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and out-of-plane oriented carbon fibres and simulta-  fibres. Henceforth, fractographic analysis is essential
neously a brittle matrix failure at the in-plane oriented  in gaining insight into such complex interactions.

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 ¢) shows ROI at higher resoultion. Similarly Hy-SMCs d) shows an overview of fractured
surface, ¢) and f) shows ROI at different resolution.
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3.5. Tensile and flexural

The tensile strength (oy), tensile modulus (£;) and
flexural strength (oy), flexural modulus (£y) 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 ef 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 (oy=
563.6+£91.1 MPa and E; = 65.8+11.2 GPa) and flex-
ural material properties (or= 550.3+£39.1 MPa and
Ei= 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%

6004

4501

300

Flexural stress [MPa]

1501
Hy-SMCs #1 —— SMCs #1
Hy-SMCs #2 SMCs #5
Hy-SMCs #3 SMCs #3
Hy-SMCs #4 ——— SMCs #4
0 Hy-SMCs #5 SMCs #5
T T
0 1 2 3

Flexural strain [%]

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).

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

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™ 1.5 1.5
Tensile strength, o; MPa 303.0+44.0 244.6+59.7 563.6+91.1
Tensile modulus, E; GPa 69.0+10.0 43.4+11.9 65.8+11.2
Flexural strength, o¢ MPa 303.0+44.0 348.9+30.5 550.3+£39.1
Flexural modulus, E¢ GPa 69.0£10.0 28.7+£7.6 67.2+6.0
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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
1<W from grip/tab W Top T
Multimode M At grip/tab A B?ttom B

Gauge G Middle M
Inside grip/tab 1

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

Pure bending fracture

a)
Load pins indent

b)

7 Delamination at the interface

Figure 16. X-ray computed tomography image of 4-point bending flexural tested SMCs (a) and Hy-SMCs (b) with different
fracture behaviour.
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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
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industrial applications. This includes automotive
parts such as high-performance motor and battery en-
closures, motorcycle helmets, and connecting rods.
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