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Thermal, thermo-mechanical and mechanical properties of four different commercially available poly-
etheretherketones (PEEK) based materials were investigated. PEEK matrix was either modified and/or reinforced
with carbon fibres, graphite and/or PTFE. Impact strength was measured at three different temperatures: 25 °C,
—100 °C, and —195 °C. At 25 °C, thermal stability and mechanical properties, including the elastic modulus,
compression, and impact strength, were enhanced with the addition of carbon fibres. Matrix modification had a
minor impact on thermal stability, while the mechanical properties decreased, except for impact strength. At
—100 °C, the mechanical properties of the neat polymers were improved, including increased impact strength by
20% compared to values at 25 °C. Addition of fillers hindered the rise of impact strength due to complex
mechanisms caused by different coefficients of thermal expansion of reinforcements and matrix. At —195 °C, the
significant increase of impact strength was revealed for unmodified PEEK reaching 30 times higher values than at
25 °C, while matrix modification suppressed the rise of impact strength. The scratch test indicated the superior
behaviour of unfilled PEEK during the tested load range (up to 15 N), while the effect of the fillers was observed

at much lower load threshold of 7 N.

1. Introduction

High performance thermoplastic materials are increasingly
becoming a desirable alternative as materials of choice for components
used in demanding environments, including low temperatures, vacuum
conditions, and cryogenic liquids such as liquid nitrogen, natural gas
and hydrogen [1-5]. In cryogenic environments, materials must show a
high durability and operability under the simultaneous influence of low
temperatures, changing pressures, and physical and chemical in-
teractions with the environment. Moreover, in tribological applications,
thermoplastic polymeric based materials have shown low friction and
wear at low temperatures due to their self-lubricating properties, when
the external lubrication with conventional greases and oils was not
applicable [6-11].

The cryogenic properties of thermoplastic polymeric based materials
include cryogenic mechanical properties, such as strength, modulus,
impact strength, ductility, tribological and thermal properties such as
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coefficient of thermal expansion (CTE) and thermal conductivity are
important parameters for design-engineers in material selection phase
[10,12,13].

In general, extreme low temperatures leads to some undesirable ef-
fects, for example, the decrease of impact strength and ultimate elon-
gation [14]. At the same time, the modulus, hardness, creep, and fatigue
resistance increase [13-16]. Particularly, Chu et al. [14] found that
mechanical properties of 30% short glass fibre reinforced PEEK (tensile
strength, tensile and flexural modulus, impact strength) were improved
with the decrease of the temperatures from 295K to 20K. The authors
concluded it was due to the thermal shrinkage of the polymer matrix
that led to increased binding forces between molecules and enhanced
glass fibre/matrix interface. At the same time, the more brittle fracture
of the composite and the decrease of elongation at break were observed
at cryogenic temperatures. The similar observations were made by
Soleimani et al. [15], who investigated polypropylene (PP) reinforced
with various amount of clay content (up to 5 wt%). The significant

** Corresponding author. Polymer-tribology Group, Division of Machine Element, Luled University of Technology, Luled, 97187, Sweden.
E-mail addresses: maksim.nikonovich@ltu.se (M. Nikonovich), nazanin.emami@]ltu.se (N. Emami).

https://doi.org/10.1016/j.polymertesting.2023.108139

Received 28 March 2023; Received in revised form 16 June 2023; Accepted 5 July 2023

Available online 6 July 2023

0142-9418/© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:maksim.nikonovich@ltu.se
mailto:nazanin.emami@ltu.se
www.sciencedirect.com/science/journal/01429418
https://www.elsevier.com/locate/polytest
https://doi.org/10.1016/j.polymertesting.2023.108139
https://doi.org/10.1016/j.polymertesting.2023.108139
https://doi.org/10.1016/j.polymertesting.2023.108139
http://crossmark.crossref.org/dialog/?doi=10.1016/j.polymertesting.2023.108139&domain=pdf
http://creativecommons.org/licenses/by/4.0/

M. Nikonovich et al.

improvement of the mechanical properties was found at cryogenic
temperatures and with the addition of nanoclay. The increase of impact
toughness with increasing nanoclay content was more noticeable at
cryogenic temperature, than at room temperature. However, the ob-
tained values of impact strength were generally lower for both neat PP
and the nanocomposites at cryogenic temperature.

