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Abstract 

Carbon Fibre Sheet Moulding Compounds (CF-SMCs) are lightweight materials very 

suitable for automotive parts. So far, their use was limited to thin components. This 

work presents a feasibility study on the compression moulding of a thick-walled SMC 

component, with a compound of randomly oriented chopped carbon fibre tapes. 

Bending tests were used to evaluate the effects of the manufacturing conditions on the 

mechanical performance. The choice of the charge pattern configuration played the 

paramount role in the final part performance, especially via the creation of weld 

surfaces, leading to a maximum strength difference of over 400%. The moulding 

temperature, pressure and cooling method showed no statistically significant influence 

on both strength and stiffness of the part. The results of this work can be used as a 

starting point in the design of manufacturing processes for thick SMC components. 
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1 Introduction 

Carbon reinforced composites have spread very quickly to motorsport and aerospace 

thanks to their high specific properties. The most classical use of those materials is 

layered laminates, which makes them suitable for shell-like structures, like aerofoils or 

outer skins. However, laminated composites tend to be unsuitable for bulkier structural 

components, like landing gears or car chassis parts. A possible solution to exploit the 

lightweight capabilities of composites in such components is to use discontinuous 

composites. Thanks to manufacturing techniques like injection or compression 

moulding, those materials can be used for thick complex 3D geometries [1]. However, 

the mechanical properties of injection moulded short fibre composites are too low for 

structural parts. On the other hand, compression moulded Tow-Based Discontinuous 

Composites (TBDCs), such as Carbon Fibre Sheet Moulding Compounds (CF-SMC), 

can serve this purpose. 

CF-SMCs are made of chopped carbon fibre tows (or strands) randomly spread in a 

partially cured thermoset (as in the present paper) or thermoplastic resin. The prepreg 

sheets that are created in this way are then compression moulded into the final shape. 

The high aspect ratio of the tows limits the detrimental effects of their discontinuity on 

the composite performance [2–5], while compression moulding allow short cycle times 

[6]. As a results, SMCs are an excellent compromise between the good mechanical 

performance of continuous laminates and the high manufacturability of short fibre 

composites [2,7,8].  

The TBDCs microstructure was investigated using micro Computed X-ray Tomography 

(µCT) in [9,10] for the case of a no-flow moulding. In this case the tows were mostly 

https://doi.org/10.1016/j.compositesa.2019.105688
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intact, and their orientation was uniformly planar random. On the contrary, high in-

mould flow causes high in-plane tow distortion, as well cracks and voids [11]. In all 

cases, out-of-plane distortion was small, and tows remained mainly planar.  

Scientific literature on material characterisation of TBDCs at coupon level is extensive 

[2,7,11–19]. Their stiffness is usually comparable to that of quasi-isotropic laminates, 

while their strength and elongation to failure is significantly lower [11,16–18]. In 

addition, high notch-insensitivity and damage tolerance for these materials has been 

shown [11,20–22]. All those works focus on characterization of randomly-oriented, low 

in-mould flow TBDCs. 

A much smaller number of works investigates the link between manufacturing and 

mechanical properties [11,15,23]. However, those works were mainly focused on the 

induced tow orientation resulting from high in-mould flow, rather than on the effect of 

moulding parameters. A rare exception are Landry and Hubert [24], who observed 

surface and internal voids caused by loss of contact with mould walls. This was 

reproduced by varying both moulding and cooling pressure. Surface defects caused a 

higher reduction of compressive strength than internal defects. Similarly, Wan and 

Takahashi [25] found higher tensile and compressive properties of chopped carbon fibre 

tape reinforced thermoplastics when moulded at higher pressure. This however was due 

to a better impregnation of the dry tapes. It is therefore questionable whether this 

conclusion extends to SMC, where the tows are already pre-impregnated with a 

thermoset matrix. 

Some studies also dealt with complex parts made of TBDCs. LeBlanc et al. [26,27] 

manufactured T-shaped brackets using randomly-oriented thermoplastic strands. Lower 

https://doi.org/10.1016/j.compositesa.2019.105688
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processing temperatures and larger strand sizes required higher pressures to completely 

fill the rib. For the same conditions, higher pressure or lower temperature led to lower 

porosity levels. Interestingly, this did not result in different mechanical behaviour in 

short-beam bending tests of coupons cut from the component. This suggests that 

porosity might have limited effects on the bending properties of these materials, 

although compressive strength was shown to be affected [24]. Component testing also 

showed no mechanical dependence on temperature, pressure and strand sizes. On the 

other hand, weld line formation led to a component strength reduction of up to 60%. 

