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Abstract

Carbon Fibre Sheet Moulding Compounds (CF-SMCs) are tow-based composite
materials. Interrupted fatigue tests, combined with computed tomography, were
performed here to investigate the damage mechanisms in high in-mould flow CF-SMC.
The tow-based microstructure created obstacles for fatigue damage propagation,
increasing the CF-SMC’s resistance against cyclic loading. Failure is shown to nucleate
inside the tows, but inter-tow crack propagation tends to be hindered by the presence of
the other tows. Tows oriented perpendicularly to the initial fatigue crack stop the crack
itself, showing an intrinsic crack arrest mechanism. Additionally, pre-existing
manufacturing cracks or voids do not propagate at all. As a result, flatter slopes of the
SN diagrams were observed for CF-SMC than for other carbon or glass fibre

composites with short, long and even continuous fibres.

1 Introduction

The automotive industry has dedicated an increasing attention to Tow-Based

Discontinuous Composites (TBDCs), like Carbon Fibre Sheet Moulding Compound
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(CF-SMCs), as a lightweight alternative to metals. CF-SMCs are made of carbon fibre
tows dispersed in a partially cured thermosetting resin, forming malleable prepreg
sheets. Those sheets are then compression moulded into the desired part. This

manufacturing technique enables complex geometries and low cycle times [1].

The static tensile properties of TBDCs are well documented in the literature [2-11]. The
stiffness of TBDC:s is close to that of Quasi-Isotropic (QI) laminates, while their
strength is significantly lower [5-7,9,11]. Both stiffness and strength have shown strong

dependency on the compression moulding-induced fibre orientation [5,12].

Significant material heterogeneity has been reported, with significant local equivalent
modulus variations in the same specimen [5,7,11,13]. Digital image correlation showed
how the final failure usually develops in areas of local lower-than-average stiffness
[5,14]. The material hence fails at local strain values ranging from 1.5% to 3%, even
though the average failure strain is usually lower than 1% [5,6,11]. The most common
failure mechanisms are tow pull-out, tow splitting, tow breakage, inter-tow matrix

cracking and tow debonding [2,5,10,11,15].

The minimum lifespan of cars and chassis components must not be compromised by the
complex spectrum of load cycles they experience [16]. Therefore, for a widespread
industrial use of CF-SMCs, the knowledge of their fatigue response is essential. Despite
this importance and the abundance of work on static experimental investigations, very
few studies exist on the fatigue of SMCs and TBDCs in general. Selezneva et al. [11]
performed a preliminary investigation on the fatigue life of randomly oriented carbon
strand thermoplastic. The normalised SN curve was slightly flatter than the one of a QI

laminate. This suggests that the discontinuous nature of the reinforcement does not
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reduce the durability of the material. Selezneva et al., however, did not investigate
whether the difference in slope was statistically significant to claim an improvement in

performance.

To the best of our knowledge, no study showed if and how much the tow orientation
affects the TBDCs durability. It is known that fibre orientation strongly affects the
fatigue behaviour of Short Fibre Reinforced Plastics (SFRP), which are the composites
with the most similar microstructure to TBDCs (the main difference being that SFRPs
are reinforced by dispersed fibres rather than tows). SFRP specimens with fibres mainly
aligned with the load direction have superior durability compared to those with fibres
mainly oriented perpendicular to the load direction [17—-22]. However, most of the SN
curves obtained for different fibre orientations, when normalised, tend to collapse on a
single master curve [18,20,23-28]. Whether this holds true for TBDCs as well, remains

an open question.

Only a few publications investigated the failure mechanisms of TBDCs under cyclic
loading. Mallick [29] investigated the fatigue response of glass SMC. The fatigue
damage was attributed entirely to micro-cracks in the matrix. Those reduced the residual
static strength significantly. For glass SMC, tow debonding was observed as primary
damage mechanism by Larbi et al. [30]. Tang et al. [14] performed tension-tension,
tension-compression and compression-compression fatigue tests on CF-SMC, using
micrographic investigation to evaluate the damage development. They observed mainly
tow debonding and inter-tow matrix cracking. In another study [31], Tang et al. showed
how matrix cracking inside or at the edge of the tows is the prevailing damage

mechanism in the early stage of the cyclic loading. It was observed that tows oriented
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perpendicularly to the load direction tend to develop such cracks earlier. Areas with
lower local stiffness are therefore preferential failure site not just in static loading, but
also in fatigue loading. Delamination was the main propagation mechanism in [31].
Unlike for the static case, no tow failure was recorded throughout the entire fatigue life

of the tested specimens.