The ability of polymer molecules to experience low-temperature
relaxations was also associated with improved ductility and toughness.
Polyetheretherketones (PEEK) were found to become a suitable material
of choice in tribological demanding applications at low temperatures,
exhibiting superior damping capability and wear resistance at lower
temperatures, compared to other materials [8,17-22]. Moreover, the
thermal, mechanical and tribological behaviour of PEEK could be
improved by using fibres, to increase the strength and modulus, and
fillers such as graphite, polytetrafluoroethylene (PTFE) and MoS,, to
promote self-lubricity in the dry sliding contacts at both room and
cryogenic temperatures [7,13,23,24]. However, some studies have re-
ported a decrease in compression properties, impact strength and
toughness due to the temperature effect and/or fibre orientation in
reinforced PEEK composites [25-28]. Change of ambient temperature
and structure of PEEK resulted in the alterations in fracture behaviour
and toughening mechanisms. Moreover, the increase of strain rate
changed the quasi-ductile fracture of PEEK matrix to a brittle failure
mode, resulting in a significant decrease in toughness [25]. The tribo-
logical performance of PEEK and PEEK composites was primarily
affected by their mechanical properties. It was found that the increased
wear resistance in some type of wear mechanisms can be related to the
decreased strength and toughness [29,30].

Despite extensive studies of PEEK composites at room temperature,
the cryogenic mechanical properties of PEEK composites remain unex-
plored. Moreover, a number of research groups designs and produces
thermoplastic polymers specially for applications at cryogenic temper-
atures, which structure and performance require additional develop-
ment and investigation.

In the current work, relationship between mechanical and thermal
properties of new PEEK based materials for cryogenic applications was
studied. The newly developed PEEK based materials are either modified
PEEK matrix and/or reinforced with carbon fibres, graphite and/or
PTFE. Therefore, the main objectives of this research are: 1) to reveal the
impact of the matrix modification and/or reinforcement on the me-
chanical and thermal properties of PEEK based composites at room and
cryogenic temperatures; 2) to investigate the factors leading to the
changes of the fracture mechanisms at cryogenic temperature versus at
room temperature; 3) to study the intercorrelation of mechanical
properties, particularly, impact strength, with thermomechanical
properties (low temperature relaxation processes).

2. Materials

Four commercial PEEK-based composites were investigated based on
their appropriate properties for tribological application: (i) neat PEEK as
a reference material (PEEK1), (ii) a wear grade PEEK reinforced with
carbon fibres, graphite and PTFE (PEEK2) d), (iii) a modified PEEK for
cryogenic applications (PEEK3), (iv) a modified PEEK filled with PTFE
(PEEK4). Commercial materials were supplied by Victrex, UK. The
selected properties of the composites provided by the supplier are pre-
sented in Table 1.

3. Experimental details
3.1. Thermal properties
3.1.1. Differential Scanning Calorimetry
Differential Scanning Calorimetry (DSC) (Mettler Toledo AB,

DSC821e) was performed to determine the glass transition temperature
(Tg), melting temperature (Tp,), and the degree of crystallinity (X.) of the
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Table 1
Selected thermal and mechanical properties of the studied commercially avail-
able PEEK-based materials provided by the supplier.

Commercial Young’s Flexural CTE, Charpy Tg, Tm,
material modulus, modulus, 10°° impact °c °c
GPa GPa K! strength,
kJ m~2

PEEK1 4 3.8 45 7 143 343
PEEK2 13 11.5 45 5 143 343
PEEK3 - 3.5 65 - 143 343
PEEK4 - 3.3 65 - - -

specimens. The test samples weighted in the range of 9-11 mg. The DSC
cycle comprised of three steps: dynamic (first heating), isothermal and
second dynamic step that included cooling and second dynamic heating
step. Details of the DSC cycle are presented in Table 2. Three repetitions
of the DSC cycle were carried out for each material. Standard 70 pl
aluminium crucibles with a pierced lid were used. For some specimens,
deconvolution of the resulting curve was done to separate the super-
imposed peaks. For this purpose, Pearson IV model was applied using
PeakFit v4.12 software.

