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Abstract: Designing thermoplastic composites for particular uses requires understanding
their dynamic mechanical behaviour, which affects how well they operate in practical
settings. The Split Hopkinson pressure bar (SHPB) test allows for evaluating these materi-
als’ responses to high strain rates. In this study, an in-situ laser-assisted fibre placement
(LAFP) machine has been utilised to produce laminate composites with varied designs,
i.e., different angles of layers [0/45/–45/90]4s, using three types of thermoplastic tapes
(UD-CF/PPS, UD-CF/PEEK, and UD-CF/PEKK). Using a servo-hydraulic testing machine
and SHPB apparatus, we have examined the dynamic compressive behaviour of thermo-
plastic laminate composites with various matrices (PPS, PEEK, and PEKK) in in-plane
directions and at strain rates of approx. 0.001, 0.1, 10, 800, 1800/s. Experimental results
indicate that the type of thermoplastic matrix and strain rate significantly affect how the
laminate composites behave. The in-plane compressive strength and modulus increase
approximately linearly with the strain rate. According to the fracture of morphological
pictures, the main failure mechanism of all three types of specimens is shear failure under
in-plane compression loads, which is followed by delamination and burst.

Keywords: high strain rate; compression properties; PEEK; PEKK; PPS; SHPB test

1. Introduction
The strain rate can influence the stress–strain behaviour of FRP composite materials.

Typically, the stiffness and strength increase with increasing applied strain rate. The
anisotropic behaviour of FRP composite materials requires more tasks to measure all
material parameters at high strain rates [1,2]. Standard test machines use strain rates up
to 0.1/s, the process is considered isothermal, and inertia forces can be ignored. Above
0.1/s, inertial force must be considered in the experimental setup and the test, and for this,
specialised equipment is used.
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The SHPB is the preferred method from 200/s and up to 104/s, depending on the
test material [3]. A list of test methods sorted by test type is given in Table 1. Reviews
of FRP material testing at a high strain rate showed that the SHSB and the high-speed
servo-hydraulic test machine were the preferred methods for testing FRP composite ma-
terials [4–6]. Combining these methods covers a strain rate regime from 0.1 to more than
1000/s. Further, these are also the standardised methods for testing metallic materials [7–9].
The car industry has mainly driven the standardisation of high-strain rate testing of metallic
materials in the high-speed servo-hydraulic test machine [7,10–14].

Table 1. Strain rate and different testing techniques adopted from [1].

Applicable Strain Rate, /s Testing Technique

Compression tests

<0.1 Conventional load frames
0.1–500 High-speed servo-hydraulic test machine
0.1–500 Cam plastometer
200–104 Split Hopkinson PressureBar
103–105 Taylor impact test

Tension test data

<0.1 Conventional load frames
0.1–500 High-speed servo-hydraulic test machine

200–5 × 103 Split Hopkinson Tension Bar
104 Expanding ring

>105 Flyer plate

Shear and multi-axial tests

<0.1 Conventional load frames
0.1–500 High-speed servo-hydraulic test machine
10–103 Torsional impact

100–104 Split Hopkinson PressureBar (Shear/Torsion)
103–104 Double-notch shear and punch
104–107 Pressure-shear plate impact

Among the several techniques to achieve high strain rates for tests, the split-Hopkinson
pressure bar testing is often used for composite materials [15–27], where both the specimen
stress-time and the specimen strain-time response are calculated from the strain waves
measured on the bars. Additionally, high-speed camera technology with high resolution
allows the application of optical and contactless strain field measurement techniques, such
as digital image correlation (DIC), to obtain accurate data reduction possibilities and more
information on the distribution of strain over the specimen surface, which will be later
employed in the dynamic material characterisation [11,28–30].

Comparing the obtained values for the mechanical properties calculated under the
quasi-static and dynamic regimes, it is found that the PPS/Carbon Fibre Composite [31]
exhibits a strain rate-insensitive mechanical behaviour concerning the strain rates applied.
At the same time, the PPS/Glass Fibre Composite is strain rate dependent, which means
enhancement of mechanical properties when the strain rate increases. Compressive strength
increases by 38%, failure strain increases by 21%, and Young’s modulus increases by 23%.