Eguemann et al. [28] designed a composite aerospace hinge using different 

manufacturing techniques. For this complex shape, SMCs with 20 mm tow lengths 

showed comparable strength to that of classical lamination manufacturing. However, 

due to the high scatter in strength, a 10 mm UD tow length was judged more suitable. 

Their TBDC hinge design led to an 80% weight reduction compared to the steel hinge. 

Overall, compression moulded TBDCs parts were 185% stiffer and between 15% and 

65% stronger than injection moulded components. 

The thickness of these and other compression moulded TBDCs parts reported in 

literature [29,30] never exceeded 4 mm. This is due to the intrinsic 2D nature of the 

SMC sheets. However, compression moulding allows SMCs to be exploited for thicker 

parts [1]. To investigate this opportunity, a 3D component is manufactured and tested in 

this work. The nominal wall thickness of the part is 15 mm. Different charge patterns 

are first evaluated, to better identify their effect on the mechanical performance. Then, 

the moulding temperature, pressure and cooling method will be varied to assess their 

effect on mechanical performance. Bending tests will be performed as reference tests 

https://doi.org/10.1016/j.compositesa.2019.105688
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for both the investigations. Micro-Computed Tomography (µCT) before, Digital Image 

Correlation (DIC) during and fractography after testing will allow for a better 

understanding of the overall material and component response. 

2 Materials & methods 

2.1 Automotive component and materials 

Fig. 1 shows the automotive component object of this study. It is inspired by an actual 

chassis part. The nominal cross-section wall thickness is 15 mm, although the effective 

thickness can be significantly higher in transition areas. The two steel inserts serve as 

load introduction features. Bending is selected as load case, as it is the most 

representative of the actual load case of the real component. The nomenclature 

introduced in Fig. 1 will be used in the rest of the paper. 

 

Fig. 1: 3D image of the geometry demonstrator, derived from an actual chassis part. Cross-section and 

inserts dimensions are specified (in mm). 

Mitsubishi Chemical Carbon Fiber and Composites GmbH’s STR120N [31], a 

commercially available SMC, was used as prepreg material for the mouldings. It is 

https://doi.org/10.1016/j.compositesa.2019.105688
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made of 42% volume fraction of TR50S [32] carbon fibre chopped strands, randomly 

dispersed in a B-staged vinyl ester resin. The strand dimensions were 25.4 mm x 8 mm 

x 0.115 mm with a filament count of 15K. Table 1 shows the properties of the fibres, 

while Table 2 shows the properties of the cured SMC, both as reported by the supplier. 

Moreover, mechanical characterisation of the cured SMC was reported in [11,16]. The 

prepregs were supplied in the form of sheets, that were cut according to the considered 

Charge Pattern (CP), as discussed in section 2.2.1. The metallic inserts were made of 

standard construction steel with an approximate yield strength of 200 MPa. 

Table 1: Property of the carbon fibres (dry bundle test) 

Tensile Strength Tensile Modulus Elongation Fibre diameter 

4900 MPa 240 GPa 2.0% 6.8 μm 

 

Table 2: Properties of the cured SMC [31] 

Tensile Strength Tensile Modulus Bending Strength Bending Modulus 

150 MPa 33 GPa 330 MPa 25 GPa 

 

2.2 Compression moulding 

A Fontijne Holland hydraulic press was used for compression moulding. The press was 

displacement controlled, which has the drawback of not allowing a precise control on 

the moulding pressure. Its maximum closing force is 1000 kN; the platen dimensions 

are 700 x 750 mm, distanced at 650 mm at maximum opening. Heating is done with 

electric resistance heaters. A steel mould was manufactured specifically for this part. 

https://doi.org/10.1016/j.compositesa.2019.105688
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2.2.1 Charge pattern evaluation 

In the first part of the study, several parts were compression moulded using different 

CPs. For all the CPs, the prepreg sheets were cut by hand in the different required 

shapes, and the target weight was 670 g ± 8 g. All the CPs are shown in Fig. 2 with the 

subsequent placement steps being: 

 CP-A: five plies were wrapped around each insert, and then 20-26 more stacked 

in the middle. 

 CP-B: five plies were wrapped around the left-hand side insert. Five plies were 

wrapped around the right-hand side insert in a U-shaped fashion. Finally, 15-19 

plies were stacked in the middle. 