3.1.2. Thermogravimetric analysis

Thermogravimetric analysis (TGA) was carried out to evaluate the
degradation temperature of the specimens in nitrogen atmosphere using
a Netzsch TF 209F1 Libra. The specimens were heated from 25 °C to
800 °C at a heating rate of 10 °C-min~!. Alumina crucibles were used
with the test sample weight in the range of 8-11 mg. Three specimens
per materials were analysed.

3.1.3. Dilatometry

Thermal expansion of the materials was measured using a dilatom-
eter Netzsch DIC 402C, from 25 °C to 300 °C, at a heating rate of
5 °C-min~! in nitrogen gas atmosphere according to ASTM standard
E831-19. The length of the test specimens ranged from 7 to 10 mm.

3.1.4. Dynamic mechanical analysis

Dynamic mechanical analysis (DMA) was performed on Tritec 2000
DMA (Triton Technology, Ltd., UK) in a temperature sweep mode
starting from —170 °C up to 300 °C with a heating rate of 2 °C-min .
The test samples were mounted in single cantilever configuration and
tested at a frequency of 1 Hz.

3.2. Mechanical properties

Impulse excitation technique was used to measure modulus of elas-
ticity and shear modulus of the specimens according to standard ASTM
E1876-01. The specimens were 120 mm in length, 36 mm in width, and
6 mm in thickness. The specimen free vibrations were induced by the
rapid impact of a steel ball and recorded by sensitive indicators. The data
acquisition system was based on oscilloscope PicoScope 3204A together
with PicoScope 6 software. The acquisition frequency was set to 20.8
kHz. Fast Fourier transform (FFT) algorithm was used to calculate the
resonance frequency at both bending and torsion modes.

The compression testing was performed on the universal testing
machine Instron according to standard ASTM D695-15. Specimens with
dimensions of 12.7 x 12.7 x 25.4 mm® were compressed in the

Table 2

Details of the DSC cycle used for specimen characterisation.
Cycle steps Heating rate, °C-min ! Temperature, °C Time. min
1st heating 10 20-380 -
Isotherm - 380 3
1st cooling 20 380-90
2nd heating 10 90-450 -
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barrelling test without the addition of a lubricant between specimen and
the plates at a speed of 1.3 mm min~!. Five specimens of each material
were tested.

Instrumented Charpy impact tests were performed on Instron CEAST
9050 pendulum impact testing machine according to standard ASTM
D6110-03. The specimens with dimensions of 100 x 12 x 6 mm® and the
machined V-shaped notch were fractured by an impact input energy of
25 J. Five repetitions of each test were completed.

3.3. Fractography

The surfaces after mechanical tests were examined by Scanning
Electron Microscopy (SEM) (JEOL JSM-IT300) to study the fillers dis-
tribution and the matrix/reinforcement interface. To confirm the nature
of reinforcement Energy-dispersive X-ray spectroscopy (EDS) was used.

3.4. Scratch test

Scratch test was conducted in two configurations using: 1) Vicker’s
indenter; 2) stainless steel ball SS 316L with a diameter of 10 mm. The
normal load was proportionally increased with the tip moving. The
scratch length was 6 mm, and the load range was between 0 and 15 N in
both configurations accordingly. The scratch profiles were studied using
white-light interferometry Zygo New View 7200 and a contact profil-
ometer Mitutoyo Surftest SJ-500.

4. Results and discussions
4.1. Thermal properties

4.1.1. Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) results obtained during
second heating cycle that include glass transition temperature (Tj),
melting temperature (T,) and degree of crystallinity of the specimens
are presented in Table 3. Generally, it was observed that the matrix
modification and/or reinforcement led to insignificant changes of the
glass transition and melting temperatures of PEEK2, PEEK3 and PEEK4,
compared to PEEK1 Particularly, the modification of the matrix
decreased the melting temperature of PEEK3 to 339 °C, while that of the
PEEK1 was 343 °C. Meanwhile, the addition of the reinforcements to
PEEK1 matrix resulted in the decrease of the PEEK melting temperature
of the composite PEEK2. A similar trend was found for the composite
PEEK4. The obtained values of glass transition and melting temperatures
are slightly different from those specified by the manufacturer, which
was assumed due to inhomogeneous nature of the composites and
impact of the manufacturing processes.