These few works do not offer a thorough investigation of fatigue damage propagation in
the microstructure of TBDCs. As mentioned earlier, Selezneva et al. [11] noticed
similar fatigue performance between a carbon strand thermoplastic and a QI laminate
with similar constituent. The authors did not investigate the reason behind such flat

slope of the SN curves of the TBDCs, which still remains an important open question.

Tang et al. [14,31] did not investigate extensively the fatigue damage mechanisms.
Their work suggests that the damage occurs outside of the tows or on their boundaries,
mainly in the form of debonding of matrix cracking. However, the authors did not
investigate how each mechanism is involved in the nucleation, propagation and final
failure phases. Moreover, the micrographic investigation used suffered from two severe
limitations. Firstly, it was destructive, and it was thus not possible to track the
nucleation and propagation of individual defects. This hindered the formulation of a
possible comprehensive damage development theory. Secondly, the micrographs could
only be performed in limited areas and could not analyse the entire specimen volume at
the same time. Therefore, a global evolution of the damage evolution within the
specimens was impossible to grasp. Overall, a theory that describes the fatigue damage

evolution in TBDCs is still lacking.
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Finally, all the considered research available for TBDCs considers a planar random tow
orientation, as resulting from a low-flow moulding. As mentioned earlier, this implies
that the effects of the tow orientation on the fatigue performance of TBDCs are not

known.

Recently, X-ray micro-Computed Tomography (LCT) has been used, in combination
with cyclic loading, to characterise the fatigue damage mechanisms in composites [32].
Two common approaches are in-situ CT, in which the scanning is performed during
the loading, or ex-situ uCT, in which the load is interrupted to allow the specimen to be
scanned. In-situ techniques might give a deeper insight on the damage evolution, but
also come with several limitations. Garcea et al. [32] highlighted that when significant
amounts of cycles are considered at low frequency (5 Hz), in-situ investigations become
impractically long. Moreover, they often require synchrotron radiation. Garcea et al.
[33,34], for example, were able to perform an in-situ investigation for a total of 800
cycles, only 100 of which were actually scanned with the synchrotron radiation. Ex-situ
techniques, on the contrary, do not limit the number of cycles that can be applied
between scans. In addition, any uCT lab equipment can be used, making the
experimental campaigns more flexible, faster and cheaper. The damage evolution
mechanisms are not as easy to identify as in the ex-situ techniques; nevertheless ex-situ
techniques have been successfully used on composites in combination with fatigue

loading [32,35,36].

This study investigates the relations between the CF-SMC microstructure and their
fatigue performance through the use of ex-situ uCT. Specimens subjected to tension-

tension fatigue were therefore scanned with uCT before the first fatigue cycle, at
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intermediate number of cycles and after failure. The technique was applied to a CF-

SMC material at different directions relative to its prevailing orientation.

2 Materials & methods

2.1 Materials and production

The material used to manufacture the plates was STR120N131 from Mitsubishi
Chemical Carbon Fiber and Composites GmbH’s [37]. It is made of a vinyl ester
matrix, and a 42% volume fraction of carbon fibre TR50S [38] tows. Tensile strength
and modulus of the fibres were 4900 MPa and 240 GPa, respectively. The fibre count of
the tows was 15K, while their nominal dimensions were 25.4 mm x 8 mm x 0.115 mm.

Table 1 reports details on the fibres, as provided by supplier.

Table 1: Properties of the dry fibres [38]

Strand Tensile Strength | Strand Tensile Modulus Elongation Fibre diameter

4900 MPa 240 GPa 2.0% 6.8 um

Plates with dimensions of 458 mm x 458 mm x 2.5 mm were compression moulded
with a moulding temperature, pressure and time of 141.5 °C, 215 bar and 180 s,
respectively. The prepreg sheets occupied only 20% of the mould cavity, as shown in
Fig. 1a. The consequent in-mould flow is known to reorient the tows along the flow
direction (Fig. 1b). Finally, specimens of dimension 250 mm x 25 mm x 2.5 mm were
waterjet cut forming an angle of 0°, 45° and 90° with respect to the prevailing flow
direction (Fig. 1c, Fig. 1d and Fig. 1e, respectively). For the rest of this paper, they will

be referred to as “0°”, “45°” and “90°” specimens, respectively. In Fig. 1, the coordinate


https://doi.org/10.1016/j.ijfatigue.2020.105510

International Journal of Fatigue 2020, 105520
https://doi.org/10.1016/|.ijfatigue.2020.105510

system that will be used throughout this work is also shown. More details on the

manufacturing procedure are reported in [5].