 CP-C: five plies were wrapped around the left-hand side insert in a C-shape with 

a longer upper edge. Then, 27-29 plies were cut following the net-shape of the 

mould, and then stacked on the right-hand side of the mould. 

 CP-D: five plies were wrapped around the left-hand side insert in a C-shape with 

a longer upper edge. Then, five plies were wrapped around the right-hand side 

insert in a U-shaped fashion. 15-19 plies were then stacked in the middle. 

For all the CPs described above, the moulding temperature was 140 °C and maximum 

moulding force was 800 kN ± 200 kN. The parts were cooled in open air. 

For the investigations on moulding parameters, a fifth CP was used as a potential 

improvement of CP-D. Still referring to Fig. 2: 

https://doi.org/10.1016/j.compositesa.2019.105688
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 CP-D’: five plies were wrapped in a U-shaped fashion around each insert, 

instead of only the right-hand side one. 15-19 plies were then stacked in the 

middle. 

 

Fig. 2: The different charge patterns, described as subsequent placement steps of the prepregs. 

https://doi.org/10.1016/j.compositesa.2019.105688
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Despite the known detrimental effects of weld lines in injection or compression 

moulded plastics, it was practically impossible to produce a weld line-free part. Due to 

the 3D geometry, we will consistently use the term ‘weld-surface’. To prevent charge 

preheating before the closing of the mould, the plies were arranged in three or four 

stacks outside of the mould. This allowed the time between the placement of the first 

stack in the cavity and the complete closing of the mould to be limited to about fifteen 

seconds. The heating of the charge before the mould closure is therefore negligible. 

Finally, note that all the plies have the same thickness, and the different number of plies 

in the CPs is due to their different shapes and sizes. For example, in CP-B, CP-D and 

CP-D’, the U-shaped stacks are rectangles of 180x60 mm, while the ones stacked in the 

middle are 40x60 mm. 

2.2.2 Moulding parameters variation 

The parameters of this investigation are reported in Table 3. Despite the press being 

displacement-controlled, two significantly different levels of force were achieved by 

changing the press settings. The moulding force was constantly monitored during the 

manufacturing. Fig. 3 shows the typical curves of the recorded force for each of the 

considered modes at both 130°C and 140°C moulding temperature. At first, after a peak 

at its maximum value, the applied force decreases by less than 10% in about 300-350 s 

and 180 s for the 130°C and 140°C, respectively. Then, due to curing and subsequent 

shrinking, a more rapid and intense drop is recorded. The final steady state regime 

suggests that the component was fully cured, and thus ready for demoulding. It is 

interesting to notice that full curing of this thick-walled component was achieved 

between 6 and 7 minutes of moulding at 140°C. This is more than the 2-5 minutes 

https://doi.org/10.1016/j.compositesa.2019.105688
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suggested at the same temperature by the supplier for thin panels [31]. Full curing at 

130°C required almost 10 minutes.  

Two methods were used to cool the parts, referred to in the rest of the paper as “open 

air” and “controlled”, respectively. The first method was cooling in open air, whereas 

the second one was to place them in an oven at 80°C for 24 hours after demoulding, 

followed by cooling in open air. The temperature of 80°C was chosen as the average of 

the moulding temperature and room temperatures. The 24 hours were selected to ensure 

that the entire part would reach 80°C, before the second stage of cooling.  

 

Fig. 3: Moulding force for a) 130°C and b) 140°C moulding. 

Following a factorial design approach [33] eight different combinations of the two 

levels of temperature – pressure – cooling exist. Two replicates per combination were 

moulded, leading to a total of 16 parts. It is to be noticed that, although [33] suggests to 

fully randomise the sequence of the experiments, this was not possible for the moulding 

temperature. The required cooling and heating of the entire steel mould by 10°C would 

have been too time-consuming. 

https://doi.org/10.1016/j.compositesa.2019.105688
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Table 3: Moulding parameters varied for the investigation on their effects on the final 

mechanical properties. 

 
Maximum moulding force 

(F) 

Moulding temperature 

(T) 

Cooling method 

(C) 

Level 1 200 kN ± 50 kN 130°C Open air 

Level 2 800 kN ± 200 kN 140°C Controlled 

 

2.3 Bending tests 

The bending test fixture is shown in Fig. 4. All its parts are made of high-resistance 

stainless steel with a yield strength above 600 MPa.  