This work focused on establishing robust experimental test methods with the high-
speed servo-hydraulic test machine and the SHPB test rig used in compression. A high-
speed servo-hydraulic test machine is used in material testing, structural testing, and
component analysis. It combines a servo-controlled hydraulic system with a high-speed
response to simulate dynamic loading conditions such as impacts, vibrations, and rapid
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stress changes. These machines test the performance of materials, components, and struc-
tures under high-speed, dynamic, or fatigue loading conditions. The specimen is deformed
in either tension or compression by moving the piston rod [1,32]. The SHPB is based
on techniques developed by Bertram Hopkinson in 1914 to study wave propagation in
long elastic bars [1,32]. The method was later used by Davis and Hunter [33] and Kolsky
et al. [34] to create the SHPB. The SHPB relies on a single elastic wave to load the specimen
and avoids the oscillations in load measurements from the high-speed servo-hydraulic test
machine. The original SHPB was designed for compression testing but was later extended
to tension, torsion, multi-axial, and three-point bending tests.

The compressive rate and temperature dependence were investigated for short-fibre
and hybrid carbon fibre PEEK composite materials manufactured through compression
moulding [35–37]. In the study [37], both materials showed a clear strain rate dependence,
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.
In the high-temperature quasi-static case, the strength was dramatically reduced by 64%
due to the debonding of the UD reinforcement. The 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 [37]. A dynamic tensile experi-
ment was performed on a rectangular specimen of non-crimp fabric (NCF) thermoplastic
composite T700 carbon/polyamide 6.6 specimens using a split Hopkinson pressure (Kol-
sky) bar (HPB). Tests were with 700, 1400, and 2100/s strain rates, and the tensile strength
increases were 3.5, 24.2, and 45.1%, respectively, with strain rate [38]. References [39–43]
present an experimental study of the effect of strain rate on the compressive properties
of neat resin and the matrix-dominated tensile, compressive, and shear properties of a
carbon-fibre-reinforced thermoplastic composite. Experiments were performed using a
dynamic mechanical analysis at different frequencies to measure the strain-rate-dependent
elastic properties of the polymer. The results show that strength and toughness decrease
with increased strain rate.

The SHPB test is an excellent tool for evaluating the dynamic behaviour of com-
posite materials, including thermoplastic polymers like Polyphenylene Sulfide (PPS),
Polyetheretherketone (PEEK), and Polyetherketoneketone (PEKK). These materials are
used in various applications, especially in industries that require high-performance materi-
als capable of withstanding dynamic and high-strain rate conditions, such as aerospace,
automotive, and biomedical industries. When used for composite materials, SHPB tests can
provide valuable insights into their dynamic mechanical properties—such as stress–strain
behaviour, failure modes, and strain rate sensitivity—under conditions similar to real-world
dynamic loading scenarios. The dynamic response of composite materials is often more
complex than that of pure polymers or metals, as they involve interactions between the
matrix material and the reinforcement (e.g., fibres or particles).

In this paper, the evolution of the dynamic properties of LATP thermoplastic com-
posites with strain rate is investigated. The effects of strain rate on the in-plane dynamic
mechanical properties and failure mechanisms of thermoplastic composites are studied.
High-strain-rate in-plane compression tests for three kinds of matrix composites (CF/PEEK,
CF/PPS and CF/PEKK) were conducted over a wide range of strain rates (0.001–1800/s).
This study is helpful in comprehensively understanding the dynamic mechanical prop-
erties of the thermoplastic matrix at LATP thermoplastic composites and guiding their
engineering application.

In in-plane compression, the compressive forces are applied parallel to the plane of
the laminate, which generally assesses how the material responds to forces acting along the
laminate’s length or width. This test is valuable for components subjected to compressive
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forces along the plane of the laminate (e.g., fuselage or wing structures in aerospace). It is
commonly used in designing parts that face continuous compressive loads in the plane,
like beams or panels. In-plane compression tests are better suited for applications where
continuous compressive forces are present in the plane of the laminate. The findings
from this research are particularly relevant for applications in aerospace, automotive, and
military industries where materials must endure high-impact forces.