Mould cavity

450

Main flow direction

Plate contou

c) d) e)

Fig. 1: Oriented specimens manufacturing: a) plate manufacturing scheme and b) induced orientation.
Scheme for cutting the specimens at ¢) 0°, d) 45° and e) 90°.

2.2 Fatigue tests

The tension-tension cyclic tests were performed following the ASTM D3479 standard
[39]. The gauge length of the specimens was 150 mm. Two machines were used for the
tests: the 0° and the 90° specimens were tested on a Combined Schenk, with a 160 kN
load cell; the 45° specimens were tested on an Instron 8872 with a 25 kN load cell. The
use of two different machines helped speed up the testing campaign. This does not
introduce any difference in the resulting SN diagram, since the specimens failing near

the grips were discarded.
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The load was applied as a sinusoidal wave shape. The stress ratio R of the nominal
minimum to nominal maximum applied stress was 0.1. SN curves were constructed by
registering the number of cycles to failure and the nominal maximum stress for each
specimen. Samples not failing after 10° cycles were considered as run-out tests. The
load levels considered were chosen as fractions of the Ultimate Tensile Strength (UTS)

measured in [5].

The frequency of the cyclic load had to be selected to avoid an increase of the
temperature of the specimens of more than 10°C. For this reason, thermocouples were
attached on a 90° specimen tested, which was considered the worst orientation in terms
of heating up. The specimen lasted 10° cycles at 5 Hz frequency, and fluctuations of less
than 3°C around room temperature were measured. The frequency of 5 Hz was thus

selected for all tests.

2.3 X-ray micro-CT

A GE Nanotom X-ray micro-CTsystem was used to perform the uCT analysis. VVoltage
and current were 60 kV and 290 mA, respectively. The voxel resolution was set to 12.5
pm. The entire gauge length of two 0° and two 90° specimens was scanned before
testing by scanning and merging 5 consecutive volumes. Only the failure section was
scanned after breaking. Several intermediate scans of the entire gauge length were also

performed. The specimens used for this analysis were not included in the SN curves.
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3 Results

3.1 SN curves

Fig. 2a shows the logarithmic SN curves obtained from the fatigue tests, showing a
clear linear trend. The static UTS reported in [5] are included to facilitate comparison.
The trendlines reported were constructed by excluding both the static tests and run-outs.
A linear fit of the considered point led to the equations reported in Fig. 2. The number
of valid points for the 0°, 45° and 90° cases were 16, 10 and 10, respectively. In
addition to those, one run-out specimen was found for the 0° case, and three for the 45°

and 90° cases.
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Fig. 2: SN curves in terms of a) maximum applied stress (logarithmic scale) and b) percentage of UTS
(semi-logarithmic scale). Crosses indicates static tests.

The curves are normalised in Fig. 2b. This was done by dividing the maximum applied
stress of each specimen with the average UTS of that specimen’s orientation group.
Interestingly, the scatter in the fatigue data seems to be much smaller than that of the

static data.
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Note that one 0° specimen failed in the very first cycle. This is caused by the high
scatter observed in the UTS: for particularly weak specimens, 80% of the average UTS

may be too close to its actual UTS.

An ANOVA analysis with a 95% significance level was not able to prove that the
normalised fatigue strengths belong to different populations. The analysis was
performed as instructed in [40,41]. This suggests that tow orientation has only a minor

effect on the normalised SN curves.

3.2 Failure behaviour

Fig. 3 shows typical pictures of the fracture profiles of one specimen per group. The
fracture profile of statically broken specimens, as reported in [5], are included for
comparison. Both load cases clearly show an influence of the global preferential
orientation on the fracture profile of the specimens. The 0° profiles have a very irregular
surface, because of the many pulled out tows. The 45° and 90° have smoother fracture
surfaces, that follow the prevailing orientation. More pulled-out tows seem to be present
in the fatigued 0° specimen than the static one. Apart from this small observation, it is

not possible to distinguish between a fatigued and a statically broken sample.