To install the SMC component in the bending fixture, it is first placed on a steel block, 

to lift it from the bottom plate of the machine (see Fig. 4a); a plate is placed on one of 

the sides of the part, and fixed with bolts (see Fig. 4b). Finally, a fork-lug connection 

introduces load in the other end of the component (see Fig. 4c). The fork is shown in 

Fig. 4d. High scatter in the bending stiffness was observed in the very first batch of 

tests. After this observation, the upper bolts were tightened to a consistent torque value 

of 20 Nm. The scatter was significantly reduced after this operation. The resulting 

boundary conditions are show in Fig. 5, with a detail of the fork-lug connection in Fig. 

5b. 

 

https://doi.org/10.1016/j.compositesa.2019.105688
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Fig. 4: Experimental set ups: a,b,c) subsequent mounting steps and d) the fork used to introduce the load. 

 
Fig. 5: The bending test of the component: a) boundary conditions of the part in a side view and b) a 

cross-sectional view of the fork-lug connection. 

 

An Instron 5985 machine was used, with a load cell of 250 kN, and a displacement rate 

of 2 mm/min. The tests were stopped after a total applied displacement of 10 mm. The 

machine crosshead displacement was used as the applied displacement.  

https://doi.org/10.1016/j.compositesa.2019.105688
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3D DIC was used on some of the parts to monitor the strain map and the eventual crack 

formation. The parts were sprayed with a white speckle pattern on the surface subjected 

to tensile stress for this purpose. Two cameras were positioned symmetrically above the 

fixture, 30° apart from each other. Between them, a diffuse light source was used. VIC-

3D was used to extract strain values from the images. 

2.4 X ray micro-CT 

A X-TEK HMX system was used to scan a CP-B, a CP-D and a CP-D’ part, moulded at 

140°C and in high-pressure mode, and cooled down in open air. Voltage and current 

were 160 kV and 137 µA, respectively. Achieved resolution was 53 µm per pixel. Only 

the middle section and fillets of each part were scanned successfully; the artefacts 

caused by the metallic inserts prevented the investigation in the other regions.  

2.5 Scanning electron microscopy 

A XL30 FEG Scanning Electron Microscope (SEM) was used to investigate the fracture 

surfaces of parts with different CPs. One CP-C component and two components for the 

other CPs were analysed. The parts were cut to fit them in the SEM; a minimum 

distance of 10 mm between the cut and fracture surface was maintained, not to alter the 

failure surface. A 10 nm thick gold-palladium coating was applied prior to the scanning. 

3 Results 

3.1 Charge Patterns investigation 

3.1.1 µCT analysis 

Fig. 6 compares the same µCT slices of the CP-B and CP-D’ scanned part. No 

significant difference was found between the CP-D and the CP-D’ part.  

https://doi.org/10.1016/j.compositesa.2019.105688
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Fig. 6: Comparison of µCT slices for a CP-B and a CP-D’ component 

Firstly, it is worth noting the abundance of cracks in both parts. Those cracks often 

follow the orientation of the tows, but the low scan resolution prevent to distinguish 

between delamination and intra-tow failure. Cracks were more commonly observed in 

correspondence of wrinkled, bent or swirled tows. Matrix rich areas were also often site 

of cracks, as shown in Fig. 7. All these defects probably originated during cooling: no 

load was yet applied on those parts, and a tickling noise was heard during the cool down 

phase. On one hand, the presence of so many defects makes the use of CF-SMC for 

thick parts difficult. On the other hand, these materials have been reported not to be 

affected by manufacturing defects, like cracks and voids [11]. 

https://doi.org/10.1016/j.compositesa.2019.105688
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Fig. 7: Slice of a CP-D’ part, showing a crack in a resin pocket. 

Fig. 6 also shows important difference on the microstructures of the two parts. The weld 

surface present in the CP-B part abruptly separates distinct regions of different tow 

orientations. No cracks were observed running through the weld surface. The transition 

between different areas is much smoother, with tows continuously running throughout 

the part length. Such smooth transition also reduced the presence of distorted tows, and 

thus of cracks. 

This preliminary investigation already highlights the crucial importance in the correct 

choice of the charge pattern when dealing with thick SMC components. 