2. Materials and Methods
2.1. Materials of Specimens

This work examined composite laminates made from CF/PEEK UD prepreg,
CF/PEKK UD prepreg, and CF/PPS UD prepreg supplied by Suprem Company. The
same type of carbon fibre (CF-AS4) was utilised in all three prepregs, but they have dif-
ferent matrices (PEEK, PEKK, and PPS). These UD prepregs have the same fibre weight
percentage of 66 wt.%, have the same PAW 220 g/m2 and have the same thickness of
0.14 mm, but Table 2 provides an overview of the different characteristics of these UD
prepregs. The 12′′ UD prepreg tapes were cut to 1/4′′ (6.35 mm) in width using a slitting
machine. After that, they were positioned using the robotic arm and the LAFP method.

Table 2. Different characteristics of UD prepregs.

Materials CF/PEKK UD
Prepreg

CF/PEEK UD
Prepreg

CF/PPS UD
Prepreg

Matrix glass transition
temperature (Tg), ◦C 160 143 85

Matrix melting
temperature (Tm), ◦C 360 345 285

2.2. Manufacturing of Specimens

The LAFP process is an automated composite manufacturing technique often quoted
for its potential ability to produce composite parts with an in-situ consolidation, which
avoids an expensive time and energy-consuming step of post-consolidation [44–56]. How-
ever, to be competitive in this process, the quality of the fabricated parts needs to be
ensured [44–46,50–56]. The laminate specimens for the experimental testing were created
using the quasi-isotropic lay-up sequence [0/45/–45/90]4s and in-situ LAFP installation
technology. The laminate specimens were made at the Institute of Advanced Composite
Materials (IACR) in Prilep, North Macedonia. Figure 1 shows a schematic illustration of
the manufacturing process. The LAFP process involved pulling thermoplastic prepreg
tape from a spool via the feed and guide assembly. The tape was heated using a 3 kW
laser heat source and an LDF series diode laser system (optic lens 33 × 43 mm and focal
distance 200 mm) on its route to the consolidation roller. The tape was then placed on the
mandrel/tool and consolidated with a roller with an outside diameter of 60 mm and four
spools (4 × 6.35 mm). The LAFP technique laid up 32 layers of unidirectional prepregs,
which were cured using the approved process conditions. Lay up speed (7–10 m/min),
laser angle (15.8◦) and consolidation pressure (400–500 N). Figure 2 shows a representation
of the created laminate plate and the prepared samples for testing.
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Figure 1. Scheme for the LAFP process [44].

Figure 2. (a) Laminate plate; (b) specimens.

The thickness of cross-ply composite laminates is 4.5 mm, and these laminates have a
void content (<3%) according to standard ASTM D2734 [57] and low moisture absorption
according to standard ASTM D5229 [58].

To perform high-strain-rate compression testing, laminate specimens of 10 mm (length)
× 10 mm (width) × 4.5 mm (thickness) were cut from laminate plates with a diamond
saw. The specimen’s faces were polished to ensure parallel loading edges. To eliminate size
effects on the impact testing, the specimens in all tests were the same size.

Figure 3 shows the specimens prepared for the in-plane compression test and the
loading directions. Table 3 shows the assignation of the specimens and the related strain
rates used in our investigations for each strain rate after three repetitions. A total of
45 specimens were tested for all five speeds and all three matrices and repeated three times.

     
(a)  (b)  (c) 

Figure 3. Macrostructure morphologies of a composite at different strain rates in compression
(a) before in-plane loading, (b) a11 after 0.1/s, (c) a31 after 800/s.
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Table 3. The composite specimens of all composites are assigned an in-plane direction at different
strain rates.

Specimens Thermoplastic
Resin

Velocity
mm/s Strain Rates (/s)

a01, a02, a03 0.01 0.001
a11, a12, a13 1 0.1
a21, a22, a23 PEEK 100 10
a31, a32, a33 8000 800
a41, a42, a43 18,000 1800

b01, b02, b03 0.01 0.001
b11, b12, b13 1 0.1
b21, b22, b23 PPS 100 10
b31, b32, b33 8000 800
b41, b42, b43 18,000 1800

c01, c02, c03 0.01 0.001
c11, c12, c13 1 0.1
c21, c22, c23 PEKK 100 10
c31, c32, c33 8000 800
c41, c42, c43 18,000 1800

2.3. Machine for Testing

FRP composite materials are highly orthotropic, which complicates the specimen
design, so the standards for metallic materials cannot be used as direct guidelines for
designed high-strain rate testing of FRP composite materials, and modification has to
be applied. The servo-hydraulic testing machine and SHSB were provided by HopLab
Laboratory of Joint Research Centre—Ispra, Italy, as shown in Figure 4.

