Summarised notched Charpy impact tested data of
SMCs (4 mm) and Hy-SMCs (4 mm) are tabulated
in Table 6. SMCs and Hy-SMCs have similar impact
values and are within the 95% CI error for both spec-
imen types. Nevertheless, SMCs (4 mm) and
Hy-SMCs (4 mm) have high notched Charpy impact
strength of 101.7±10.1 and 108±14.5 kJ·m–2. How-
ever, the high CoV of Hy-SMCs and SMCs may be
attributable to previously observed void formation
at the interface of UD tapes and core and in the core
section, respectively (see Figure 6). Additionally, re-
markable fibrillations are observed in the impacted
tested SMCs compared to Hy-SMCs specimens (see
Figure 12), which was also observed in fractographic
images (Figure 13), and it is due to randomised fibre
orientation. Also, the overall increased notch sensi-
tivity of out-of-plane fibre orientations in SMCs and
Hy-SMCs has negatively influenced the impact
property with high CoV. The inefficient load transfer
between the TP matrix and carbon fibres is leading
to fibre matrix debonding, as shown in Figure 13
SMCs.
The fractography of notched Charpy impact tested
SMCs, and Hy-SMCs specimen is descriptively
shown in Figure 13 using SEM at different spatial
resolutions. The major complications in understand-
ing the SMCs fractography are the strong interac-
tions developed between the different fracture modes.
One such example is in-plane shear failure in multi-
directional laminates and is characterised by stepped
translaminar fractures in highly-anisotropic fibre ori-
entation (0°). This is evidently shown in Figure 13
SMCs (Figure 13a) and Hy-SMCs (Figure 13d, and
Figure 13e). Additionally, the influences of voids
can be apparent on the fracture surfaces like loose
fibres, and negative or vacant space at the junction
of randomly oriented fibres, as shown in SMCs and
Hy-SMCs. Interestingly, both specimen types exhib-
it ductile matrix failure in the intersection of in-plane
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Figure 10. Recorded Heat deflection temperature vs. dis-
placement of SMCs and Hy-SMCs, inset repre-
sents DSC thermogram of consolidated UD-tape.
The straight dotted line indicates zero displace-
ment.

Figure 11. The three-point bending thermo-mechanical plot,
storage modulus, E' (solid line) and loss tangent,
tan δ (short dot line) data at 1 Hz are plotted as
functions of temperature.

Table 6. The results of the hy-SMCs and SMCs specimens’
Charpy notch impact tested were.

Specimen Statistics Notched impact strength
[kJ·m–2]

SMCs (4 mm)
Average 101.7
CoV 13.3
Error (95% CI) 10.1

Hy-SMCs (4 mm)
Average 108.0
CoV 20.2
Error (95% CI) 14.5



and out-of-plane oriented carbon fibres and simulta-
neously a brittle matrix failure at the in-plane oriented

fibres. Henceforth, fractographic analysis is essential
in gaining insight into such complex interactions.
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Figure 12. Photographic image of notched Charpy impacted tested SMCs, and the red arrow in Hy-SMCs indicate fibre di-
rection in Hy-SMCs specimens.

Figure 13. Fractographic images of Charpy impacted tested SMCs and Hy-SMCs using scanning electron microscope with
different spatial resolution. The investigative markings represent the distinct fracture behaviour within the SMCs
and Hy-SMCs. Image a) gives an overview of fractured surface of SMCs, b) shows region of interest (ROI) at
better resoultion, and c) shows ROI at higher resoultion. Similarly Hy-SMCs d) shows an overview of fractured
surface, e) and f) shows ROI at different resolution.



3.5. Tensile and flexural
The tensile strength (σt), tensile modulus (Et) and
flexural strength (σf), flexural modulus (Ef) are tab-
ulated in Table 7 along with referenced general-pur-
pose aluminium material properties. The thermo-me-
chanical performance of the carbon fibre-reinforced
conventional TP composite is always dependent on
the fibre orientation, i.e., resistance to load and per-
formance metrics are high in fibre direction com-
pared to transverse or out-of-plane fibre orientation.
Like previous report by Belliveau et al. [22], the ap-
plied flexural loading on the randomised fibre ori-
ented SMCs led to local weaknesses due to the in-
plane highly anisotropic mechanical properties of the
platelets. It is evident that flow induced fibre re-ori-
entation (see Figure 6 SMCs) lead to anisotropic ma-
terial behaviour in SMCs (4 mm) with different ten-
sile to flexural values, similarly reported in [31].
Also, the different initial slope (see Figure 14) in
flexural tested SMCs may be attributed to highly
randomised fibre reorientation compared to
Hy-SMCs. Conversely, the introduction of UD tapes
in 50:50 ratio accomplished an increased mechanical
strength to weight ratio compared to generic alu-
minium grade shown in Table 7. The Hy-SMCs
(4 mm) has approximately similar tensile (σt =
563.6±91.1 MPa and Et = 65.8±11.2 GPa) and flex-
ural material properties (σf = 550.3±39.1 MPa and
Et = 67.2±6 GPa). The repurposed SMCs and
Hy-SMCs had similar flexural strength and modulus
compared to PC-based non-crimp fabric and UD
composite plates reported by Shinohara et al. [32]
and Kore et al. [13].
Figure 14 showcases a typically stress-strain behav-
iour of SMCs and Hy-SMCs subjected to flexural
4PB loading. Hy-SMCs exhibit stiffer, stronger re-
sponses than SMCs, with both showing nonlinear
flexural fracture behaviour. The use of UD tapes
proved beneficial for tensile and flexural loading in
Hy-SMCs (4 mm), with approximately 81–85%