3.1.2 Mechanical testing 

Table 4 reports the results of the bending tests of the components moulded with 

different CPs. Bending rigidity and strength are defined in Fig. 8a. 

https://doi.org/10.1016/j.compositesa.2019.105688
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Table 4: Summary of bending tests results (“±” denotes the standard deviation) 

CP Number of components tested Rigidity (kN/mm) Strength (kN) 

A 5 7.2 ± 1.3 6.7 ± 3.1 

B 10 8.7 ± 1.1 13.4 ± 1.4 

C 3 8.7 ± 0.6 18.7 ± 1.5 

D 4 9.2 ± 1.2 28.3 ± 8.0 

D’ 18 8.5 ± 1 22.5 ± 3.0 

 

 

Fig. 8: Bending test results: a) Definition of bending strength, rigidity and displacement at failure and b) 

failure load against displacement at failure for all components.  

Fig. 8b shows the results of the same bending tests, in terms of bending strength and 

relative displacement. Moreover, locations of the weld surfaces, as expected from the 

CP configuration (see Fig. 2) and failure location are reported in Table 5.  

https://doi.org/10.1016/j.compositesa.2019.105688
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Table 5: Location of the weld surfaces and ultimate failure 

CP Expected weld surfaces 

location (in red) 

Failure location 

A 

 

Varied between both fillets and middle 

section 

 

B 

 

All in bottom fillet 

 

C  

D 

D’ 

Spread and fragmented 

Fourteen parts failed between lower fillet and 

insert, eleven between upper fillet and insert. 

Failure often involved insert debonding. 

 
 

https://doi.org/10.1016/j.compositesa.2019.105688
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In Fig. 8b, two main trends are recognisable, indicated by the dashed lines. A possible 

explanation for this lies in the different evolution of the crack leading to failure. With 

DIC monitoring it is possible to compare the position of the initial visible crack with the 

final failure location. For most of the components, the failure location corresponded to 

the location of the first crack (grey filled markers in Fig. 8b). However, a significant 

portion of them failed elsewhere (red filled markers in Fig. 8b). For those components, 

the presence of cracks in multiple locations led to an increased compliance and a 

reduced failure load. This analysis further emphasizes the high variability of the failure 

behaviour of these materials. Similar unpredictability was also reported in [13] for 

coupons.  

As it is seen in Fig. 8b, CP-A components performed the worst. The presence of two 

weld surfaces explains not only the low performance, but also the high scatter observed 

in the strengths, as the weaker spot varied from part to part. As a further confirmation, 

the CP-A parts failed alternatively in one of the two weld surfaces, or even between 

them. 

Parts moulded with CP-B performed better than CP-A. Those parts had only one weld 

surface, and all consistently failed in its location, despite the abundance of cracks 

observed in other locations (see section 3.1.1). Clearly, CF-SMCs are more sensitive to 

weld surfaces than to cracks and voids originating in manufacturing. Consistency in the 

failure behaviour is also evident from the low dispersion of the bending strengths, as 

shown in Table 4. The performance improvement is attributed not only to the removal 

of one of the weld surfaces, but also in the defect location. In CP-B components, the 

weld surface is located in a less stressed area, closer to the load introduction and far 

https://doi.org/10.1016/j.compositesa.2019.105688


Composites Part A 2019, 105688 
https://doi.org/10.1016/j.compositesa.2019.105688 

 19 

from the clamping device. Therefore, compared to CP-A, a higher load is required to 

reach the failure load. 

CP-C, CP-D and CP-D’ performed progressively better, but with lower improvements. 

For all those parts, the weld surface was spread over multiple planes, often 

perpendicular one to another. This creates a more difficult propagation path for 

advancing cracks. More energy is indeed required to create a wider crack surface. In 

addition, some of the planes of the weld surfaces were parallel to the main load 

direction, and thus loaded in the less detrimental mode II. Indeed, for those CPs, there 

were no cross-sections entirely made of weld surface. This can be also expressed by 

stating that, unlike CP-A and CP-B, the other CPs did not have any weld cross-section. 

The different performance in the components is thus attributed almost entirely to the 

presence, location and quality of the weld surfaces. Reducing the angle between their 

plane and the load direction, and spreading and breaking the weld surfaces in multiple 

planes helped to mitigate their effects. The maximum difference in strength between 

CP-A and CP-D was of 422%.  

The CF-SMC variability can overcome the presence of macro-notches [20–22], micro-

structural defects [11] but not the presence of severe weld surfaces. This conclusion is 

supported by Fig. 9, that shows the principal strain map, obtained via 3D DIC, of a CP-

A, CP-B and CP-D’ component. The maps are taken at the 97%, 73% and 87% of the 

failure load, respectively. The strain map of the CP-A and CP-B components are 

characterised by a single high strain region in correspondence of the failure location. 

