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Short fibre and hybrid carbon fibre PEEK composite materials were tested in tension and compression under
quasi-static and high strain rate conditions to observe the strain rate dependence. Multiple temperatures
including room temperature, +85 and —50 °C were used to investigate the temperature dependence of the
materials. The hybrid laminate comprised a consolidated short fibre core reinforced with outer UD plies in the
0° orientation to provide maximum reinforcement whilst minimising the quantity of expensive UD composite
used. Under compression, the beneficial effect of the hybridisation strategy was observed for all high-strain
rate testing conditions, where the hybrid laminate outperformed the response of the individual constituents in
terms of strength and strain rate dependency. The outer unidirectional (UD) layers contributed to confining
the short fibre core, providing superior structural integrity. Under tension, the response was dominated by the
UD layers with a 288% increase in strength at room temperature over the short fibre material. However, in
the high temperature quasi-static case, the strength was dramatically reduced, by 64%, due to the debonding
of the UD reinforcement. This study shows the suitability of hybrid composites for impulsive applications and
provides material parameters for the future design of composite structures subjected to impact events.

1. Introduction that might be subjected to medium strain rates, up to 25 m/s impact
velocities [8].

The dependence of the strain rate on the mechanical properties
of composite materials is directly related to the nature of the ma-
terial and the failure mode. Among the thermoplastic resin systems,
Polyether ether ketone (PEEK) is a semi-crystalline thermoplastic with

high specific mechanical performance and good impact resistance that

The automotive industry requires the development of novel high-
performance low-cost lightweight materials to reduce emissions. Con-
tinuous fibre composite materials are limited to high-cost applications,
so they are not a feasible option in the civil automotive industry.
Furthermore, conventional thermoset composites present recyclability
issues due to the cross-linking in the curing process [1,2], so their
adoption is limited by the end-of-life vehicle regulation [3]. Ther-
moplastic composites offer a fully recyclable solution, however, as
a result of the recycling process, the affordable recycled commer-

might be a suitable candidate for replacing conventional metal compo-
nents [9,10]. The compressive rate dependence of pure PEEK has been
investigated in multiple studies up to 3000 s~! [11-13]. All studies have

cial products consist of short-fibre reinforced composites, with lower
mechanical performance [4,5]. Hybridisation of short fibre compos-
ites with uni-directional (UD) layers have been shown to provide an
effective performance increase under quasi-static loading conditions,
potentially allowing their use in primary structural components [6,7].
The future implementation of these hybrid composites in the auto-
motive industry requires a detailed understanding of their mechanical
response at high strain rates within operating temperatures. This is
crucial to design components such as body panels, and crash structures

* Corresponding author.

shown an increased compressive strength as a result of an increase in
strain rate. All studies show a minimal change in compressive stiffness
with strain rate. These studies have also investigated the temperature
dependence of PEEK under compression [11-13]. A decrease in tem-
perature was shown to produce an increased compressive strength due
to an increased fractured toughness leading to higher energy brittle
fracture [12]. The compressive rate dependence of PEEK short fibre
composite has also been investigated, but the scope of those studies is
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limited to room temperatures. It has been observed a minimal change
in compressive modulus with strain rate, however, compressive yield
strength increased 11% when increasing the strain rate from 800 to
1500 s~! [14].

In tension, studies have shown PEEK has a significant strain rate
dependence, resulting in increased tensile strength for high strain
rates [15,16]. These studies also reviewed the temperature dependence
of PEEK, indicating a larger strain rate dependence at higher temper-
atures, with stiffness and strength being affected. Short carbon fibre
PEEK composites have been shown to exhibit a similar rate dependence
to pure PEEK with an increased stiffness and strength with increased
strain rate [17-19]. At elevated temperatures, an increased strain to
failure has been also reported [19].

