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Abstract: The stiffness degradation of hybrid carbon/glass fibre composites are investigated under
cyclic loading in three-point bending. The composites are compared to toughened composites
interlayered with PA 6,6 nanofibre (veil) and a matrix toughened with 5% rubber particulate. With
the incorporation of veil into the hybridised composite, the hybrid interface experienced extensive
localised delamination, due to crack deflection, causing longitudinal cracking between the fibre and
veil interface. It is observed that delamination was redirected and reduced by veil interlayering, due to
crack bridging as the cracks propagated. The carbon fibre composites toughened by rubber particulate
showed similar stiffness retention to carbon fibre after 1,000,000 cycles. The veil interlayering within
carbon fibre improved the stiffness retention by 66.87% for the flexural modulus, compared to carbon
fibre and rubber toughened carbon fibre laminates. In both glass and carbon fibre samples, the
stiffness retention with veil showed a 10-fold increase in fatigue life, compared with untoughened
controls. It is observed from the failure mechanics that veil acted as a randomly orientated fibre layer,
rather than a matrix toughener.

Keywords: composites; crack bridging; fatigue crack growth; fracture mechanics

1. Introduction

Automotive bodies and structures are steadily changing from metal to composite
materials [1]. There is a reluctance to switch to a high-costing fibre, such as carbon fibre,
for composites within the automotive industry [2]. Chopped strand composites are more
common replacements for automotive inserts currently, but have significantly lower tensile
strength than continuous fibre reinforced plastics (FRP) [3,4]. For automotive and structural
applications, such as springs [5] or rods [6], CFRP offers high tensile strength, high tensile
modulus, and lower density than steel, thus reducing the component size and weight [7].

The cost and mechanical strength issues are addressed with the hybridisation of carbon
and glass fibres toughened with a Pa 6,6 veil. Compared with pure CFRP, the hybridisation
of carbon and glass fibres into a reinforced plastic creates components with improved
flexural strain and comparably lower cost [8]. However, pure glass fibre reinforced plastics
(GFRP) have drawbacks, with lower flexural modulus [9] and fatigue life [10], compared
with pure CFRP. The fraction of carbon fibre content is directly related to flexural strength
and modulus, but the strain decreases with carbon fibre content [6,10]. With tension—tension
fatigue, Naito et al. [11] showed that the modulus was based on the fibre volume fracture
of CFRP in tension testing. Additionally, Naito et al. showed the failure of the hybrids
was dominated by glass fibre at lower stress characteristics, but higher stress carbon fibre
dominated the mechanical characteristics. Quasi-static testing of hybridised carbon and
glass fibres has shown that the flexural strength of the hybrid can be increased by 16.6%,
relative to carbon fibre content, with optimised stacking [9,12]. The positive hybrid effects
from stacking sequences show that carbon fibre content can be reduced whilst improving
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the flexural modulus of GFRPs [13]. Numerous authors have reported on both intra-ply
and inter-ply hybridisation and concluded that sequences of carbon and glass fibre can
be optimised, with the failure strain improved by up to 166% [12], although 40% is more
typically recorded [9,14-17]. During fatigue loading in bending, the initiation of traverse
matrix cracking leads to delamination and further fibre failure [6,18]. Traverse cracking
is further increased by the difference in modulus between the high and low elongation
fibre [18].

Increasing the compressibility of the material, to delay delamination and debonding,
can be achieved with thermoplastic additives, such as rubber particulate [19] or a ther-
moplastic matrix. The key issue with thermoplastic matrices or modified epoxy is the
curing [20-22] and modulus of the composites [21,23]. Epoxy, due to its ease of use, good
stiffness, and low cost, is an appealing matrix for CFRP in many applications [6,11,24,25].
In Wu et al. [26], the tensile strength of the composite material is excellent and comparable
with steel; however, it loses the majority of the modulus gained with the incorporation
of CFRP.

Thermoplastics tend to have a poor mechanical performance, when compared to
epoxy, but improved strain as they are less brittle as a matrix [27]. The inclusion of CFRP to
GFRP increases both the modulus and fatigue life, thus replacing or adding a thermoplastic
to the matrix to increase toughness, which would result in reduced modulus, thus requiring
increased part geometry to compensate in load bearing applications. The use of epoxy
thermoplastic mixtures, such as rubber particulates, is an excellent way to improve impact
and fracture toughness in composites, while low quantities have been shown to have
minimal impact on the modulus of epoxy resin [28,29]. However, rubber has been shown
to interfere with curing by affecting the Tg of the matrix [20].

This article aims to investigate modulus retention effects between carbon and glass
under cyclic loading, using both an interlayer nanofibre and rubber particulate. The
interlayering is a polyamide 6,6 electrospun veil (PA 6,6) with hybrid composites, showing
a flexural strain increase when used with composite laminates [30]. The primary focus will
be on how the inclusion of interlayer toughening affects the failure strain under dynamic
bending, as well as the locations of crack initiation withing the hybrid composites. The
behaviour of interlayer toughening during cyclic loading can improve the understanding
of the matrix-veil interaction in dynamic testing, which has been previously determined in
quasi-static interlaminar fracture toughness testing [31,32]. A series of dynamic bending
tests were used to investigate the dynamic stress distribution of hybrid composites with
toughening. The tests include the examination of the dynamic failure mechanisms of the
hybrids under repeated cyclic loading, from 50 to 90% maximum flexural stress.