For the CP-D’ part, instead, the weld surfaces are not detrimental enough to overcome 

https://doi.org/10.1016/j.compositesa.2019.105688
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the material variability, and a much more heterogeneous strain map is observed. This is 

much closer to what is commonly observed for TBDCs coupons [2,7,11–13]. 

 

Fig. 9: DIC observation before failure for a a) CP-A, b) CP-B and c) CP-D’ component. 

3.1.3 Failure behaviour 

In the following, “intra-tow failure” will indicate longitudinal matrix failure or 

debonding within a tow (see Fig. 10a); “trans-tow failure” will indicate a local 

translaminar tensile failure of the tow, involving both matrix and fibre failure (see Fig. 

10b); “intra-tow failure” will indicate failure happening between adjacent tows as the 

result of tow debonding (see Fig. 10c) or matrix cracking (see Fig. 10d). This 

nomenclature is derived from laminated composites, replacing intralaminar, 

translaminar and interlaminar failures.  
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Composites Part A 2019, 105688 
https://doi.org/10.1016/j.compositesa.2019.105688 

 21 

 
Fig. 10: Different failure modes of TBDCs: a) intra-tow failure, b) trans-tow failure and two possible 

inter-tow failure, c) tow debonding and d) cracking of the inter-tow matrix layer. 

The failure surface of a CP-A and a CP-B components was investigated with a SEM 

Only on the first 30 mm from the outer surface were observed, as it was the area failed 

in tensile load. A smooth fracture surface with many tows parallel to it, as reported in 

Fig. 11a and Fig. 11b, suggests a prevailing inter-tow failure mode. This is a further 

confirmation of a weld-surface dominated failure. Indeed, these defects prevent tows 

from intermingling and entangling with each other, thus creating a favourable crack 

path among the tows. In Fig. 11a fibre and tow breakage, trans-tow features, are also 

visible, while scarps and cusps, intra-tow features, are shown in Fig. 11c. These other 

failure modes were more common in the outer region of the fracture surfaces, that were 

the most stressed in tension. Inter-tow failure remained however the prevailing mode, as 

greater magnified SEM micrographs also confirmed: an example is shown in Fig. 11, 

where imprints of adjacent tows, typically inter-tow feature, are shown. 
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Fig. 11: SEM pictures from of a CP-A and a CP-B component: a) and b) shows inter-tow failure surface, 

sometimes with broken tow ends; upon magnification, c) intra-tow and d) inter-tow features are visible. 

CP-C, CP-D and CP-D’ parts showed similar failure behaviour, and will thus be 

discussed as a single group.  

Fig. 12 shows a picture of the failure section of a CP-D’ part failed between lower fillet 

and the lower insert area. Two main failure surfaces can be distinguished. Strands lying 

in the fracture surface produced a smooth surface, indicating an inter-tow failure type 

(circled in red in Fig. 12). SEM micrographs of those areas, shown in Fig. 13a and Fig. 

13b, show fibre imprints and cusps and scarps. The analysis overall confirmed the 

prevailing inter-tow nature of the failure, with presence of intra-tow failure as well. The 

second type of surface (circled in blue in Fig. 12) was observed in correspondence of 

strands perpendicular to the fracture surface. Those tows were pulled-out, split and 

broken, as a result of a trans-tow failure, as confirmed by SEM in Fig. 13c. Moreover, 
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the fracture surface passes through the interface between the insert and the part. This 

suggests a poor adhesion between the materials. Resin rich areas also affected the crack 

path, as shown in Fig. 13d. These might sections of the broken weld surfaces, but more 

investigation is required to confirm such an hypothesis. 

 
Fig. 12: Picture of the failure section of a CP-D’ component. 

 
Fig. 13: SEM observations of a CP-D’ part: a) inter-tow features, b) cusps and scarps originated from 

intra-tow failure, c) split tow ends and d) resin rich area. 
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The statistics of the CP-D components was affected by an outlier with a failure load of 

38.3 kN (see Fig. 8b). Its failure surface is compared in Fig. 14 to the one of another 

CP-D part failed at 23.6 kN. As shown in Fig. 14a, the outlier was characterised by a 

layered microstructure, with little distorted tows mostly parallel to the external 

boundaries. This is not true for the other CP-D component (see Fig. 14b), which shows 

heavily distorted tows. Cracks following the wrinkles and swirls were already reported 

in section 3.1.1, and confirm that these distortions affected the failure of the part.  