increase in mechanical strength compared to generic
aluminium grade.
The distinct tensile tested fracture behaviour owing
to the nature of the composite are descriptively shown
as cross-sectional images using XCT in Figure 15.
It is difficult to detect the crack initiation in SMCs
during tensile testing, but according to Belliveau et
al. [25], the crack propagates between the interface
of several out-of-plan platelets subjected to tensile
load (in the plane). In XCT sectional image of tensile
tested SMCs specimen (Figure 15), we observed
broken, split and pulled out platelets including tow
undulation, such complex failure with combined
failure modes (Table 8) were similarly observed by
Howell and Fukumoto [1]. Conversely, in Hy-SMCs,
tensile fractured behaviour follows typical in-plane-
oriented UD composites, dominated by jagged teeth
like a failure, split-pulled-out platelets, and broken
tows due to slight undulation in UD tapes after con-
solidation (see Figure 6).
Similarly, we observed three types of failure modes
in 4PB fractured specimens in SMCs, such as
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Table 7. Tensile and flexural of SMCs, Hy-SMCs, and a reference generic grade aluminium property. The composite’s tensile
and flexural data are evaluated to 95% CI.

Material properties Unit Aluminium (6061-T6) [1] SMCs Hy-SMCs
Density g·cm–3 2.7 1.5 1.5
Tensile strength, σt MPa 303.0±44.0 244.6±59.7 563.6±91.1
Tensile modulus, Et GPa 69.0±10.0 43.4±11.9 65.8±11.2
Flexural strength, σf MPa 303.0±44.0 348.9±30.5 550.3±39.1
Flexural modulus, Ef GPa 69.0±10.0 28.7±7.6 67.2±6.0

Figure 14. Stress-strain graph of flexural tested 4 mm thick
specimens of Hy-SMCs and SMCs. The markers
represent respective averaged flexural strength
and averaged strain at flexural strength with cor-
responding error bars (95% CI).
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Table 8. Tensile tested specimens’ failure codes of SMCs and Hy-SMCs (3.4 mm).
Specimen number SMCs Hy-SMCs

1 MWT MGM
2 MAT MIT
3 MGT MGM
4 MWT MGB
5 MAB MGB

First character Second character Third character
Failure type Code Failure area Code Failure location Code

Multimode M

1<W from grip/tab W Top T
At grip/tab A Bottom B
Gauge G Middle M
Inside grip/tab I

Figure 15. XCT two-dimensional rendering of tensile tested specimens showing distinct fracture behaviour, and the tensile
force is in the z-axis direction.

Figure 16. X-ray computed tomography image of 4-point bending flexural tested SMCs (a) and Hy-SMCs (b) with different
fracture behaviour.



tension side cracking and compression failure, com-
bined with interlaminar failure (See Figure 16). Ad-
ditionally, Hy SMC tension side cracking along with
compression failure with interlaminar failure at the
junction of SMCs and UD tapes. The interlaminar
failure may originate from bonding weaknesses and
voids observed (refer to Figure 7) between randomly
oriented platelets and UD tapes. Importantly, this
failure does not confine itself to the original defect
layer; instead, it propagates until it reaches a ‘pref-
erential’ platelet interface.

4. Conclusions
The investigation into the thermo-mechanical prop-
erties of Hy-SMCs and SMCs has provided compre-
hensive insights into the influence of fabrication
quality and material composition on their perform-
ance. Through advanced non-destructive imaging
techniques such as XCT, it has been demonstrated
that the orientation and the processing quality of fab-
ricated composites significantly affect the overall in-
tegrity and thermo-mechanical properties. The void
volume fraction analysis highlights that optimised
fabrication processes can minimise void content for
thinner SMCs compared to thicker SMCs. Further-
more, the DMTA further elucidates the thermal prop-
erties, showing a clear correlation between fibre re-
inforcement and thermal stability, with Hy-SMCs
demonstrating superior performance due to unidirec-
tional carbon fibre reinforcement. The mechanical
testing, including tensile, flexural, and impact tests,
underscores the complex interplay between fibre ori-
entation, void content, and material behaviour under
stress. The notched Charpy impact test results indi-
cate that while SMCs and Hy-SMCs have compara-
ble impact strengths, the presence of voids and fibre
orientation can significantly affect the impact resist-
ance and fracture behaviour. Further research should
focus on refining fabrication techniques to achieve
even better material uniformity and performance con-
sistency. Optimising consolidation conditions and re-
designing the SMCs to UD tape ratio may enhance
the thermo-mechanical performance of Hy-SMCs. In
conclusion, the study underscores the importance of
controlled fabrication processes in optimising the
thermo-mechanical properties of SMCs and
Hy-SMCs. The findings pave the way for improved
design and manufacturing strategies, enhancing the
applicability of these composite materials in various

industrial applications. This includes automotive
parts such as high-performance motor and battery en-
closures, motorcycle helmets, and connecting rods.
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