Using interlayer toughening, Hojo et al. [33] demonstrated that the fatigue life im-
proved as the energy required to initiate crack propagation was increased, and interlayer
toughening provided an increase of 3.3 to 3.5 times to the crack growth resistance. Deter-
mining how the matrix toughness affects the failure mechanism in cyclic loading for hybrid
fibre composites has received little attention thus far. Although, Mode-I fracture toughness
of toughened carbon fibre has been investigated with carbon nanotubes (CNT) [34], CNT
and thermoplastic interlayering [35,36], or interlayering with nanofibres [37-42]. Lowering
the flexural modulus is one issue with thermoplastic toughening of thermosetting matrices.
The inclusion of glass fibre leads to a further reduction in the flexural modulus of the
composite. Song et al. [35] used polyamide 6,6 nanofibres and CNT to improve the flexural
strength of carbon fibre, showing that PA 6,6 nanofibres increased the maximum loading of
the composite laminate by 13%. Limiting factors in toughness research include stiffness
degradation and failure mechanism changes with interlaminar fracture toughness.

The phases of stiffness degradation, shown in Figure 1 are: Phase I, inter fibre failure
(IFF); Phase II, delamination (DEL); and Phase III, fibre failure (FF). Phase I is characterised
by an exponential drop in modulus. Phase II is more gradual, as the crack propagation is
linear. Phase III is catastrophic, whereby over 70% of the modulus is lost due to fibre failure.
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Figure 1. Fracture behaviour under cyclic loading of CFRP and CFRP-Veil, where the red lines
represent crack propagation within the composite laminate. Phase I, inter fibre failure (IFF); Phase II
delamination (DEL); Phase III fibre failure (FF).

During Phase I of fracturing, under cyclic loading, inter fibre failure occurs with
the matrix cracking. For UD fabric, the veil creates a defined interlaminar region, rather
than consolidation of the fibres. This can result in early matrix cracking. The toughening
mechanisms of veils are covered in Quan et al. [31], concluding that for veil interlayering,
the nanofibre type is crucial for interlaminar fracture toughness. In mixed Mode I/II
of the composites, Quan et al. showed the crack propagation of CFRP with PA-12 veil
occurred between the interface of the interlayer and the carbon fibre layer. The veils
which maintained structure or dissolved into particles within the matrix had a greater
impact, as crack deflection or bridging mechanisms were active. Further analysis of the
toughening mechanism will be investigated under dynamic cyclic loading, in order to
determine partial and veil effects at high amplitudes and the point at which the nanofibre
toughening mechanisms fails.

In dynamic bending and general structural application, delamination and interfacial
debonding are the main initiators of the final fatigue failure [43]. In tension—tension fatigue,
the residual strength is found to be directly related to the residual stiffness, both of which
degrade non-linearly with cycles [44]. DorMohammdi et al. [45], when examining damage
tolerance, showed that the majority of the fatigue strength and stiffness is lost within
the first stage of interfacial debonding. Stiffness degradation can be used as an accurate
indicator of the macroscopic progression of the laminate towards failure [46]. The simple
beam structure is used to evaluate the flexural fatigue of the interface between glass and
carbon fibre.

Evaluation of the current rule of mixture for hybrid fatigue behaviour will also be
included in this article. The evaluation will use flexural strength and modulus derived
from the rule of mixture (RoM) to predict stiffness degradation. A key comparison is based
on the type of toughening used causes the material to behave more in line with the rule of
the mixture, as HFRP has previously been shown to have poor correlation to the rule of
mixture, previously.

2. Methodology and Materials
2.1. Resin and Fibre Characteristics

The prepregs used were 300 g per square meter (gsm) metre crimped unidirectional
carbon fibre and 900 gsm crimped glass fibre, both crimped with glass fibre crimping.
Both prepregs use a diamine hardener confirmed by Fourier transfer infrared spectroscopy



J. Compos. Sci. 2022, 6, 270

4 of 24

(FTIR). The samples were placed in a 200 mm? square spacer with a depth of 2 mm and
compressed under 18 MPa using a Labtech heated press, as per Table 1.

Table 1. Curing cycle of carbon fibre glass fibre and hybrid fibre in compression moulding.

Curine Cvcle Temperature Preheat Degassing Full Pressed Cooling
&Ly P (Seconds) (Seconds) (Seconds) (Seconds)
1 100 °C 30 30 540 0
2 130 °C 60 0 540 300

Quasi static three-point bending was used to determine the maximum flexural strength
achievable by each composite laminate. The maximum flexural properties were determined
and shown below in Table 2.

Table 2. CFRP and GFRP composite flexural strength, including hybrid CFRP/GFRP of 1:3 FVF ratio
or 1:1 ply ratio, denoted as HE, where C denotes carbon fibre ply G denotes glass fibre and T denotes

PA 6,6 veil interlayer.

Sample Name Flexural Strength Flexural Modulus

P (MPa) (GPa)

CF (CCCCCQ) 950.55 64.09

CFT (CTCTCTCTCTC) 995.85 69.85

GF (GGG) 856.27 43.89

GFT (GTGTG) 797.18 41.57

HF (CCGG) 495.83 42.40

HFT (CCTGG) 547.09 53.99

2.2. Fatigue Testing Cycles

The setup of the fatigue rig utilised a Instron-100 kN Universal testing machine,
shown in Figure 2. Tests were conducted at a cycle rate of 5 Hz, as per the ASTM D7264 for
three-point bending [47]. Fatigue stress and cycles were selected from the fatigue study of
Seiberer et al. [48], to make it comparable to previous carbon fibre studies.

Figure 2. Three-point bending set up for cyclic loading of CFRP, GFRP, and hybrids.

Cyclic loading under a three-point bending setup was used to determine stiffness
degradation. Stiffness degradation is measured for both low cycle high amplitude and high
cycle low amplitude fatigue.
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High cycle low amplitude used 50% maximum flexural strength to 1,000,000 cycles to
determine the stiffness fatigue. The high amplitude cyclic loading used the FRP’s maximum
flexural strength as outlined in Table 1. Totals of 50, 70 and 90% of the maximum flexural
stress were used for the stress and cycle (SN) curves, which were calculated using quasi-
static testing of the coupons shown in Table 3. Three samples were tested, for each sample
set, to produce the SN curve. The stiffness degradation using high cycles was conducted at
0,1,100,000, and 1 million cycles.