On the other hand, UD composites shown no rate dependence in lon-
gitudinal tension, regardless of the resin system employed (e.g., PEEK
or epoxy) [20-22]. A significant tensile temperature dependence has
only been observed for UD composites above the glass transition tem-
perature, however, the temperature dependence below that threshold is
minimal due to the properties being fibre dominated [23]. In compres-
sion, the strain rate dependency of the UD laminates are dominated
by the resin rather than fibre dependent. UD epoxy composites have
shown a significant strain rate dependence in compression with in-
creases in both compressive stiffness and strength observed [24,25],
however, continuous fibre PEEK composites showed a much lower rate
dependence [26].

Although significant work was carried out to investigate the strain
rate and temperature dependence of PEEK resin, there have been
limited studies into the strain rate and temperature dependence of short
fibre PEEK composites. In particular, strain rate dependency at low
temperatures for compressive and tensile response is a current open
research question. Furthermore, to the authors’ knowledge, no work has
been carried out to study the effect of strain rate and temperature on
hybrid composites combining short fibre composite with UD plies. This
work looks at strain rate and temperature dependence on the tensile
and compressive performance of short carbon fibre PEEK composite,
and a hybrid composite produced from UD pre-preg and short carbon
fibre PEEK composite. This work aims to understand if the hybrid
material has the same strain rate and temperature dependence that
would be expected from its constituent elements.

2. Experiments
2.1. Materials and manufacture

The materials selected for this investigation were carbon fibre-
reinforced PEEK thermoplastic composites supplied by Solvay [27].
The first material was a short fibre composite in pellet format with
the brand name Ketaspire KT-880 CF30 with an approximate 30%
volume fraction of fibres with average fibre diameter and length of 8 pm
and 150 pm respectively [7]. The second material was a UD pre-preg
denominated APC-2 IM7 with an approximate 68% volume fraction of
carbon fibres.

The raw materials were processed into panels through compression
moulding using a PEI Lab 450 press with a pressure of 2 MPa [7]. The
hybrid material consisted of a core of short fibre composite embedded
within two outer layers of UD combined in a second compression
moulding step, and final stacking sequence [0/short/0], see Fig. 1.
Pure short fibre composite panels and hybrid composite panels were
produced as 2 mm thickness plates with a void content of 2.46 +
0.33 measured through acid digestion following BS ISO 14127:2008
Procedure A3. The representative volume element of the short fibre
composite has an estimated size of 0.6 mm, 4 times the average fibre
length, according to the criteria suggested in [28,29] for short fibre
composites with similar fibre volume fractions.

Specimens were extracted using a CNC milling machine with a 5 mm
tool. The compressive test samples were machined to a 4 x 4 mm size
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Table 1
Test matrix for quasi-static and high strain rate testing.

Test type Temperature (°C) Strain rate (s™!)
Quasi-static High rate 1 High rate 2
Tensile 23 0.01 460 N/A
85 0.01 460 N/A
-50 0.01 600 1350
Compression 23 0.01 600 1350
85 0.01 600 1350

with a thickness of 2 mm, see Fig. 2(a). Dog bone specimens were
machined for tensile experiments with a gauge length of 10 mm, see
Fig. 2(b). These reduced dimensions have been previously employed
to ensure force equilibrium conditions were achieved under high strain
rates, whilst capturing the representative volume element [30,31]. The
same sample geometries were used for quasi-static and dynamic testing
to ensure that any differences observed were solely due to the strain
rate, and not changes in stress concentration within the sample.

2.2. Mechanical testing

The testing matrix includes up to three strain rates and three
temperatures, see Table 1. A total of 47 tensile and 80 compressive
valid experiments were conducted. The methodology for quasi-static
and dynamic testing is described in the following sections.