     

(a)  (b)  (c) 

Figure 4. (a) Servo-hydraulic testing machine for test specimens at velocity 0.01, 1, 100 mm/s,
(b) compression SHPB apparatus and (c) specimen assembly scheme.

The experiments were conducted at high strain rates representing dynamic loading
conditions. These are typically much higher than the strain rates encountered in normal
service conditions. The goal is to understand how the composite behaves under rapid
deformation, such as during an impact event.

2.3.1. Servo-Hydraulic Testing Machine

Using a servo-hydraulic testing machine to characterise the mechanical properties of
PEEK, PPS, and PEKK composites under static and quasi-static loading conditions provides
a comprehensive understanding of their strength, stiffness, failure modes, and fatigue
behaviour. The precision and versatility of servo-hydraulic testing machines enable the
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testing of these advanced materials under various mechanical conditions, helping optimise
designs for reliability, durability, and performance. In this work, for small velocity (0.01,
1, 100 mm/s), a servo-hydraulic testing machine was used with a max load of 200 kN,
max velocity of 200 mm/s, strain-gauge load cell, tempo sonics displacement sensors, and
control system Elsa REC (Figure 4a).

For velocities 0.01 and 1 mm/s, PCO edge 5.5 camera and Veritas Constellation
120 lamps were used. For velocity V 100 mm/s, the following were used: NI USB-6366 ac-
quisition board, ultra-high speed laser displacement sensors Keyence LK-G5000 and sensor
head LK-H157, piezoelectric load cell Kistler 9106A, Charge amplifier Kistler 5015, High-
speed camera IDT OS8-S3 and Veritas Constellation 120 lamps from Keyence Corporation
of America (Itasca, IL, USA).

2.3.2. SHPB for High Strain Rate Testing

The SHPB is a widely used experimental setup for investigating the dynamic response
of materials to high strain rates. It is especially useful for studying the mechanical behaviour
of materials under conditions of high strain rate, such as those encountered in impact,
crash, and blast events. The apparatus is named after its inventors, Bertram Hopkinson and
John Hopkinson, who developed the basic concepts in the early 20th century [59–63]. The
SHPB apparatus is based on the principle of stress waves propagating through a material.
The specimen is placed between the ends of two straight bars, the incident bar and the
transmitted bar. A stress wave is created at the end of the incident bar, propagating through
the bar toward the specimen.

The SHPB setup uses strain gauges or other sensors on both the incident and trans-
mission bars to measure the strain waves generated by the impact. These signals are
processed to determine the stress–strain response of the material under high strain rates. In
these tests from this work, the dynamic compression tests for velocities 8000 mm/s and
18,000 mm/s were performed with the SHPB (as shown in Figure 4b,c) apparatus with
maraging 300 bars Ø 25mm (striker 2 m, input bar 2 m and output bar 4 m), Ohmic and
semiconductor strain-gages, strain gage amplifier EFS SGA02 high-speed (cut-off frequency
of 500 kHz) and fast transient recorder GAGE CSE8482-H2 (sample-rate 10 MHz). The
specimen was sandwiched between the incident bar and the transmission bar.

3. Results
3.1. Compression Tests
3.1.1. Compressive Testing by Servo-Hydraulic Testing Machine

The samples were tested at various strain rates of loading, ranging from low to high,
with the impact velocity changing. The strain rates 0.001/s, 0.1/s, and 10/s are crucial
because they measure the speed at which the laminate is compressed during testing. Strain
rate plays a significant role in how materials behave under stress. A low strain rate (0.001/s)
means the material is compressed slowly, while a high strain rate (10/s) is compressed
quickly. This could reveal how different composites handle varying stress over time,
mimicking real-life conditions involving different loading speeds (e.g., fast crashes and
slow compression in a controlled environment).