Table 3. Flexural loading for cyclic testing in N. With carbon fibre ply’s labelled with C and glass
fibre ply’s labelled G the inclusion of veil toughening is labelled with a T.

Sample Name 90% Maximum 70% Maximum 50% Maximum
Loading (N) Loading (N) Loading (N)

CF (CCCCCCQ) 600 500 330
CFT (CTCTCTCTCTC) 700 550 390
GF (GGG) 600 360 200
GFT (GTGTG) 600 360 200
HF (CCGG) 450 380 240
HFT (CCTGG) 450 380 240

The following cycles, shown in Table 4, were run on the hybrid composites; it should
be noted that, although, at 90% loading, the material was run to 100,000 cycles, a majority
of samples failed before reaching 100,000 cycles. Hysteresis loops were recorded for 70%
load capacity at 4000 cycles to accurately gauge stiffness degradation.

Table 4. Load case and number of cycles.

Load Case Scenario 4000 Cycles 100,000 100,000,000
Cycles Cycles
50% maximum flexural strength 5Hz 5Hz 5Hz
70% maximum flexural strength 5Hz 5Hz
90% maximum flexural strength 5Hz 5Hz

The setup in Figure 2 shows the gripping of the carbon glass hybrid. The samples
were prepared at 80 mm length, 2 mms thickness, and 20 mm width, with the three-point
bending rig set at a span of 40 mm to satisfy the 1:20 span to thickness ratio. The head
diameter was kept at 10 mm, with the grippers at 10 mm diameter, as well to be consistent
with quasi-static testing performed previously, in order to obtain the carbon and glass
maximum flexural strength.

Samples were cycled up to maximum loading then cycled down to 10% of maximum
force, for 4000, 100,000, and 1,000,000 cycles. The three test cycles are undertaken to examine
the composite laminates stiffness degradation at different failure stages. Strain readings
were taken using the FLAB-3-11-3L]C-F single element strain gauge.

2.3. Optical and SEM Analysis of Composite Laminates

Analysis of the microstructure of the crack initiation and level of delamination was
undertaken using a BX61 Olympus microscope, and SEM analysis was made with a Zeiss
Supra 40 VP. SEM imaging was used for glass fibre transparency, where optical could not
view void content and delamination length. Orientation of the material was determined by
the strain gauging on the sample, which was removed before mounting. The fibre failure
and crack lengths were measured with optical microscopy, due to a higher field of view.

To investigate fibre and matrix cracking, a cut through of the composites are taken and
polished using the Struers brittle material method.

The fibre volume fraction and void content were analysed using optical microscopy of
the cross-sections.
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Due to the crimping of the fabric, as shown in Figure 3, during curing, there was a
further change in the unidirectional fibre angle, causing a waviness. The void content and
fibre volume fraction were also measured using the same imagery selection method as for
void content.

1\

In-plane alignment difference PA 6,6 Nanofibre veil

Al

i)

& ‘1 N 00 o
% L

i St -

Thermoplastic binder

Glass cross stitching

Figure 3. Optical microscopy of CERP with veil to determine fibre alignment, void content in CFRF
and GFRP.

Void content was taken from particle analysis in Image] software using optical micro-
graphs. Image J is an open-source software package using Java. The void content across
each control and veil toughened group is shown in the void content analysis section.

2.4. Assessment of the Kink Band Angle Is Taken Using the Angle Measurement Function of
Image] to Assess the Kink Band
Measurement of the kink band angle using optical microscopy. The kink band is the
fibre fracture mechanisms resulting in an angular tilt of the fibres form the x position to z [49].
Using microscopy to measure the kink band angle of the fibre, a quantitative evaluation
of CFRP failure is undertaken, as shown in Figure 4.

U,'..Ah:ﬁfi |

Figure 4. Kink band formation in CFRP, where « is the rotation angle of fibre and § is the kink

band angle.
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The o and (3 angles are important as the o angle dictated the fibre and matrix debond-
ing length. A large o will result in higher debonding.

3. Results
3.1. Stiffness Degradation as a Function of Maximum Flexural Strength

Quasi-static testing was undertaken to determine the composite’s maximum flexural
strength: for carbon fibre, the samples were tested at 700, 600, and 400 N; for toughened
carbon fibre, samples were tested at 850, 660, and 470 N. In terms of percentages, this
corresponded to 90, 70, and 50% of the material’s maximum flexural strength, with the
actual newton loading of the material being 70, 60, and 150 N higher in the toughen samples
than the untoughened samples.

The section covers the carbon fibre toughened with PA 6,6 nanofibre veil. In static
testing, the veil toughening was shown to increase the modulus of the carbon fibre; however,
it was unclear whether this quantity was statistically significant. To better quantify the
statistical significance of the modulus, increased stiffness degradation were used. Cyclic
three-point bending at 50% of the maximum flexural strength loading and unloading of the
sample were used to determine the overall stiffness of the material over 100,000 cycles. The
results were then compared with those of higher loadings to determine whether the veil
can increase the loading capacity of carbon fibre. Finally, to establish a baseline test for the
carbon fibre, one million cycles at 50% maximum flexural strength were performed, which
is a typical number of cycles from previous literature.

CF shows high fatigue resistance with the minimal modulus drop after 100,000 cycles
for both was expected. CF experienced minor matrix cracking before 100,000 cycles,
dropping the modulus by 10.4% and at 7.6% and 10.4% for CF and CFT, respectively.
Interlaminar cracking occurring after 1,000,000 cycles for all samples, shown in Figure 5,
reduced the CF and CFT by 51.0% and 24.9%, respectively. The significant differences in
the failure were that CFT showed less cracking around cross-stitching.

50 % maximum flexural loading

0 —

£ _10 ‘: I I m CF 1,000,000 Cycles
2 20 .
- I CFT 1,000,000 Cycles
g
¢ —30
g -40 CF after 100,000 cycles
%-50 |
g CFT after 100,000
= —60
o _ cycles

-70

Figure 5. CFRP stiffness degradation 1,000,000 cycles at 50% maximum flexural loading for 100,000
and 1 million cycles of 330 MPa cycle.