2.2.1. Quasi-static characterisation

A screw-driven Zwick Z250 universal test machine was used for
quasi-static tensile and compressive testing. A constant loading rate
of 0.1 and 0.04 mm/min was used for tensile and compressive tests
respectively, producing a strain rate of approximately 0.01 s~!. An en-
vironmental chamber was employed to oven-heat the specimen or cool
it down with liquid nitrogen, resulting in temperatures of +85 and —
50 °C, set by conventional automotive requirements [32]. A Eurotherm
3508 controller was used with a type K thermocouple to control the
temperature. A JAI BM-500GE camera (resolution 2058 x 2456 pixels)
at a frame rate of 1 fps was used to record the tests. 2D-Digital Image
Correlation (DIC) analysis software VIC-2D 6 was utilised to monitor
the deformation with white paint speckling applied to the samples. DIC
was only used for room temperature and high temperature testing as
the liquid nitrogen cloud reduced image quality for the low temper-
ature tests. Strain data for low temperatures was obtained through
calibration of the cross-head displacement, which involved loading the
test machine to 2.5 kN without a sample, allowing the fixture stiffness
to be accounting for in calculation of strain. This method does not take
into account non-linearity in strain beyond that load and can induce
error above the calibration force. Hence, considering the limitations,
the discussion of our study was focused on composite strengths, which
do not require strain data. Post-mortem specimens were inspected
using a TM4000Plus Scanning Electron Microscope (SEM) with a 15 kV
accelerating voltage and a working distance of approximately 10 mm.

2.2.2. Dynamic characterisation

Dynamic testing was carried out using two different Split Hopkinson
Bar apparatuses. The Split Hopkinson Pressure Bar (SHPB) utilised for
the compression experiments included a striker, input and output bars
produced from Ti-6Al-4V, 2.8 m long and 16 mm in diameter. Both
bars were supported by low-friction nylon bearings in order to min-
imise friction, sagging, and lateral movement, as well as ensuring the
alignment of the input and output bars. The compressive samples were
mounted between flat bar ends with a small amount of silicon grease
used to secure the samples. A cardboard pulse shaper mounted at the
interface between the striker and the input bar was used to control the
rise time of the stress wave. Two different strain rates were imposed,
600 and 1350 s~'. A Eurotherm 3508 controller was used with a type
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Fig. 1. Manufacturing of the hybrid panels by a 2-step compression moulding process.
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Fig. 2. (a) Compression and (b) tensile test specimen dimensions.

Fig. 3. Environmental chamber installed over the SHPB.

K thermocouple to monitor the temperature. Sub-ambient temperatures
were obtained by connecting a liquid nitrogen dewar to the inlet of the
thermal unit while high temperatures were achieved through an oven.
The sample enclosure included heated windows to stop condensation
forming and record the sample during deformation and failure, see
Fig. 3. The input and output bars entered the environmental chamber
through metal tubes with glass fibre wadding used to insulate the
chamber whilst minimising the friction on the bars.

The dynamic tensile testing was carried out using a Long Tensile
Split Hopkinson Bar designed by Gerlach et al. [33]. The input and
output bars produced from Ti-6Al-4V were 2.6 m in length and 16 mm

Fig. 4. Aluminium clamps used for testing of the hybrid composite in tension.

in diameter, with the U shaped striker 2.6 m in length with a section
diameter of 35 mm. A cardboard pulse shaper was used to trim the
stress wave. The short fibre tensile specimens were bonded to metallic
end caps with epoxy adhesive according to the procedure in [31]. The
hybrid tensile samples were clamped using custom impedance matched
clamps manufactured from Al6061 with 8 bolts used to hold the sample
between 2 metal surfaces, as shown in Fig. 4. The environmental
chamber used during the compressive testing was also used in tension.
Strain rates of up to 460 s~ were achieved.

The SHPBs were instrumented with two and one strain gauges in the
input and output bars respectively. All strain measurement locations
were setup in a modified half bridge configuration. Amplifiers were
used to accurately record the signal on the order of millivolts. All the
signals were registered through a high frequency oscilloscope and were
post processed using a Matlab script using the method of characteristics
and D’Alambert’s solution of wave equations [34]. A Specialised Imag-
ing Kirana 05M high-speed camera was use to record the deformation
and fracture mechanisms. The camera had a resolution of 924 x 768
pixels and a sampling frequency of 300,000 to 500,000 s~! depending
on the time duration of the experiment. Samples were speckled and
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registered by DIC.