10
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1 half ond half Static failure
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Fig. 3: Fracture profiles of a) static and b) fatigued samples, at different orientation.

Fig. 4 sums up the strategy adopted for the uCT investigation during interrupted testing,

and shows the naming system.

N=N_,.
» UCT scan after N, cycles
N=0 N=40,000 N=155,000 N=181,851
Name: 0°-A I
Visible crack Additional visible Fail
during test crack during test
N=0 N=4,000 N=9,755
Name: 0°-B I
Fail
N=0 N=4,000 N=40,000 N=59,342
Name: 90°-A I
Visi'ble crack Visible crack Fail
during test during test

N=0 N=439
Name: 90°-B I
Fail

Fig. 4: uCT investigation overview

Fig. 5 shows the evolution of a crack in the 0°-A specimen, which was not present
before the test. In the 40k scan, the crack only exists inside a tow (see Fig. 5a), proving
that this crack nucleated as an intra-tow feature. The intra-tow crack follows the fibre
orientation, and its smooth nature indicates no fibres are broken. In the 155k scan, the

intra-tow crack is found to propagate outside the tow in the negative z-direction. First it

11
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spreads through a similarly oriented tow. In this tow, the crack contour is less smooth.

Then, it spreads as inter-tow cracking, following the boundary of a tow (see Fig. 5b).
The tow is oriented almost perpendicular to the crack itself, but its end is almost

parallel. The crack did not spread through the perpendicular tow underneath. It rather

evolved as tow debonding (see Fig. 5¢), which ended several tens of micrometres lower

(see Fig. 5d). This crack did not break the specimen; it unfortunately failed close to the

grips in an un-scanned section.

Fig. 5: A small crack in the 0°-A specimen: a) the only visible presence of the crack in the 40k scan, b to

d) crack evolution in the 155k scan, at different depths. Load is in the x-direction.

12
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In the same specimen, a larger scale tow debonding was observed and reported in Fig.
6. The debonding’s maximum extension in the x- and y-directions was about 13 mm
and 10 mm, respectively. The in-plane dimensions of a tow are 25.4 mm by 8 mm; the
debonding thus affected more than one tow. In this same specimen, another major crack
of similar dimension was observed. Despite their size, neither defect was enough to

break the specimen, which failed elsewhere.

Fig. 6: Debonding of tows observed in the 0°-A specimen. Load is in the x-direction.

A similar crack behaviour was observed in the 0°-B specimen, as shown in Fig. 7. In the
outer layer, Fig. 7a reveals the presence of matrix cracks. Those are irregular, and only
partially follow the boundary of the tows, as in the skin layer those are highly disrupted
[5]. The cracks are observed to merge in a single intra-tow crack when entering the core
of the specimen (see Fig. 7b). Deeper down, the crack follows the profile of a similarly
oriented tow end (see Fig. 7c), but it does not propagate through a transverse tow (see
Fig. 7d). The entire area was crack-free before loading. This crack did not lead the

specimen to failure.

13
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Fig. 7: A crack not leading to failure the specimen 0°B after 4k cycles: a-d) show the same crack at
different heights. Loads is in the x-direction.

Fig. 8 shows the cracks leading to failure the 90°-A specimen. The region was intact
before testing. Intra-tow cracks develop after only 4k cycles (see Fig. 8a). After 36k
cycles (61% of the specimen’s life), the cracks spread mainly in the positive z-direction
(see Fig. 8b). In Fig. 8c, a curved tow, with a strong y-component, is visible. This tow is
not cracked. Below it, the crack is visible in a 12° tow (see Fig. 8d). The crack extents
through many tows with similar orientation. When the crack is inside the tows (see Fig.
8d, Fig. 8e and Fig. 8g), it has a smooth contour following the tow orientation, likely
involving fibre-matrix debonding and intra-tow matrix cracking. When spreading
through the inter-tow matrix-rich zones (see Fig. 8f and Fig. 8h), it has an irregular

contour, and often follows the boundaries of nearby tows. The irregular contour

14
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suggests a prevailing inter-tow matrix cracking in the matrix-rich zones in between

tows.

1mm

z:=:1.98 mm

) chd'
_ N = 40k : ;
g) h)

Fig. 8: Cracks leading to failure of specimen 90°-A: a) through-thickness slice after 4k cycles, b)
through-thickness slice after 40k cycles, c-h) in-plane slices at different heights of the crack after 40k
cycles. Load is in the y-direction.