After 1,000,000 cycles at 50% maximum flexural strength, significant modulus retention
was shown by CFT samples, as the veil toughened CFT samples showed 24.9% modulus
loss in comparison to the CF samples of 51%. The resulting failure after 1,000,000 cycles is
shown in Figure 6, as the crack propagation reaches the adjacent ply. One key difference
with CFT was the matrix cracking appeared to be trapped by the veil, as shown in Figure 6B.
After 1,000,000 cycles, significantly more instances of matrix cracking were observed, with
very few instances of fibre failure observed.
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1,000,000 cycles
oy

Veil localises crack

Figure 6. Total of 50% maximum flexural loading CF tested at (A) 100,000 and 1 million cycles, and
(B) CFT tested at 100,000 and 1 million cycles.

For the CF sample, a drop in stiffness to 31.4 GPa was recorded after 1 million cycles.
This drop in stiffness was observed as interlaminar cracking, as well as between-fibre
cracking in the fibre layer, as shown in Figure 6. In the CFT sample, inter-ply failure
was recorded after 1 million cycles, and the average modulus was 52.4 GPa, a 66.87%
higher retention in modulus compared to CF. Compared with 100,000 cycles, testing at
1,000,000 cycles showed that the veil toughening; while it did not prevent crack initiation,
it significantly reduced crack propagation. The cracks were prevented by the veil from
propagating through the laminate, localising failure, and preventing stiffness degradation
over time. Figure 7 indicates that the veil toughening showed little effect on high cyclic
loading, rather than improving crack growth resistance and preventing fibre failure due
to high stress amplitude. The distribution of the modulus at each loading condition after
100,000 cycles is shown in Figure 7.

Maximum flexural loading (MPa)
300 400 500 600 700 800

-30 “-,!:3::. } o CF
-40

-50
~-60 % o CFT

Change in modulus (%)

-100

Figure 7. Cyclic loading of CFRP and CFRP veil toughened with PA 6,6 for 100,000 cycles at 50,
70, and 90% maximum flexural strength. Designated CF and CFT for the control CFRP and veil
toughened control CFRP, respectively. Samples individual loading for CF is 330 MPa, 500 MPa, and
544 MPA and CFT loaded at 390 MPa, 550 MPa, and 705 MPa.
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A comparison between stiffness degradation and amplitude is shown below in Figure 7.
Although the CFT had a higher loading, the stiffness loss between the two fibres was more
consistent with that of the veil toughened samples. Consistency in stiffness degradation
is important for predictive modelling, with premature failing and other random failures
resulting in deviations. At 90% maximum loading, the fibres were expected to catastrophi-
cally break, and the resulting failure mechanisms were observed to be kink banding for
both CFT and CF.

The veil toughened sample in Figure 7 showed a decrease of 28.4%, compared with
CF, where a 10.52% loss of stiffness was recorded. Both CF and CF T showed minor matrix
cracking occurring around the cross-stitching. For carbon fibre in Figure 8, the failure
toughening showed improved matrix cracking; although, at higher loading conditions, the
veil toughening did not prevent catastrophic failure, due to fibre breaking. This feature is
evident in the formation of kink banding in both CF and CFT samples, where static testing
buckling was observed, rather than the formation of kink banding. In static testing, kink
banding was only observed with CFT samples. After 100,000 cycles, there is clearer kink
band formation in the first and second carbon layer, as shown in Figure 8B for 70% and
90% loading.

Matrix cracking  Neutral axis failure Kink band formation

50 % loading 70 % loading 90 % loading

2nd ply inter ply delamination Veil Second ply failure
G s M h B | y

®) s

el o
Kink band formation in 1 ply
50 % loading 70 % loading 90 % loading

Figure 8. (A) CF and (B) CFT fibre failure evaluation from loading conditions 50, 70, and 90%.

The veil toughening and carbon fibre labelled CFT was shown to have a higher
strain of 0.3% before failure. However, 20,000 additional cycles elapsed before CF failed
catastrophically. At 90% maximum loading, the CF and CFT had experienced catastrophic
failure in all samples, with an average modulus of 10.23 GPa for CFT and 25.46 GPa for
CF. CFT’s 90% higher modulus suggests that the fibre yield is not prevented with veil
toughening at higher amplitudes. Most fibre failure occurred at 70%, with total failure at
90% maximum loading. With failure, the veil samples encountered a large drop in modulus.

After 100,000 cycles, there was clearer kink band formation in the first and second
carbon layer, as shown in Figure 8. The formation of kink banding is also visible in
the residual moduli of the beam, as CF was reduced to 50.29 GPa, compared with the
52.68 & 3.84 GPa of CFT. Both sets had a data point that catastrophically failed, with
residual moduli of 10.8 and 11.5 GPa for CF and CFT, respectively.

The cause of catastrophic failure in both samples is the formation of a kink band. In
veil toughened samples, the losses are shown as kink band formations that occur in the top
layers, as shown in Figure 8. At lower amplitudes, the matrix cracking resulted in a minor
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loss of moduli. Both carbon fibre samples showed layer-by-layer failure; at 70% loading,
the CF sample showed cracking at the neutral axis, which contributed to the complete
failure observed.

The testing of amplitude would suggest that, after 100,000 cycles, the ideal load
condition would be 500 N, rather than a higher loading, as the CF and CFT samples-
maintained stiffness after 1 million cycles at 50% loading.

A comparison between stiffness degradation and amplitude is shown below in Figure 8.
Comparison of the fibre tilt angle due to kink banding is shown in Figure 8, where kink
bands present in 90% CF were recorded at 92° for the 3 angle. In CFT 70% the kink band 3
angle was 85° for the second ply and 80° for the compression ply, at 90% over 129°, which
was recorded due to the catastrophic failure. The veil toughening was shown to have little
impact on the fibre tilt angle when kink banging occurs at high stress amplitudes.