Figure 5 illustrates the representative curves of only one of the three repeat samples
used for each polymer matrix in the laminate at different strain rates given by the servo-
hydraulic testing machine. The composite samples with different polymer matrices (PPS,
PEEK, and PEKK) behave differently when subjected to various strain rates. However,
Figure 6 shows the average values in compressive strength/modulus and standard de-
viation from the three repeated tests for each laminate sample with different polymer
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matrices (PEEK, PPS, PEKK) and with different strain rates (0.001/s; 0.1/s; 10/s) from the
servo-hydraulic machine.
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Figure 5. Representative stress–strain curves of samples in the in-plane direction at the strain
rates (1) 0.001/s, (2) 0.1/s, and (3) 10/s for (a) CF/PEEK specimens, (b) CF/PPS specimens and
(c) CF/PEKK specimens.
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Figure 6. Analysis of average compressive strength (a) and modulus (b) vs. strain rates (0.001, 0.1,
10/s) of CF/PEEK, CF/PPS and CF/PEKK composite samples from servo-hydraulic testing machine.

3.1.2. SHPB Apertures for High Strain Rate Testing (800/s and 1800/s)

The compressive samples were mounted between flat bar ends, and a small amount
of silicon grease was 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, 800 and 1800/s.

Figure 7 illustrates only one of the three specimens used for each polymer matrix in the
laminate at different strain rates. However, Figure 8 presents the results of the compression
strength/modulus and standard deviation from the three repeated tests for each laminate
sample with different polymer matrices (PEEK, PPS, PEKK) and with different strain rates
(800/s; 1800/s) from SHPB apertures.

(a) 

0

100

200

300

400

500

0.00 0.05 0.10 0.15 0.20

C
o
m
p
re
ss
io
n
 s
tr
es
s
M
P
a

Strain

CF/PEEK specimen

(4) Strain rate 800/s

(5) Strain rate 1800/s

Figure 7. Cont.
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Figure 7. Representative stress–strain curves of specimens in in-plane direction at the strain
rates ($) 800/s and (5) 1800/s for (a) CF/PEEK specimens, (b) CF/PPS specimens and
(c) CF/PEKK specimens.
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Figure 8. Analysis of average compressive strength (a) and modulus (b) vs. strain rates (800/s and
1800/s) of CF/PEEK, CF/PPS and CF/PEKK composite samples from SHPB apertures.
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4. Discussion
4.1. Influence of All Strain Rates on Composite Samples

In order to see the influence of all strain rates and composite samples tested in this
paper, due to the significant difference in strain rates from 0.001/s to 1800/s, the strain
rates are processed in logarithms, and the diagrams are given in Figures 9 and 10.
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Figure 9. Compression strength vs strain rates of the CF/PEEK, CF/PPS and CF/PEKK
composite samples.
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Figure 10. Compression modulus vs strain rates of the CF/PEEK, CF/PPS and CF/PEKK
composite samples.

Figure 9 compares the impact of different polymer matrices on the average compres-
sion strength of the laminate samples across varying strain rates. It suggests that the type of
polymer matrix used in the composite laminates plays a significant role in how the material
behaves under different strain rates.

Figure 9 shows that the composite sample with PPS shows the lowest compression
strength, meaning it deforms easily under slow compression. This could suggest that PPS
is less rigid or less deformation-resistant than PEEK and PEKK. The composite sample with
PPS has the lowest compression resistance even at higher strain rates, suggesting it does
not gain significant strength when compressed quickly. This could be due to the polymer’s
molecular structure or how it interacts with the reinforcement fibres in the composite.

The PPS-based composite laminates have the lowest compression value for speeds up
to 20 mm/s (first crossing—strain rate 2/s), followed by PEEK-based composites, while
PEKK-based composites have the highest value. This might be due to PEKK’s higher
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molecular weight and crystalline structure, making it more resistant to deformation under
low-speed compression. At strain rates above 2/s, the performance of PEKK composites
starts to decline compared to PEEK. This suggests that, while PEKK performs well at
lower strain rates, its resistance to high-speed compression is less robust than PEEK, likely
due to differences in polymer properties like molecular flexibility and thermal stability.
The composite laminates with a PEEK matrix have the highest value at a greater strain
rate of 2/s–500/s (second crossing 500/s), while the samples with a PPS matrix have
the lowest value once more. At strain rate over 2/s, PEEK laminates continue to offer
superior performance compared to PPS and PEKK laminates. This may be because PEEK
has superior thermal stability and a more robust molecular structure, allowing it to retain
its integrity even at higher compression speeds with a servo-hydraulic testing machine.
However, for SHSB tests, the PEKK composite samples are the strongest compared to PPS
and PEEK laminates above 500/s up to 1800/s.