Another longitudinal section of the same specimen, several tens of mm away from the

failure zone analysed earlier, is shown in Fig. 9 at different cycles. No crack was

15
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observed in the pre-test scan in this same location. After 4k cycles, only one crack is
seen in Fig. 9a. However, after 40k cycles (see Fig. 9b), a total of 10 cracks are present
within a region of about 10 millimetres. Interestingly, the crack observed in the earlier
scan did not propagate. It was stopped at the tow boundaries by the upper and lower
tows, that were mainly oriented perpendicularly to the crack itself. A new crack formed

in the proximity of the first one, in the same tow.

":,.\f-.';f*}‘_’;??';.!’.”fx _ —e

),

Fig. 9: Crack development in the 90°-A specimen. a) and b) show the same cross section at 4k cycles and
at 40k cycles, respectively. The specimen failed at approximately 59K cycles. Load is in the y-direction.

Finally, for all specimens described so far, several defects (voids, cracks and
delaminated areas) were observed in the pre-test scans. These were already reported in
[5] to have no effect on the final failure of the material in a static tensile test. Here, we
confirmed that those defects also did not propagate during cyclic loading. Some
examples are shown for the 0° specimens in Fig. 10a and Fig. 10b, and for a 90°

specimen in Fig. 10c. Overall, the size of these defects were found to range from about

16
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1 mm to 3 mm, which is comparable to the smaller intra-tow cracks cause by the fatigue
loading. Moreover, although significantly smaller than the in-plane dimensions of the
tows, they are several times larger than their thickness. Given the highlighted through-
the-thickness propagation mechanism, the size of such defects may not be considered
negligible. Nevertheless, they do not impact the fatigue life of CF-SMCs. Note that,
however, this is not an exclusive feature of CF-SMC: the creation of new crack systems
upon fatigue loading was observed for textile composites as well [42]. In addition,
considering complex parts, features like corners, section variations or thick-walled
designs can result in larger manufacturing defects. In [43], LCT scans revealed the
presence of significantly larger manufacturing defects (up to 30 mm) on a thick-walled
part. Considering such defect size, it is reasonable to assume that they might impact the

part fatigue life. More experimental evidence is needed for a definitive answer.

Fig. 10: Examples of non-propagating pre-existent manufacturing defects in the a) 0°-B, b) 0°-A and c)
90°-A specimens.

17
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4 Discussion

4.1 Damage and crack arrest mechanisms

The pre-failure scans revealed the presence of intra-tow splitting, following the tow
orientation, as common damage mechanism for both 0° and 90° specimens. As shown in
section 3.2, this was the first fatigue damage mode to develop in the specimens. Those
splits followed the longitudinal axis of the tows: together with the smooth crack
contour, this suggests a combination of fibre-matrix debonding and matrix cracking,

with no fibre failure.

The intra-tow cracks have two possible propagation directions with respect to the tow
they nucleate into. The first one is the in-plane direction parallel to the tow axis, or the
1-axis direction in Fig. 11. The second one is the through-the-thickness propagation, or
the 3-axis direction in Fig. 11. The in-plane direction perpendicular to the tow axis (2-

axis direction in Fig. 11) is clearly prevented by the tow itself, as it would require

)

3A

< » > /Lb

Intra-tow crack
|

\/

Fig. 11: Possible directions for the crack propagation outside the tow.

significant fibre breakage.

The in-plane propagation (along the 1-axis of the tow) requires the presence of another
tow close to the boundary of the crack initiating tow. Moreover, both tows must have a

similar orientation. When those conditions are not met, the in-plane propagation is

18
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prevented (see Fig. 5a). If those conditions are verified, the crack can spread into the
neighbouring tow, as shown in Fig. 8e. However, it must be pointed out that, in this
case, both tows will be oriented in a favourable direction for cracks to nucleate.
Whether the crack grows from one tow into the other, or simply the creation of two
independent cracks which eventually coalesce, cannot be derived from the presented
results. Moreover, Fig. 8d shows a crack that did not even spread between two similarly
oriented tows, revealing that similar tow orientation is a necessary but not a sufficient
condition. Given the debonding nature of the intra-tow crack, when the fibre ends, the
crack must change its propagation mechanism: either it spreads in an inter-tow matrix
pocket or it spreads in a tow with a similar orientation. However, these new propagating
mechanisms might require more energy than that required to the crack to nucleate and
spread along a fibre interface; Fig. 7d suggests that even spreading to an adjacent tow
with similar orientation may be not as easy for the crack. In such sense, the end of the
tows act as a barrier for inter-tow in-plane propagation of intra-tow cracks. A slow in-

plane crack propagation, up until crack arrest, was already observed in [44,45].