For CF, 70% was 2.31, which is consistent, as minimal delamination was recoded; in
comparison to CF, 90% o was 18.5.

The debonding length o for CFT 70% was 13.63, which is equivalent to the debonding
angle of 90% CFT of 14°. This similarity in debonding angle suggests that the interplay
failure is higher in the veil toughened samples of CF.

3.2. Fatigue Failure Mechanisms of Glass Fibre under Cyclic Loading

Compared with carbon fibre, glass fibre is shown to have 10-100 times less cycles to
failure under fatigue loading [50]. It is expected that glass will show significant failure over
100,000 cycles for even 50% maximum loading. Glass has significantly less tension strength,
and it is expected that minor tension cracking should be experienced, as was shown in the
quasi-static testing. The glass fibre modulus loss after 1,000,000 and 100,000 cycles loaded
at 50% maximum flexural strengths is shown in Figure 9.

50 % maximum flexural loading

m GF after 100,000 cycles
GFT after 100,000 cycles

-50 GF 1,000,000 Cycles

Change in modulus (%)
FS
)

T GFT 1,000,000 Cycles

Figure 9. Glass fibre at 50% flexural strength cyclic loading. Samples designated GF and GFT, cycled
for 100,000 cycles at 400 N loading for 100,000 and 1 million cycles.

For GF samples, after 43,000 cycles, there was observed fibre failure, with early matrix
cracking at 300 cycles, resulting in a drop in modulus. GF and GFT showed moduli of 24.266
and 29.433 GPa, respectively, corresponding to 44.05 and 29.19% reductions in the moduli.
Figure 10 shows optical imaging results: there was significantly less matrix cracking in the
100,000 GFT samples, resulting in the high stiffness retention. After 1 million cycles, the GF
samples showed a 65.187% reduction in the modulus, a direct result of compressive failure,
as shown in Figure 10.
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100,000 cycles 1,000,000 cycles

Figure 10. Optical analysis of GFRP after at 50% maximum flexural loading for (A) GF for 100,000 cycles
and after 1 million cycles (B) GFT for 100,000 cycles and after 1 million cycles.

After 100,000 cycles, several instances of matrix cracking were observed in Figure 10,
the majority of which originated on the compression side of the samples for both GF and
GFT. After 1 million cycles, the compression layer in the control sample was observed to
have significant out-of-plane failure due to crushing.

With a loading of 70% of the maximum flexural strength, the GF showed a 50.12% de-
crease in modulus, compared with 0 cycles, with an average flexural modulus of 21.633 GPa.
The veil toughened sample showed a 32.91% decrease with a modulus of 29.1 GPa. At
higher cycles, the veil toughening showed a better modulus retention than untoughened
samples. Neither GF nor GFT showed fibre failure; however, extensive delamination was
present in the GF samples. The main cause of cracking was observed around cross-stitching,
which can be seen failing in Figure 11B.

The optical evaluation of the glass fibre shows little difference between the 4000 and
100,000 cycle marks, in terms of failure mechanism. Most of the failure was delamination
and matrix cracking occurring around the cross-stitching.

At 70% flexural strength, the hysteresis loop showed initiation of cracks within 3000 cycles.
The difference between the number of cycles to initial cracking for the carbon and glass fibre
was over 4000 cycles, and the CF and CFT samples had secondary cracking occurring after
20,000 cycles. The secondary drop is attributed to further the development of delamination,
as observed in the GF loaded at 70% maximum flexural loading. The delamination lengths
tended to occur on the tension side, due to ply matrix delamination, which caused the
flexural strain to drop, compared with GF, where a fibre failure was observed in the tension
and compression layers.

For the glass fibre samples, broken fibres appeared on the tension and compression
layer resulting in large delamination lengths, the result is a drop in stiffness degradation
after 4000 cycles. Fibre failure occurred as early as 2000 cycles, as the glass fibre failed due
to catastrophic delamination. After 100,000 cycles the neutral axis for both GF and GFT
remains undamaged.

Glass fibre showed the highest level of stiffness loss after 100 cycles. However, further
stiffness loss beyond this point was recorded for both GF and GFT, which had over 2.5%
strain and, according to quasi-static testing, should cause fibre failure in both samples. As
shown in Figure 12, GF and GFT had significant reductions in the moduli after 50 cycles,
indicating that fibre breakage occurred almost immediately with 90% loading.
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Figure 11. Optical imaging of glass fibre at 70% maximum loading: (A) GF after 4000 and 100,000 cyles
and (B) veil toughened GFT after 4000 cycles and 100,000 cycles.
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Figure 12. Flexural moduli change after 4000 and 100,000 cycles for GF and GFT loaded at 70%
maximum flexural loading.

The GF sample had a residual modulus of 15.30 GPa, compared to the GFT modulus
of 14.166 GPa, with the delamination of the fabrics and fibre failure occurring in both
samples. At higher cyclic amplitude, the veil toughening samples showed an increased
number of cycles to failure, compared to their untoughened counterparts. However, at
higher amplitude there was no difference in stiffness degradation as shown in Figure 13.
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Figure 13. Glass fibre samples tested under cyclic loading at 50, 70, and 90% of their maximum loading.
For GF the maximum flexural strength for each percentage was 260, 360, and 600 MPa, respectively.

The results in Figure 14 indicate that matrix failure in GFT does not occur until higher
stress amplitudes than GF. With 70% GFT showing less failure progression with the increase
stress amplitude, compared with GF, with Figure 14B showing little matrix cracking with
samples at 50 or 70%. For all fibre types, 90% of the maximum flexural strength results in
fibre failure in 100,000 cycle testing. The GFT samples had a mix of catastrophic failure and

partial failure; only at 90% does matrix cracking start to occur, which leads to the higher
modulus, shown in Figure 14.