The degree of crystallinity (y) of the materials was calculated using
equation (1):

H
K (%) = -+ 100 # ey

where AH and AHj¢p are the experimental enthalpy of fusion calculated
from the DSC curves and the theoretical enthalpy of fusion of 100%
crystalline PEEK, respectively. The melting enthalpy of the 100% crys-
talline PEEK is 130 J g’1 [31]. The fillers wt% was deducted from the
specimen weight prior to crystallinity calculation. Beforehand, in PEEK

Table 3
Crystallinity, glass transition and melting temperatures of PEEK in the studied
materials at second heating cycle.

Material Tg, °C T, °C % %

PEEK1 150.6 £+ 0.6 342.1 £ 0.4 34.2 £ 0.7
PEEK2 148.3 + 0.9 341.7 £ 0.2 40.3 £ 0.6
PEEK3 152.2 + 0.2 339.9 + 0.4 32.6 £1.0
PEEK4 151.8 + 0.8 339.1 £ 0.7 328 £ 2.1
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2 and PEEK 4, the superimposed curves at melting temperature were
deconvoluted. Based on reference [32], where a few methods were
described and compared, Pearson IV model was chosen to be the most
accurate.

The degree of crystallinity of the studied PEEK-based materials is
summarised in Table 3. For the unfilled matrices, the percentage of
crystallinity was approximately 33% showing no prominent effect of
matrix modification. However, the addition of carbon fibres, increased
significantly the degree of crystallinity of PEEK2, indicating that these
acted as nucleation agents, as shown in previous studies [33]. The
addition of PTFE, in turn, did not affect the degree of crystallinity of
PEEK4 matrix, compared to PEEK3.

4.1.2. Thermogravimetric analysis

Thermogravimetric analysis (TGA) was carried out to study the
thermal stability of the studied PEEK-based materials. The percentage of
weight loss and its respective derivative, as a function of the tempera-
ture, are presented in Fig. 1. The characteristic degradation tempera-
tures and residual weight (at 800 °C) of the specimens are summarised in
Table 4: the decomposition onset temperature (Tq) was referred to the
beginning of the degradation process, Ts, T19 and Ty were the tem-
peratures of 5%, 10%, and 20% of the weight loss. The materials
demonstrated two-step decomposition: the first pyrolysis stage was due
to random chain scission of the ether and ketone bonds, started at T4 and
followed by rapid mass loss at around 600 °C; the second pyrolysis stage
at above 630 °C was due to a slower volatilisation of formed residuals,
which were more thermally stable [34-36]. It was clear that the PEEK
modification had no influence on the thermal stability of the specimens,
T4 of PEEK1 and PEEK3 was 579.1 °C and 576.6 °C, respectively. Unlike,
the addition of PTFE particles to PEEK matrix, in PEEK4 composite,
initiated the thermal degradation at lower temperatures, 554.3 °C,
compared to PEEK1 due to lower degradation temperature of PTFE [37].
The first notable peak of weight loss observed at around 585 °C was
attributed to maximum of PTFE volatilisation, followed by the second
peak at around 600 °C due to highest decomposition rate of PEEK matrix
(Fig. 1b). The similar behaviour was observed for PEEK2; however, the
intensity of the peaks was the opposite to those observed for PEEK4 most
likely due to a lower percentage of PTFE as reinforcement in PEEK2
composite. While the reinforcement with PTFE particles had a sub-
stantial effect on the degradation kinetics of PEEK4 specimen, on PEEK2
this effect was not so notorious. This fact can be due to the presence of
carbon fibres and graphite in the composite, that contributed to the
maintenance of the thermal stability of the composites. While the initial
mass loss occurred at slightly lower temperature, the degradation onset
temperature was slightly higher for the carbon fibre reinforced PEEK
(PEEK2), in particular, 581.5 °C, compared to PEEK1. The effect of the
thermal stability became more evident at higher weight losses. Thus,
weight losses at T1¢ and Ty increased by 5 °C and 7 °C with the addition
of carbon fibres and graphite compared to unfilled PEEK1. A similar
effect was found in the work by Li [38], where the short carbon fibres
improved the thermal stability of the PEEK composites. The increased
thermal stability was associated with the enhanced capacity of heat
absorption of carbon fibres [39]. The maximum weight loss was reached
at the higher temperature by 5 °C compared to PEEK1, having maximum
weight loss at 597.5 °C. Meanwhile, the reduction of the respective
temperatures was approximately 20 °C with the addition of PTFE in
PEEK4. However, the weight loss of PEEK4 was around 43% at the
beginning of the second pyrolysis region, having the same values as
PEEK1 and PEEKS.