The results indicate that PEEK and PEKK matrices offer better performance in resisting
compression at high strain rates, suggesting they might be more suitable for applications
where the material experiences high-speed loading or impact forces. In contrast, PPS might
not be as resilient under these conditions.

Figure 10 shows that the compression modulus for a strain rate from 0.1/s to 10/s
decreases at all three composites (CF/PPS, CF/PEEK, and CF/PEKK). All three composite
materials (CF/PPS, CF/PEEK, and CF/PEKK) exhibit strain rate sensitivity, meaning their
mechanical properties (e.g., strength, modulus) increase as the strain rate increases [64–67].
SHPB tests can quantify this effect, which is crucial for applications where materials
are subject to dynamic loading, such as crash simulations or impact testing [68–70]. For
example, CF/PEEK composites might exhibit enhanced performance (higher yield strength)
at high strain rates compared to their behaviour in quasi-static conditions.

The findings in the paper suggest that the choice of polymer matrix directly impacts
the deformation behaviour and structural integrity of composite materials under different
conditions. By carefully selecting the appropriate matrix, manufacturers can tailor the
material’s performance to meet the specific requirements of their application for slow
compression, fast compression, or a mix of both. Design engineers often choose composite
materials based on the application’s expected environmental conditions, load-bearing
requirements, and specific performance needs. This study provides critical insights: PPS
is less suited for high-speed or heavy-duty applications where materials experience high
strain rates and heavy loads. PEKK is ideal for slower, more controlled applications where
resistance to deformation at moderate speeds is essential. PEEK is versatile, performing
well at various strain rates, making it an excellent choice for environments that experience
mixed loading conditions.

4.2. Failure Mode and Damage Mechanism
4.2.1. SEM and Optical Images

Using optical images (partly only for samples a11, b11 and c11 present in the paper in
Figure 11), it is observed that all composite structures have the same summary, which are
produced with LAFP technology before testing, have a good interface fibre/matrix and a
low percentage of voids below 3%.

The SEM analysis of samples (Figures 12–14) provides critical insights into the matrix
dependency of damage mechanisms in thermoplastic composite laminates. As strain rate
increases, the observed failure modes highlight the progressive transition from ductile to
brittle failure. Fibre breakage (Figure 12 sample a11 PEEK matrix) is a dominant feature at
strain rate 0.1/s, indicating that the fibres absorb most of the load before catastrophic failure.
The multiple fracture locations (white dotted lines) suggest that stress concentrations



J. Compos. Sci. 2025, 9, 293 13 of 23

developed at different points, leading to sequential failure rather than a single catastrophic
break. The sharp, clean fracture surfaces of the fibres in SEM images indicate brittle failure,
which becomes more pronounced at higher strain rates. This suggests that at extreme
loading speeds, the energy absorption capacity of the composite reduces, causing fibres
to fracture before significant plastic deformation can occur. The fibre breakage and fibre–
matrix debonding (Figures 12 and 14) is a significant damage mechanism observed in the
same strain-rate samples with different matrix PEEK and PEKK. The presence of matrix
cracking and delamination in sample c11 suggests that the interfacial strength between the
matrix and the fibres plays a crucial role in resisting damage.

   
(a) х50 a11  х200 a11 

   
(b) x100 b11  х200 b11 

   
(c) x100 c11  х200 c11 

Figure 11. Optical images of composite samples: (a) a11CF/PEEK; (b) b11 CF/PPS; (c) c11CF/PEKK
before tests.

PEEK composites outperform PEKK and PPS, maintaining better load transfer even
in extreme conditions. Fibre breakage-dominated failure (as seen in a11) suggests that
high-strength applications (e.g., aerospace, ballistic protection) require composites with
enhanced fibre toughness and interfacial bonding. The extensive delamination observed in
c11, c21 highlights the need for optimised fibre-matrix adhesion to improve high-strain-
rate performance.
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  (a)   

 

  (b)   

Figure 12. SEM images of composite (a) sample a11 and (b) sample a31 after testing.

4.2.2. Images from the DIC Camera During Testing

In composite materials, particularly those reinforced with fibres (like carbon or glass),
the damage mechanisms that occur during loading can significantly affect the overall
performance and strength of the material. In-plane compression tests are the most ef-
fective for detecting specific damage mechanisms, such as matrix shear failure and fibre
micro-buckling.
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(a) 

(b) 

Figure 13. SEM images of composite sample (a) sample b11 and (b) sample b31 after testing.