2D-DIC analysis software VIC-2D 6 was utilised to monitored the strain
field for all high rate tests, since this experimental setup did not present
the visibility limitations encountered during quasi-static testing [35].

The dynamic force equilibrium was analysed to validate the dy-
namic experiments. Fig. 5 plots the forces in the input and output bars
against time for the short fibre and hybrid composites tested under
compression at 1350 s~'. In both cases, the force equilibrium was
achieved after approximately 0.015 ms.

In tension, dynamic force equilibrium for strain rates of 460 s~! was
achieved at a later stage of the experiment, from 0.03 to 0.04 ms for the
short fibre composite, and from 0.1 to 0.2 ms for the hybrid laminate,
see Fig. 6(a) and (c). This was a consequence of the larger distance
between bar ends to accommodate the specimen and the clamping
system. Dynamic force equilibrium was confirmed with the DIC strain
measurements. Fig. 6(b) and (d) compare the local strain in the gauge
length measured at locations at the input and output ends of the sample.

3. Results and discussion
3.1. Compressive response
Fig. 7 compares the stress-strain response of the short fibre and

hybrid materials for quasi-static and high strain rates. A perceptible
strain rate dependency was found for both configurations, resulting in

large increments of stiffness and strength, and a reduction in ductility.
These results are in agreement with the strain rate dependency of the
PEEK resin [36,37], and with the reported strain dependency of short
fibre composites [17]. In quasi-static testing, the short fibre composite
presented an initial elastic regime followed by a non-linear elastic
response until reaching a peak stress at a strain of 5.5%. After this
point, a characteristic shear crack propagates, splitting the sample into
two bodies. At dynamic strain rates, the development of the shear crack
resulted in catastrophic failure.

The behaviour of the hybrid material was very similar to the short
fibre material due to the response being matrix dominated, see Fig. 7,
however, the UD layers contributed to increasing the stiffness and the
strength at the dynamic regime with respect to the short fibre material,
likely due to their role in constraining the short fibre core.

Fig. 8 plots the compressive strength as a function of the strain rate
of the short fibre composite and the hybrid laminate up to strain rates
of 1350 s~!. An exponential increase in the strength with the strain rate
was registered, according to the expression:

6 =oy(1+ VKé) @

where ¢, is the strength of material under quasi-static testing and K is
the fitting parameter to predict the rate dependence [38]. The use of
Eq. (1) allows comparison of the strain rate sensitivity of compression
and tensile experiments. For the short fibre material the value of K
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Fig. 7. Comparison of compressive stress—strain response under quasi-static and dynamic loading for the short fibre composite (left) and hybrid composite (right).
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Fig. 8. Rate dependence on compressive strength at room temperature for the short fibre composite (left) and hybrid composite (right).

was 2.21 x 10™* s and for the hybrid material K was 2.63 x 10~* s
indicating the hybrid was more rate dependent than the short fibre
material due to the UD layers constraining the short fibre core under
compressive loads. In particular, increases in compressive strength of
45.3% and 55% were observed for the short fibre composite and the
hybrid laminate respectively at 1350 s~! compared to the quasi-static
values.

The temperature dependence of both composites is shown in Fig. 9.
The short fibre composite presented different trends as a function of
the strain rate. Under the quasi-static regime, the short fibre material
showed a clear temperature dependence with a reduction in strength
as temperature increased due to the softening of the PEEK matrix,
in agreement with the literature [39,40]. As per SEM observations, a
different failure mode was triggered for each temperature, see Fig. 10,
main failure mechanisms are highlighted with red arrows. At low
temperatures, the material exhibited unstable fibre matrix debonding
due to the brittle response of the matrix, in agreement with the previous
observations [41,42]. The embrittlement of the resin also led to a
higher experimental scattering. The matrix progressively increased the
ductility at higher temperatures, suppressing fibre matrix debonding
in favour of plastic deformation and final shear failure of the matrix,
leading to a stable crack propagation process.