4.1.3. Dilatometry

The linear thermal expansion coefficient (LCTE) () of the specimens
measured from 25 °C up to 300 °C is presented in Fig. 2. LCTE of neat
PEEK was calculated earlier and was 40-45 x 10~ K1, respectively
[40]. To compare the LCTE of the specimens, the bulk material thermal
expansion coefficient was calculated before glass transition temperature
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Fig. 1. TGA thermogram of the studied materials: (a) weight loss of the specimens as a function of the temperature, (b) derivative weight loss.

Table 4
Thermal degradation temperatures and residual weight of the studied materials,
obtained from TGA.

Specimen  Tq4 °C Ts, °C T1o, °C Tz, °C Residual
weight, %
PEEK1 579.1 + 576.8 £ 585.2 + 594.4 + 50.9 £ 0.6
0.4 0.7 0.5 0.6
PEEK2 581.5 + 578.7 £ 590.8 + 601.9 + 62.3 +0.3
0.9 1.5 0.7 1.0
PEEK3 576.6 + 576.7 £ 584.0 + 593.6 + 51.6 £ 0.7
0.9 0.6 0.8 0.6
PEEK4 554.3 + 556.4 + 564.1 + 574.1 + 52.1 +1.2
0.2 1.8 0.8 2.3
300
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Fig. 2. Linear thermal expansion coefficient dependence on the temperature.

and after. In the present study, the LCTE of PEEK1 before glass transition
temperature is 45.7 x 10~° K1, while the lower strain with LCTE value
of 30.7 x 107® K~! was observed for PEEK2 reinforced with carbon
fibre, that has lower thermal expansion compared to the matrix. The
modified matrix in PEEK3 showed slightly lower LCTE value of 42.4 x
109K 'in comparison to the PEEK1. However, the addition of PTFE,
which is known to have a higher LCTE in PEEK4 increased the thermal
expansion coefficient to approximately similar value of PEEK1 (45.4 x
1075 K™,

Sufficient anisotropy of CTE was found in case of PEEK2 specimen,
while no significant changes were found for other studied materials. The
thermal expansion of PEEK2 measured in plane parallel to fibres
orientation was revealed to be lower compared to PEEK1 since the fibres
are mainly responsible for reduced strain which is in agreement with the

greater contraction reaching the glass transition temperature. While the
polymer expansion showed to have the governing impact on LCTE in
perpendicular direction.

As expected, the prominent change of LCTE was revealed near Ty due
to the increase of chain mobility of the polymer. Moreover, at high
temperature the strain is revealed to be dominant by the matrix, in
particular, by the expansion of the amorphous phase, having approxi-
mately the same general trends for all four materials. The contraction of
materials after reaching glass transition temperature was found at the
thermal expansion graphs of modified and/or reinforced specimens. It
was associated with the stress-relaxation induced by the manufacturing
process of the PEEK composites and the presence of carbon fibres and/or
PTFE particles [40-42].