(A) :
100 um 200 1im B S 200 i

Matrix éracking Fibre failure
50 % loading 90 % loadiny

(B) *

) Matrix cracking
Figure 14. (A) GF and (B) GFT fibre failure evaluation from loading conditions.

On the tension side of the sample, fibre failure was observed in optical microscopy at
90% maximum flexural loading. Tension failure also occurred at 70% maximum flexural
loading. The point at which this tension loading occurred is theorised to be at the 3000-cycle
mark, due to breakage in the strain gauge, leading to delaminating the strain gauge from
the tension side.

From Figure 14, there are clear indicators that the drop in strain in the control samples
is compression fibre failure caused by matrix cracking. The initial stiffness of the material
is significantly lower in GFT samples, compared with GF, with the percentage difference in
overall stiffness loss less than in toughened samples, with a comparison to 50% loading
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between GF and GFT, showing there is significant matrix cracking without the additional
nanofibre matrix reinforcement. At 90% flexural loading for 100,000 cycles, veil toughening
was found to reduce catastrophic delamination, resulting in fibre failure, where crack
propagation follows the veil, rather than crossing layers.

Overall tension side failure is common with the glass fibre—when hybridised with
carbon fibre, this becomes a dominate fibre failure. The next section will evaluate hybrid
glass and carbon fibre for stiffness degradation.

3.3. Fatigue Failure Mechanisms of Hybrid Glass and Carbon Fibre under Cyclic Loading

This section will investigate the delamination and fibre failure of hybrid glass and
carbon fabric in a 1:1 glass to carbon fibre ply ratio and 3:1 fibre volume fraction of glass to
carbon fibre ratio.

As per the previous sections, 100,000 and 1,000,000 cycles at 50% of the maximum
loading were used to investigate the matrix cracking between the glass and carbon plies.
Cyclic loading, in comparison to static testing, resulted in carbon fibre undergoing compres-
sion failure under buckling, as well as kink band failure with veil toughening. The lower
cycle loading promoted carbon glass interfacial cracking, which was used to determine the
effect of the veil on the interface.

The difference between HF and HFT samples after 100,000 cycles was the degree of
glass fibre tensile failure, as shown in Figure 15.

50 % maximum flexural loading

!

I M HF 1,000,000 Cycles

m HFT 1,000,000 Cycles

Change in modulus (%)
¢
(@]

-60
HEF after 100,000 cycles
-70
-80 HFT after 100,000
cles
-90 Ed
-100

Figure 15. Hybrid fibre at 50% flexural strength cyclic loading. HF and HFT under cyclic 3 point
bending for 100,000 and 1,000,000 cycles.

The stiffness degradation after 100,000 cycles for HF was 37.07 & 6.85 GPa, a 12.56%
reduction, compared with quasi-static testing. The stiffness degradation of the hybrid
toughened sample was higher at 41.53%; however, both data sets had a similar average
modulus, with HFT having an average of 31.57 & 2.71 GPa. After 1 million cycles, HF
catastrophically failed, whereas HFT maintained a 25.8 GPa modulus.

The decrease in strain after glass fibre failure was substantiated in the optical imaging
of the hybrid fabric, as is shown in Figure 16. The GF and GFT samples, after 40,000 cycles,
had significant matrix cracking and fibre failure, which also occurred in the HF samples.
However, this occurred much earlier in the cyclic loading than it did previous glass fibre
samples, most likely due to the tension side of the glass fibre in the hybrid failing, rather
than the carbon fibre, with its higher tensile strength. Both HF and HFT showed an increase
in modulus at around 400,000 to 600,000 cycles. The increase in modulus was a tensile
rupturing of the glass fibre. The change in stress concentration to the carbon fibre layers
under compression and tension resulted in a lower strain, as the higher modulus material
was under the loading.
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Figure 16. Optical images of hybrid carbon and glass fibre after three-point bending at 50% maximum
flexural strength for: (A) HF after 100,000 and 1,000,000 cycles; (B) HFT 100,000 and 1,000,000 cycles.

From the optical imaging of the hybrid fabric, the clear occurrence of delamination
between glass and carbon fibre was the initial cause of stiffness reduction. The delamination
caused the stress concentration to be unevenly distributed between the carbon and glass
fibres. The HFT samples had less delamination between the glass and carbon fibre layers
than the HF samples did. After 1,000,000 cycles, the tension rupturing of the HF sample
showed a breakthrough in the second glass layer on the neutral axis, in comparison to
HFT, where the glass fibre breakage resulted in minor fabric breaking. These results are
consistent with the stress-strain curves, where there is less stiffness loss.

With hybridisation of the glass and carbon fibre, it was expected that the delamination
occurring between carbon and glass fibre layers would lead to catastrophic failure. Delami-
nation was the mechanism causing catastrophic failure in static testing. Dynamic testing,
on the other hand, had shown that the tension side of the glass fibre tended to break before
carbon under compression at 50 and 70% maximum loading. A lower number of cycles in
Figure 17, show that at 70% maximum loading the highest modulus loss is by 4000 cycles.

Cycles
0 20,000 40,000 60,000 80,000 100,000 120,000

~———HFT

Change in modulus (%)
N
)

|
)]
o

Figure 17. Modulus drop for hybrid HF and HFT composites after 4000 and 100,000 cycles at 70%
maximum flexural strength.

HF showed a modulus of 36.1 + 1.25 GPa after 4000 cycles and 26.95 £ 3.65 GPa
after 100,000 cycles. HFT recorded a modulus of 38.4 GPa at 4000 cycles and modulus
of 33.083 £ 1.16 GPa at 40,000 cycles. The machine stopped for each HF sample, due
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to reaching the displacement limit, indicating fibre failure. In toughened samples, the
delamination at 480 N was shown to prevent the loss of stiffness, compared to the control
HEF, which lost maximum stiffness after 100 cycles. However, microscopy showed that the
stiffness increased after initial glass fibre failure and was observable as matrix cracking,
resulting in a drop in the modulus. After 400 cycles, the GF and GFT experienced fibre
cracking in the GF layers, as shown in Figure 18A,B.