Through-the-thickness propagation was more commonly observed. Along this direction,
the crack still tries to maintain its orientation. This is possible only by spreading to a
similarly oriented tow or in the matrix along similarly oriented tow boundaries (see Fig.
5b and Fig. 7¢). When perpendicularly oriented tows are met by an advancing crack
front, the crack is stopped. This is clearly visible in Fig. 8b for the crack breaking the
specimen, but also in Fig. 9: here, the numerous nucleated cracks were all confined
within a few tows. The only crack in Fig. 9a observed in the early life scan did not

propagate, but rather another one formed in the same tow.
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In the 0°-A specimen some cracks were not stopped immediately by perpendicularly
oriented tows, but rather evolved into tow debonding. In the case of Fig. 5, the
debonding stopped after about 150 um. The transition to debonding implies a transition
from mode | to mainly mode I1. This probably explains why the crack was stopped. For
the case of Fig. 6, instead, the debonding grew quite large in size, but still did not bring

the specimen to failure. Overall, this failure mode was found to be not critical.

Two major cracks (>10 mm) where observed only in the 0°-A specimen (one is the
debonding observed in Fig. 6). Their morphology was strongly affected by the presence
and orientation of the tows, confirming their effects on the fatigue crack growth.
Moreover, the specimen failed in neither of the two defects, confirming the low defect

or notch sensitivity of this material [5,46-48].

The proposed failure mechanism can be used to explain the dynamics of the crack in the
0°-B specimen reported in Fig. 7. The crack likely nucleates inside the tow of Fig. 7b,
and then propagates through-the-thickness in both directions, reaching the outer surface
upward (see Fig. 7a). In the opposite direction, it spreads first through a tow boundary

(see Fig. 7c) and then it is stopped by a transversely oriented tow (see Fig. 7d).

The 90°-A specimen showed a higher presence of intra-tow cracks in the tows oriented
perpendicularly to the load (see Fig. 8a, Fig. 8b Fig. 9b). This is reasonable, as those
tows are mainly loaded in mode I. Very few of those cracks, however, were able to

spread through the adjacent tows.

Overall, it was shown how the morphology of SMC tends to arrest fatigue cracks. Many
of these cracked areas proved to be very stable, not leading to failure the material.
Failure happened when several of these areas were concentrated in a small region. Due
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to this increasing crack concentration, the remaining intact cross-section is

progressively reduced so that it is not able anymore to withstand the applied load.

Finally, note that the uCT technique allows the observation of several regions within
each specimens. The damage mechanisms were described using few examples, but they
were commonly observed in different areas of all the scanned specimens. Therefore, it
is unlikely that the crack arresting mechanism observed is peculiar to the few lucky
specimens we tested. The nature of this mechanism was found to be intrinsic of the
morphology of the material, that is similar for all specimens (see also the scanned

specimens tested statically in [5]).

4.2 On the fracture surfaces of the specimens

Fig. 3 shows the typical fracture surfaces of each specimens group, for both the static
and fatigue case. Considering the failure dynamic highlighted with the pCT scans,

further observations can be made.

First, while no tow breakage was caused by the fatigue loading, some broken tows were
present in the fracture surface of the specimens, especially the 0° ones. It is thus likely

that those tows were broken in the final static failure of the remaining surface.

The angle of the failure profile of the 45° and 90° specimens, on the contrary, can be
related to the fatigue damage mechanisms described earlier. As explained in the
previous section, the damage likely nucleates inside the tows; a preferential orientation
state implies that the number of tows oriented at a certain angle is statistically higher.
Therefore, the number of intra-tow cracks oriented at the same orientation will also be

higher. It was also observed that the propagation of said cracks is overall preserved. It is
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thus reasonable to explain the similarity between the preferential orientation of the

specimens and the angle of their fracture surface.

This theory, however, assumes that the nucleation of intra-tow cracks is not affected by
the orientation of those tows. The statistical similarity of the SN curves supports such
assumption, although a definitive confirmation cannot be given only based on the
present work. However, doubts can be raised mainly in the case of the 0° case, while it

is reasonable to assume that the difference between the 45° and 90° is minor.