4.1.4. Dynamic mechanical analysis

Dynamic mechanical analysis (DMA) was performed to determine
the influence of the matrix modification and/or reinforcement on the
viscoelastic properties of the studied materials. Fig. 3 shows the storage
(E)) and loss moduli (E") of the polymers obtained in the temperature
sweep mode (from —170 °C to 300 °C). The storage modulus, E’, is
related to the elastic energy reversibly stored in the sample, while the
loss modulus, E”, shows the irreversible energy dissipation in the form of
heat or the molecular rearrangement due to the plastic deformation.
Two characteristic relaxations (o-relaxation or glass transition and
B-relaxation due to relaxations in a backbone) were observed in the
analysis of loss modulus curves. The temperatures defined from loss
modulus curves at 1Hz for each of the materials, are summarised in

‘\

1E9 |

—PEEK1E’
— =PEEK1FE”
—PEEK2 E’
— =-PEEK2FE”
——PEEK3 E’
— -PEEK3FE”
——PEEK4 E

1E8 | — =PEEK4FE’

Modulus / GPa

1E7

200 -100 0 100 200 300
Temperature / °C

Fig. 3. Storage and loss modulus vs temperature curves for the stud-
ied materials.
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Table 5
Storage modulus at various temperatures and glass transition temperatures of the studied materials.
Material E’ @ —150 °C, GPa E’ @ —100 °C, GPa E’ @ 25 °C, GPa E’ @ 250 °C, GPa a-relaxation, °C p-relaxation, °C tan 8 @ 25 °C
PEEK1 1.47 1.33 1.00 0.14 152.3 —85.18 0.020
PEEK2 1.98 1.86 1.58 0.40 157.49 —89.15 0.016
PEEK3 1.80 1.65 1.25 0.10 154.83 —88.65 0.019
PEEK4 2.17 1.94 1.48 0.12 154.98 —90.77 0.028

Table 5, and were found similar to values presented in the literature,
moreover in some papers y — relaxations (movement of pedant groups)
were observed [8,17,18]. But in the present work, no such characteristic
peaks were discovered.

With the increasing temperature, the storage modulus tends to
decrease followed by a sudden decrease in the T, region. The addition of
stiffer carbon fibres and graphite increases the E' compared to PEEK1
(neat PEEK), maintaining the notable improvement in E’ after reaching
Tg region. In the case of PEEK3 and PEEK4, a higher loss on stiffness was
observed, after the glass transition was reached. At low temperature, the
increment of storage modulus was higher for PEEK1, PEEK3 and PEEK4,
in comparison to PEEK2, most likely due to complexity of matrix
shrinkage and reinforcement. The modification and/or reinforcement of
the matrix have a pronounced constraining effect on the movement of
the polymer chains, leading to an increase in E, contrary to PEEKI1.
Consequently, after reaching the temperature of p-relaxation, the E’
values of PEEK4 composite exceeded the value of E’ of PEEK2 and
reached 2.2 GPa at —150 °C, showing a combined outcome of matrix
modification and PTFE reinforcement in PEEK4.

The T4 determined by DMA showed no significant differences for all
materials and the results agreed with those obtained by DSC in this
study. It is noteworthy that the Ty peak of PEEK1 and PEEK2 at high
temperatures is slightly wider than that of PEEK3 and PEEK4, which in
the case of composites with carbon fibres and graphite (PEEK2) is due to
the reduction of the mobility of amorphous PEEK chains and higher
degree of crystallinity [43]. In fact, the DSC results indicate a higher
degree of crystallinity for PEEK2. Moreover, a small peak at 23.8 °C in
loss modulus curves of PEEK2 and PEEK4 is associated with the
B-relaxation of PTFE [8,42,43]. The highest values of loss modulus upon
a-relaxation were observed for PEEK4 followed by PEEK2 and PEEKS3,
while the lowest value was obtained for PEEK1. The modification of the
matrix and/or the reinforcement of the matrix had an effect on the
viscosity of the polymers, since the molecular motion was restricted in
the range of selected temperatures [44].