Tension
rupturing

Figure 18. Hybrid fibre reinforced plastic cycled at 70% maximum flexural loading under SEM
imaging to image glass fibres for HF after (A) 4000 cycles and HFT after (B) 4000.

For HEF, there was extensive glass fibre failure, with inter-ply carbon failure on the
bottom layer. The carbon fibre layer in HFT, however, was shown to fail by kink band-
ing with extensive delamination between the carbon—carbon and carbon-glass layers.
Figure 19 shows an important failure mechanism with the veil, where the veil maintains
structure without breaking during matrix cracking, thus reducing the area of failure. After
100,000 cycles, kink banding occurred in the second carbon fibre layer due to inter-ply
delamination from the first carbon fibre layer failure. After 100,000 cycles, the glass fibre
began to fail, leading to further reduction in flexural modulus as fibre cracking occurred
and resulting in the carbon fibre layer ply cracking. The ply cracking was not observed in
HFT, which maintained the higher modulus after 100,000 cycles.

Both glass and carbon fibre in hybridisation experienced tension rupturing and com-
pression failure of the carbon. However, HFT was expected to not have failed, due to the
stiffness retention. It is, therefore, theorised that the breaking of carbon occurs in such a way
that a modulus of 23.20 GPa is still achievable, which would suggest a pseudo-ductile effect,
whereby the fragmentation of carbon under compression is fragmented in such a way that
it still maintains structural strength. The HFT samples-maintained loading to 100,000 cycles,
compared with the HF samples, which only lasted 40,000 cycles. This was also shown with
the glass fibre, where the control samples failed before the toughened samples.

The HFT shows the same kink banding formation as the CF and CFT samples within
the carbon layer for HFT, the « angle was 6.9°, and 3 was 83.5°. The kink banding angle
3 was similar to CFRP at the same stress levels; however, the « angle was higher. The
increase in kink band angle was consistent with the CF and GF interface debonding to a
higher degree, due to the change in modulus between CF and GF.

The results gathered from Figure 20 indicate that the difference between 320 and 480 N
loading was minimal. This result is most likely due to glass fibre failure with no carbon
fibre failure at these points, which results in a minimal difference. Although the initial
results of the HFT were lower than the HF for modulus, at 50 and 70% loading, the HFT
results had a lower margin of error. The previous glass and carbon fabrics had the same
drop for 50 and 70% loading, suggesting the veil toughening had a negative, or no, effect
on matrix cracking.
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Figure 19. Cyclic loading of HFRP under 50, 70, and 90% loading in three-point bending for (A) HF
and (B) HFT.
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Figure 20. Cyclic loading of hybrid and veil toughened hybrid with PA 6,6 for 100,000 cycles at 50,

70, and 90% maximum flexural strength. Samples individual loading for HF is 240, 365, and 450 MPA
and HFT loaded at 245, 380, and 450 MPa.

In dynamic testing, there were numerous instances observed of the PA 6,6 nanofibre
bridging cracks as shown in Figure 21. This crack bridging behaviour is the primary
hypothesis for the increase in stiffness retention over the cycles, as the veil physically holds
the matrix together and redirects crack growth.
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Figure 21. PA 6,6 nanofibre crack bridging in HFT and CFT.

At 90% maximum loading, the HFT sample reached 100,000 cycles, in comparison to
the HE, which failed after 40,000 cycles. For all three coupons, the HF samples failed with
an average of 9.49 GPa flexural modulus, with HFT having an average flexural modulus of
23.20 £ 5.13 GPa. Using optical microscopy, the fibre failure leading to stiffness degradation
was shown in both the carbon fibre and glass fibre layers.

3.4. Comparison of Cycles and Flexural Modulus Retention

The importance of the veil in reducing matrix cracking from propagating into delami-
nation failure is shown in Figure 22. The cracking was unchanged with the presence of veil;
although, compared with the control fibre samples, the propagations of these cracks show
that, over time, there was a retention in the modulus.

80

70

Modulus GPa
5 3 3

8

0 200,000 400,000 600,000 800,000 1,000,000
Cycles
——CF —e—CFT —e—GF GFT —e—HF —e—HFT

Figure 22. Number of cycles, compared with the modulus of CFRP, GFRP, and HFRP and their veil
toughened counterparts.



J. Compos. Sci. 2022, 6, 270

19 of 24

Veil toughening in CFT and HFT showed a distinct plateau, with HFT having almost
the same modulus at 1,000,000 cycles as at 100,000 cycles, suggesting that 50% maximum
loading is insufficient for causing fibre failure within carbon fibre plies of the HFT.

In comparison, the HF material catastrophically failed at the fibre interface, causing
carbon fibre cracking, while the HFT maintains modulus. Glass fabric showed the least
improvement to the matrix strain, as the glass fibre was semi-ductile, and the incorporation
of thermoplastic nanofibre had minimal strengthening effect. The HF sample was shown
to have a modulus degradation below that of the glass fibre, suggesting premature catas-
trophic failure. The HFT, in comparison, had 17.83% less modulus after 1 million cycles,
when compared to CFT.

3.5. Rubber Toughening Comparison

This section compares CFRP toughened with a rubber particulate and interlayer veil.
Interlayering and matrix toughening are compared initially in quasi-static three-point bend
testing to gauge modulus and maximum flexural strength.

The failure mechanisms were investigated at a lower loading, as shown in Figure 23.
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-10
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o

Figure 23. Rubber toughened CFRP after 100,000, with 1,000,000 cycles at 470 N flexural modulus
loss graph.

After 1,000,000 cycles, the CF-R was shown to have the same decrease in strain as
at around 100,000 cycles. Additionally, there were decreases in the modulus at around
500,000 cycles, which is thought to be due to fibre failure, where the stress concentration
rests on the second layer of carbon fibre; therefore, the strain returned to a lower state after
a failure.