The high tow distortion is likely caused by the prepreg sheets in the ribs of CP-D 

components, which are placed perpendicularly to the closing plate of the press (see Fig. 

2). When the mould closes, those sheets are then crushed, as shown in Fig. 14.b. This is 

what most likely happened for every CP-D and CP-D’ part, except for the outlier, 

probably due to random variations in the charge pattern and initial local strand 

orientations. Therefore, the choice of the charge pattern also affects the creation of 

additional weaker spots like wrinkled tows. Charge pattern design and consistency is 

thus a critical point in the manufacturing of performant thick CF-SMC components. 

 

Fig. 14: Failed cross-sections of a) the CP-D outlier, failed at 38.3 kN and of b) another CP-D 

component, failed at 23.6 kN. 
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3.2 Moulding parameters investigation 

The CP-D’ components were moulded with varying moulding temperature, force and 

cooling method (see Table 3). Fig. 15.a shows the normal probability plot of the 

maximum load for those parts. As shown, a normal distribution approximates well the 

data, suggesting that the tested parts all belong to the same population. 

This is confirmed by the results of the full factorial design of experiments. Following 

the indications of [33], the different moulding combinations are named with the capital 

letter of the parameter of Table 3 set at the level 2. For example, X represents the 

components moulded at high temperature, low force and cooled in open air, while YZ 

indicates low temperature, high force and controlled cooling. The combination of low 

temperature, low pressure and open air does not have a name, as it is the reference 

against which the statistical significance of the other cases is evaluated. Using a 

statistical significance level α of 0.05 and a two-tailed Student’s t distribution, a 

threshold value of 2.306 was obtained. As shown by the Pareto chart in Fig. 15b, none 

of the combination produced a statistically significant variation against the reference. 

 
Fig. 15: Statistical analysis of the moulding parameters investigation: a) normal plot of the standardised 

residuals of the maximum loads and b) Pareto chart of the standardised effects and significance threshold. 
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This implies that, when dealing with thick 3D SMC parts used for this investigation, the 

moulding temperature, pressure and cooling method do not significantly affect their 

bending performance. A possible reason for this result lies in the intrinsic material 

variability of the material, behind which the effects of those parameters are hidden. . 

More investigation is needed to understand if the high thickness amplifies or reduces the 

effect of this variability. On the one hand, a higher thickness might give to the flow 

more space to distort the tows or orient them in the out-of-plane direction. On the other 

hand, the presence of more material might hide the effects of such defects. No definitive 

answer can be thus given at this stage. 

4 Conclusions  

This study has investigated the feasibility of the compression moulding of a thick CF-

SMC component.  

Varying the charge pattern during manufacturing led to a difference of 422% in the 

bending strength of the component. The charge pattern was thus the most influencing 

parameter, mainly due to two mechanisms. First, carefully varying the charge pattern 

allowed a reduction of the effects of the weld surfaces. This was achieved by decreasing 

their number, moving their location from high-stress to low-stress areas and by 

fragmenting and breaking them in multiple planes. Weld surfaces were observed to be 

primary defects, always leading to failure a notch-insensitive material like SMC. 

Indeed, weld surfaces lead to failure even parts with many cracks in other areas. 

Moreover, varying the charge pattern can vary the amount wrinkles and swirls in the 

tows. Those have been reported, here and in the literature, to act as potential failure site, 

and thus minimising those defects is key. 
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No significant effects were observed when varying the moulding temperature, pressure 

and cooling rate of the components. This is explained by the fact that the effects of 

those parameters are likely hidden by the high intrinsic variability of those materials. 

Interestingly, this SMC variability is reported to also overcome the effects of macro-

notches and micro-defects, but was not enough to overcome the effects of the weld 

lines. 

Upon bending, it was also possible to identify the failure mechanisms leading to failure 

of the part. The failure initiation involves all the three main mechanisms: tow splitting 

and failure of the tows aligned with the load direction (trans-tow failure) and matrix-

cracking and fibre debonding both within a tow (intra-tow failure) and between adjacent 

tows (inter-tow failure). The propagation of the static crack continues mainly as an 

inter-tow phenomenon. 

The results shown in this work can be used in the preliminary design of manufacturing 

processes for thick SMC components.  
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