4.3 Performance comparison with other composites

In Fig. 12, the normalised CF-SMC curves are compared with others reported in the
literature for other TBDCs [11,14,49], SFRPs [19,20,23,24] and a QI laminate [11], all

tested with the same R-ratio.

110- Percentage of UTS (%)

---- CF-SMC [14,31]
—— CF-TBDC [11]
100- GF-SFRP [19]
GF-SFRP [20, 24]
GF-SFRP [23]
90- GF-SMC [49]
PN — CF-QI[11]
80 90 S CF-SMC [This work]
OO
452
70
60-
50-
40-
10° 107 102 10° 10 10° 10°

Cycles to failure

Fig. 12: Comparison of SN curves from different composite systems. Black lines refer to carbon TBDCs,
light blue lines to glass composites (both SFRP and SMC) and red line is for QI laminate. CF and GF
distinguish carbon and glass fibres, respectively.
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The CF-SMC curves obtained in the present are close to the one of a similar material
reported in [14]. Those two CF-SMCs have the same tow length (25 mm), similar
volume fraction (42% against 40%), but the global orientation in the result from the
literature is random isotropic [14]. The similarities between those curves confirms the
small influence of the global orientation on the normalised fatigue performance

observed in section 3.1.

Interestingly, carbon TBDCs curves show a flatter slope than most of the other curves,
which suggests that the former are less affected by cyclic loading. In the high-cycle

region (>10k cycles), all CF-SMC curves are located higher than the other composites
considered, including the QI laminate curve. The glass SMC curve is halfway between

the carbon TBDC and the SFRPs curves.

4.4 Contributions to the state of the art

In contrast with the state of the art, this investigation focused on CF-SMC with a
prevailing fibre orientation resulting from a high in-mould flow moulding. The
orientation of the tows proved significant in the determination of the different SN
curves. However, it had no significant effect on the normalised SN curves, also
considering the curve for a similar randomly oriented CF-SMC presented in [14,31].
The statistical similarity between all considered curves can be thus used in the
preliminary design against fatigue of parts, when only the SN curve of a single

orientation and the static data of all the orientations are available.

Moreover, this work proposes a new theory for the fatigue damage mechanisms
happening in TBDCs. This theory includes all the different phases of the life of the

material: (1) nucleation as intra-tow phenomenon, (2) propagation through the matrix
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layers, tow boundaries or inside other tows, and (3) final static failure of the remaining
section. In addition, these failure development did not seem not to depend on the tow

orientation.

Finally, the proposed theory implies the existence of a crack arresting mechanism
caused by the heterogeneous microstructure. An explanation for the relatively flat slope

of the SN curves of TBDCs is proposed for the first time.

5 Conclusions

The present work presented the results of a fatigue investigation on CF-SMC, using
both mechanical testing and uCT scans. Particular attention was given to the influence
of tow orientations on the fatigue performance of the material: the obtained SN
diagrams depended on the prevailing tow orientation. However, upon normalisation
with the relative static UTS, the curves collapsed into a single master curve. The
damage evolution analysis highlighted the presence of a crack arresting mechanism

induced by the material morphology.

First, nucleation involves intra-tow splitting, as combination of fibre-matrix debonding
and matrix cracking, irrespectively of the local tow orientation. After this nucleation and
intra-tow propagation, the cracks tend to propagate mainly in the through-the-thickness
direction preserving their original orientation. This can be possible when similarly
oriented tows or tow ends are found along the crack path. Perpendicularly oriented
tows, instead, arrest the cracks. Since those defects can no longer propagate, new ones
are formed and undergo a similar process. The reduction of a resistant cross-section by
several cracks closely located causes the final failure, instead of the nucleation and
propagation of a single defect.
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The normalised SN curves were compared with other normalised SN curves of other
composites: the slope of the CF-SMC curves was flatter than the other considered
composites and, for fatigue lives longer than 10k cycles, located at higher percentage of
the UTS. After 1 million cycles, CF-SMC could still withstand more than 65% of its

UTS.

This work suggested the existence of a morphological fatigue crack arresting
mechanism in CF-SMC. This makes such materials very suitable for high-cycle fatigue
application. The presented work is thus a further step in the wide-spread adoption of

CF-SMC in fatigue-driven applications, such as automotive components.
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