For 100,000 cycles, the strain wave was shown to decrease with the number of cycles as
the wave progressed towards 100,000 cycles. Therefore, it is thought that the wave patterns
in the strain cycle curve are related to matrix cracking. In the SEM images of the failure area,
however, only minor matrix cracking was observed, suggesting that this failure was a micro
mechanism in the form of inter-ply failure, as with CFT, which is difficult to characterise
from cut-throughs. With Y-direction cut-throughs, however, cracking of the fabric can be
seen in between fibres, suggesting that similarly to CFT, CFR propagates the cracks through
the inter fibre region. It was found that, with less rubber particulate in the interlaminar
region, interlaminar cracking requires less energy to initiate and propagate cracks.

As rubber toughening is a lower-cost alternative to nanofibre, this research project
investigated rubber as a comparison. The inclusion of particulate and nanofibre showed an
increase in strain, compared with CFRP in quasi-static testing. The maximum loading of
toughened structures appeared to increase, although there is statistically little difference
between CF, CF-rubber, and CF veil toughened samples as shown in Figure 24.
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Figure 24. Stress and cycles of CFRP-R at 700 N and comparison to veil and control CFRP microscopy
of failure area.

The amplitude chosen for cyclic loading was 70% of the yield flexural strength; this is
used for veil and rubber toughening, as both of these samples failed with the same yield
strength. The comparable flexural strength and failure mechanism required a cyclic loading
study to find differences in how the failure mechanisms behave in dynamic loading scenarios.

CF-R after 300 cycles drops to a modulus of 40.96 GPa, in comparison to veil toughened
CFRP, where 50.29 GPa was the average after 4000 cycles at the same loading. The rubber
toughened material has low intrinsic stiffness, due to being round, particularly where the
veil electrospinning allows for a higher interconnective matrix, due to being a fibre. The
mechanism by which the rubber stops crack propagation is crack deflection. As shown in
the microscopy, there was no fibre breaking along the coupon; rather, the matrix appeared
to break around cross-stitching, similar to the other samples. Unlike CFT, the rubber
toughening did not show signs of crack bridging or deflection in microscopic analysis.

Both the rubber and veil showed improvements in stiffness retention, in comparison
to the control CF. It is important to note that rubber toughening requires a higher curing
temperature, due to the change in the glass transition temperature; additionally, the rubber
toughening had a lower modulus at 54.52 GPa.

It was noted that the fibre misalignment of the CFRP-R was lower than CF and CFT,
with 4.17° shown below Figure 25. The CFRP-R has significantly more compression on
the cross-stitching, leading to less waviness, with the cross-stitching being compressed to
0.1 mm.

The cross-stitching shown in Figure 25 for CFRP-R is significantly compressed, com-
pared to CF samples. The cross-stitching results in a high elongation of the thermoplastic
cross-stitching material, whilst in CF, oval shapes are produced.
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Figure 25. Microscopy of the (A) CFRP-R and (B) CF samples to determine cross-stitching compression.

4. Conclusions

The control samples that were subjected to higher magnitude loading tended to
catastrophically fail, with 70% amplitude showing over 40% stiffness degradation for CF,
GEF, and HF. The HFT samples subjected to 90% of the maximum loading experienced glass
fibre tension failure, compared to samples at a million cycles with matrix cracking, but no
fibre failure was observed.

Initially, there was a drop in the modulus after 100,000 cycles, compared with the
untoughened sample. This was characterised by the random nanofibre, which had a lower
modulus than the matrix, therefore contributing less stiffness to the overall composite
than the epoxy-based matrix. However, the longitudinal crack reduction resulted in lower
stiffness degradation over 1,000,000 cycles, which is beneficial to composites, with the CFT
sample showing a 66.87% higher modulus than CF.

In carbon fibre samples, the cracks were centred around the cross-stitch. Similarly, in
quasi-static testing, the cross-stitching of the carbon fibre was observed to be the propaga-
tion point of the fatigue failure in both high amplitude and cyclic testing. In comparison
with the glass fibre, cracking of the fibre was observed within the samples subjected to high
cycles. At higher stress loading, the glass fibre was observed to have less stiffness degrada-
tion, as the fibre bundles had more flexural strength, due to size, than the carbon fibre.

In three-point bending under cyclic loading, the toughened composites at 1 and
2 million cycles had longitudinal cracking. In comparison with the control samples, the
longitudinal cracks were trapped between the boundaries of the fibre and nanofibre. The
trapping of the crack propagation resulted in a changing stress concentration, thus stopping
the stress concentrating on the fibres as the matrix fibre bonding still occurred.

Overall, the veil toughening showed an increase in cycles to failure for high amplitude.
The failure mechanisms, however, remained the same for veil toughening. The lack of
change in failure mechanisms suggests that fatigue failure is more gradual, thus promoting
kink band failure, rather than premature buckling. The kink band angle was overall
higher in veil toughened samples, which was a result of the interplay failure caused by
fibre debonding.

Glass fibre showed extensive rupturing on the tension side, rather than the compres-
sion side. On the compression side, there was delamination. The hybridisation of the
two fibres demonstrated that carbon fibre hybrids have a higher fatigue life, and failure
occurred much later in the testing cycles than it did for glass fibre counterparts. Hybridisa-
tion resulted in premature failure of the glass and carbon fibre layers, thus resulting in the
formation of two plateau regions as the strain dropped during bending.
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When testing using millions of cycles, the veil showed higher stiffness retention,
suggesting less matrix cracking. The crack deflection and blunting of veil toughening that
was observed in microscopy was shown to only be effective under 600 MPa, beyond which
the matrix cracking was able to break veil interlayering. The delamination effect between
the veil and fibre interface divides the interlaminar region, which, in longer cycle times,
results in more stiffness retention.
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