However, at the higher strain rate, the temperature dependence of
the short fibre composite was minimal due to a significantly faster
fracture resulting in minimal time for matrix cracking to occur before
fibre matrix de-bonding. Similarities between the failure modes of
composites subjected to low temperatures or high strain rates have been
reported in other polymers [43].

Fig. 9 shows the temperature dependence of the hybrid material.
Results agree with the short fibre composite where an increased tem-
perature results in a reduced compressive strength due to increased
ductility of the resin. It is noted that the variability in strength increased
when comparing to the short fibre material. This is due to the difficulty

in creating a flat loading surface with such a small sample resulting in
different loading paths through the UD and short fibre layers and there-
fore variability in strength. At the higher strain rate the hybrid material
showed the same trend with temperature as in the quasi-static tests due
to the UD layers constraining the material and therefore limiting the
speed to fracture allowing time for matrix ductility before failure. The
hybrid material showed similar strength to the short fibre material in
all test conditions confirming the failure as matrix dominated.

Fig. 10(b) shows the failure mechanism of the short fibre composite
at room temperature. The composite fails through matrix shearing with
plastic deformation clearly observed in the matrix. Fig. 10(c) shows
the same failure mechanism as observed at room temperature, matrix
shear, for the samples tested at +85 °C, however, an increased level
of plastic deformation was observed as PEEK softens with tempera-
ture increases including below the glass transition temperature [40].
Fig. 10(a) shows the failure surface tested at —50 °C. The SEM images
show brittle failure of the matrix material as previously observed in
impact testing at low temperatures [42,44].

SEM images were also used to observe the fracture surfaces of the
hybrid composite with a focus on the failure of the UD component
of the composite, see Fig. 11. All hybrid materials showed failure in
the UD component through fibre breakage. The temperature depen-
dence was not observed in the UD fracture indicating the temperature
dependence is a result of the short fibre core, not the UD outer skins.

3.2. Tensile stress—strain response

Fig. 12 compares the stress—strain response of the short fibre and
hybrid composites for quasi-static and high strain rates. Due to a delay
in obtaining dynamic equilibrium, only partial stress—strain curves are
plotted for the high strain rate. A significant strain rate dependency
was found for the short fibre material, resulting in large increments
of stiffness and strength, and a small reduction in ductility. These
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Fig. 9. Temperature dependence on compressive strength as a function of the strain rate for the short fibre composite (left) and hybrid composite (right).
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Fig. 10. SEM images of the fracture surfaces of the short fibre composite subjected to quasi-static compression at different temperatures.

results are in agreement with previous studies in literature [17-19].
The hybrid showed lower rate dependence in agreement with studies
looking at rate dependence of UD composites [20]. The short fibre
composite presented an initial elastic regime followed by a non-linear
elastic response until reaching a peak stress at a strain of 1.6%. After
this point, brittle failure occurs resulting in an immediate drop in stress.
The behaviour of the hybrid was significantly different to the short
fibre material due to the response being dominated by the UD fibres,
see Fig. 12. The hybrid laminate shows a larger linear elastic region
with minimal softening before brittle failure of the UD layers occurs.
Fig. 13 plots the tensile strength as a function of the strain rate of
the short fibre and the hybrid composites up to strain rates of 460
s7l. As previously observed in compression, exponential fitting was
performed to predict the rate dependence [38]. Materials both showed
high variability at the high strain rate as testing with a split Hopkinson

bar produced a range of strain rates and therefore an increased vari-
ability in properties. According to Eq. (1), for the short fibre material,
the value of K was 8.01 x 107 s, significantly higher than observed
in compression. In particular, an increase in tensile strength of 61.3%
was observed for the short fibre composite at 460 s~' with respect
to the quasi-static values. The hybrid laminate showed no strain rate
dependence. This further indicates the failure of the hybrid laminate
was dominated by the UD layers, which did not show a strain rate
dependency in previous studies [20-22].