The images obtained by the DIC camera during the testing of all composite materials
were used in this study for the crack and failure analysis of the samples. Due to the large
number of images, only images from six specimens (from 45) are presented in the paper
(see Figure 15 sample a31; Figure 16 sample a41; Figure 17 sample b31; Figure 18 sample
b41; Figure 19 sample c31 and Figure 20 sample c41).

 

 

   

  (a)   

Figure 14. Cont.
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  (b)   

Figure 14. SEM images of composite sample: (a) sample c11 and (b) sample c31 after testing.

     
0 μs  45 μs  70 μs 

Figure 15. Optical DIC camera high-speed photography. Typical failure process of specimen in 800/s,
three stages of sample a31 (CF/PEEK): deformation under compression at different times.

     
0 μs  45 μs  70 μs 

Figure 16. Optical DIC camera high-speed photography. Typical failure process of specimen in
1800/s, three stages of sample a41 (CF/PEEK): deformation under compression at different times.

During an in-plane compression test, the composite is subjected to compressive forces
along the fibre-reinforced composite layers. This test can lead to matrix shear failure
because the compressive load directly affects the shear stresses within the matrix material.
If the shear strength of the matrix is exceeded, shear failure can occur, typically starting
at the fibre–matrix interface or within the matrix itself. This often manifests as localised
cracking or the formation of shear bands in the matrix. During an in-plane compression
test, the compressive forces cause the fibres to experience compressive stress. If the fibres
are imperfectly aligned or if there are flaws in the material, they can undergo buckling or
local failure due to compressive stresses. Applying compressive forces along the composite
plane can lead to these critical failure modes, which can significantly impact the durability
and performance of composite structures.
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0 μs  45 μs  70 μs 

Figure 17. Optical DIC camera high-speed photography. Typical failure process of specimen in 800/s,
three stages of sample b31 (CF/PPS): deformation under compression at different times.

0 μs  45 μs  70 μs 

Figure 18. Optical DIC camera high-speed photography. Typical failure process of specimen in
1800/s, three stages of sample b41 (CF/PPS): deformation under compression at different times.

     
0 μs  45 μs  70 μs 

Figure 19. Optical DIC camera high-speed photography. Typical failure process of specimen in 800/s,
four three stages of sample c31 (CF/PEKK): deformation under compression at different times.

     
0 μs  45 μs  70 μs 

Figure 20. Optical DIC camera high-speed photography. Typical failure process of specimen in
1800/s, three stages of sample c41 (CF/PEKK): deformation under compression at different times.

4.2.3. Failure Mechanism Evolution Across Strain Rates

The composite exhibits progressive damage at low to moderate strain rates (0.001/s–10/s),
with matrix cracking and fibre pull-out being dominant. The fibre–matrix interface fails com-
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pletely at high strain rates (800/s–18,000/s, SHPB testing), leading to widespread delami-
nation/burst and fibre fragmentation. All failure mechanism evolution across strain rates
according to camera and microscope images is present at Table 4.

Table 4. Failure mechanism evolution across strain rates.

Strain Rate CF/PPS Composite CF/PEEK
Composite

CF/PEKK
Composite

Low
(0.001/s–0.1/s)

Matrix cracking,
fibre–matrix
debonding

Ductile
deformation, stable

crack growth

Similar to PEEK but
slightly stiffer

Medium
(0.1/s–10/s)

Increased fibre
pull-out, brittle

fracture

Transition from
ductile to brittle

failure

Delamination and
matrix cracking

increase

High
(10/s–100/s)

Brittle failure, fibre
breakage,

delamination

Brittle failure,
fibre-dominated

failure

Similar to PEEK,
but slightly better
energy absorption

Extreme
(800/s–1800/s)

Sudden fracture,
significant

delamination

Highest stress, best
performance under

dynamic loading

Weaker than PEEK
at extreme strain

rates

PPS exhibits higher matrix cracking at low strain rates (0.001/s–0.1/s) due to its rela-
tively lower toughness and interfacial bonding. The stress is distributed more in the matrix,
leading to early microcracking and debonding. PEEK displays ductile failure, with matrix
yielding and controlled crack propagation. The fibre–matrix interface remains mostly
intact, allowing efficient stress transfer. However, PEKK is similar to PEEK but exhibits
slightly higher stiffness and better thermal stability, which can reduce microcracking under
moderate loading conditions.

At intermediate strain rates (10/s), PPS shows increased fibre–matrix debonding and
matrix cracking, leading to a more brittle failure mode. The matrix begins to lose its ability
to deform plastically. PEEK retains some ductility, but stress concentrations can initiate
microvoids at the interface, increasing the risk of fibre pull-out. Moreover, PEKK tends to
have better energy absorption than PPS, with crack propagation occurring more slowly
due to its tougher nature. However, the failure mode begins to transition towards brittle
behaviour. PPS failure is predominantly brittle at high strain rates (800/s–1800/s), charac-
terised by sudden fibre breakage and severe delamination. The lower interfacial strength
results in significant fibre pull-out, reducing overall strength. PEEK experiences a transition
to brittle failure, where delamination and matrix fragmentation become more pronounced.
Fibre failure is also observed at this stage. PEKK is similar to PEEK but maintains higher
toughness at slightly higher strain rates before exhibiting severe delamination. Its ability to
withstand thermal and mechanical stress may delay catastrophic failure compared to PPS.

The compatibility between resin and fibre significantly influences high-strain be-
haviour in composite materials; good compatibility ensures efficient stress transfer at the
interface, reducing the likelihood of debonding or micro-cracking under high strain, while
poor compatibility can lead to premature failure and reduced mechanical performance.
PEEK and PEKK show similar strain rate behaviour, likely because they both form relatively
strong and stable bonds with the carbon fibres, and their molecular structures allow for
consistent load transfer even under rapid deformation. In contrast, PPS at higher rates,
according to poor fibre–matrix interaction, can result in early debonding, localized failures,
or less energy absorption, which makes its mechanical response quite different from PEEK
and PEKK.
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Pictures of failed specimens (as referenced in the study) reveal that strong fibre–matrix
bonding results in cohesive failure modes (shear and delamination), while weaker bonding
(as in PPS composites) may show more interfacial debonding and fibre pull-out, indicating
less efficient load transfer. The differences in macrostructure after high-strain-rate testing
visually support the argument that fibre–matrix compatibility governs the failure mode and
strain rate response. The fibre–matrix bond is a decisive factor in the strain rate response of
thermoplastic composites. Enhanced compatibility leads to improved strength, toughness,
and strain rate sensitivity, as clearly demonstrated by the superior performance of PEEK
and PEKK over PPS in the referenced study.

5. Conclusions
In this paper, a high-strain-rate compression experiment was conducted at various

strain rates (0.001–1800/s) and various thermoplastic matrices (PEEK, PPS, PEKK) to
investigate the loading conditions on the mechanical properties and failure mechanism of
CF/PEEK, CF/PPS and CF/PEKK composites.

The results can be summarised as follows:

• The stress–strain curves steepen with the strain-rate increase, which is further reflected
by the quasi-linear increase in dynamic strength and modulus.

• Thermoplastic composites show significant strain rate sensitivity. At low to moderate
strain rates (0.001–0.1/s), PEKK composites exhibit the highest compression strength,
while PPS composites perform the weakest.

• At medium strain rates (10/s), PEEK composites outperform PEKK and PPS, showing
the highest compression strength and best resistance to dynamic loading.

• At high strain rates (800–1800/s), PEKK-linked composites again outperform PEEK
and PPS, showing the highest compressive strength.

• PPS consistently demonstrates the lowest strength and highest susceptibility to
fibre–matrix debonding and brittle failure across all strain rates.

• The results can guide the development of more efficient composite materials and
improve the design of components that must perform under dynamic loading.
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Nomenclature
List of used abbreviations

Abbreviation Description
SHPB Split Hopkinson pressure bar
FRP Fibre-reinforced polymeric
LAFP Laser-assisted automated fibre placement
PAW Prepreg areal weight
PEEK/PEKK Polyether ether ketone/Polyetherketoneketone
PPS Polyphenylene sulfide
CF Carbon fibre
UD prepreg Unidirectional prepreg
SEM Scanning electron microscope
DIC Digital Image Correlation
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