The temperature dependence of both composites is shown in Fig. 14.
The short fibre composite did not show statistically significant differ-
ences in strength in the range of temperatures tested despite exhibiting
different failure modes, as per SEM observations, see Fig. 15. However,
a reduction in variability was observed at the higher temperature due
to the increased matrix ductility improving the defect tolerance of the
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Fig. 15. SEM images of short fibre composite failure surface through quasi-static (left) and high rate (right) tension at room temperature (top) and +85 °C (bottom).

material. At quasi-static strain rate, the failure of the composite was
driven by fibre-matrix debonding and pull-out, meanwhile, at high
strain rate, matrix cracking was the predominant failure mode. No
apparent influence of plastic deformation at elevated temperatures was
observed, probably due to the predominance of the brittle failure modes
at the quasi-static regime, and the faster fracture phenomena at the
dynamic regime.

Fig. 14 shows the temperature dependence of the hybrid laminate.
Results differ for the short fibre material with a much greater change in
strength with increased temperature. Results during quasi-static testing
showed a large drop in tensile strength at a higher temperature when
compared to those tested at room temperature. This was due to the
increased plasticity of the matrix allowing de-bonding between the
short fibre and UD layers, severely reducing the load carrying capability
of the UD layers, and exhibiting similar strength to the short fibre

composite baseline. At the higher strain rate, a negligible temperature
dependence was observed due to the higher rate not allowing time
for de-bonding of the UD and short fibre layers. A similar effect was
observed by Kok et al. where tape debonding occurred in quasi-static
testing but did not occur at high strain rate due to reduced failure
time [45].

Fig. 15 shows SEM images were taken of all test configurations
for the short fibre material. The top left of Fig. 15 shows the fracture
surface of a sample tested at room temperature under quasi-static con-
ditions. The main failure mechanism was fibre pull-out with minimal
plastic deformation observed in the resin material. The bottom left
of Fig. 15 shows the quasi-static fracture surface tested at +85 °C.
The matrix surrounding the fibres shows increased plastic deformation
indicating an increase matrix ductility as a result of temperature. The
high strain rate fracture surface shown on the right of Fig. 15 shows a
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reduced plastic deformation in the matrix indicating a more brittle fail-
ure. Comparing the high strain rate room temperature to the high strain
rate at +85 °C, the increased plastic deformation was not observed
at the higher temperature due to reduced time for matrix cracking to
occur. Similar observations were obtained for the hybrid laminate, with
the UD layers failing through fibre breakage in all test conditions and
as a result showing no rate dependent changes in fracture surface.

4. Conclusions

Strain rate and temperature dependence were investigated for short
fibre and hybrid composites manufactured through compression mould-
ing. In compression, both materials showed a clear strain rate depen-
dence with an increased strain rate leading to an increased compressive
strength due to reduced fracture time allowing for less matrix cracking
before failure through matrix shearing. The short fibre material showed
a significant temperature dependence in compression, with increased
matrix ductility with temperature, resulting in reduced compressive
strength. A reduction in temperature showed the opposite effect with
brittle failure in the matrix resulting in an increase in strength. The
hybrid material showed similar behaviour to the short fibre material
in compressive testing with no relative performance increase resulting
from the UD fibre in the hybrid material.

In tensile testing, the short fibre material showed a similar trend to
the compressive tests with increased strength at high strain rates. This
was due to the high strain rate resulting in a faster fracture allowing a
reduced time for matrix cracking before ultimate failure through fibre
pull-out. The hybrid material showed a minimal strain rate dependence
at room temperature due to the strain rate insensitive UD fibre dom-
inating the failure. At high temperatures, the hybrid showed similar
performance at high rates, however, in quasi-static testing the strength
was dramatically reduced due to the long test duration allowing for
plasticity between the UD and short fibre layers resulting in reduced
load carrying capability of the UD fibres.

The beneficial effect of the hybridisation strategy was observed
for all high-strain rate testing conditions, where the hybrid laminate
outperformed the response of the individual constituents in terms of
strength and strain rate dependency. The UD layers contributed to
confining the short fibre composite, providing additional structural
integrity under compressive loading. This study shows the suitability of
this material for impulsive dynamic applications, and provides material
data and parameters for the future design of composite structures
subjected to impact events.
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