To better understand the effects of matrix modification and/or
reinforcement on the behaviour of the composites, damping factor (tan

8) was analysed (Fig. 4). As expected, the lowest tan § for carbon fibre,
graphite and PTFE reinforced composites PEEK2 was observed in the
range of selected temperatures. The fibres contribute to a more effective
stress distribution in the matrix, while the energy is mainly dissipated at
the filler/matrix interface. Matrix modification of PEEK3 led to an in-
crease in both storage and loss modulus, while the damping factor was
similar to PEEK1, with the only notable change at the glass transition
temperature, which showed the highest values. At the same time, the
addition of PTFE particles to the modified matrix showed the highest
damping effect, throughout the selected temperature range and became
even more pronounced before reaching the glass transition temperature.
At lower temperature, matrix shrinkage had a constraining effect on the
molecular movement that resulted in increased materials’ stiffness. At
the same time, reinforcement of the matrix introduced thermal stress at
matrix/filler interface. In case of PEEK4, due to discrepancy in CTE of
the PEEK matrix and PTFE, the energy dissipation at the interface
became more evident leading to higher damping. Whilst, reinforcing
PEEK2 with carbon fibres and graphite, having a lower CTE compared to
matrix, led to a reduction of damping due to improved matrix/filler
interface as a result of matrix shrinkage.

4.2. Mechanical properties

Impulse excitation (IE) technique was used to measure the elastic (E)
and the shear (G) modulus of the studied composites. The results are
presented in Table 6. Generally, IE allows to determine the moduli
through the analysis of resonant natural frequencies of vibration
induced to the specimen by a pointed impact creating a sound wave. The
results provided by the manufacturer (Table 1) were found to be similar
to the ones obtained by IE. The matrix modification (PEEK3) had a
minor effect on the Young’s modulus and shear modulus, while the
addition of PTFE particles to modified matrix (PEEK4) resulted in a
decrease of stiffness and shear resistance compared to PEEK1. The
addition of carbon fibres and/or graphite (PEEK2) had an opposite ef-
fect, notably improving the elastic modulus of the specimens.

Additionally, since polymer materials have a relatively high vibra-
tion damping factor and are linearly viscoelastic, the material damping

0.30 might be described using a simple viscoelastic model, for example, the
EEEE Kelvin-Voigt model. Therefore, applying Kelvin-Voigt model, the dissi-
025 ——PEEK3 pation factor (tan &) was calculated by equation (2):
’ —— PEEK4 ;
(1) = Xe =" cos(wat)# )]
0.20 - . . . . .
where X — maximum amplitude, { — damping coefficient ({ = [tan §]/2),
o wn and w, — natural frequency and damping frequency respectively. The
c 015 results are agreed with the general trends found during DMA.
£ Fig. 5 and Fig. 6 show the results of the compression strength and
compression modulus of the four studied materials, respectively. The
0.10 - specimens were tested perpendicular to the fibres distribution plane, in
0.05 Table 6
IE calculation results for the studied materials at 25 °C.
Material E, GPa G, GPa tan & Poisson ratio
000 1 1 1 1
-200 -100 0 100 200 300 PEEK1 3.9+ 0.2 1.4+ 0.1 0.011 0.39
o PEEK2 11.7+1.2 - 0.008 -
Temperatire /G PEEK3 3.8 £0.01 1.4 £0.01 0.011 0.36
PEEK4 3.3+0.2 1.2+0.1 0.016 0.38

Fig. 4. Tan & vs temperature curves of the studied commercial polymers.
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Fig. 5. The compression strength of the studied commercial materials.
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Fig. 6. The compression modulus of the studied commercial materials.

order to reveal the properties relevant to real tribological applications.
For the three materials that were not filled with carbon fibre, the
maximum compression strength could not have been obtained in the
compression barrelling test. These materials showed a ductile behaviour
and were compressed to “pancake”-like state. To be able to compare all
four materials, the yield compression strength at 0.002 strain was
calculated. It is noteworthy that the addition of the carbon fibre as well
as graphite in PEEK2 contributed to the increase of the yield compres-
sion strength up to 90 MPa, however, the material showed brittle frac-
ture and the maximum value of the compression strength was calculated
as 174 MPa. The matrix modification revealed to have a minor effect on
the yield compression strength, while the addition of PTFE particles in
PEEK4 composites decreased the strength down to 66 MPa. The results
for the compression strength showed a comparable trend to the results
for compression modulus, but the influence of the fillers and modifica-
tion was found to be more notable on the compression modulus.

The measured mechanical properties are in a good agreement with
the results obtained from DSC (Table 3). Compared to PEEK1 with
compression modulus of 3.6 GPa, the matrix modification PEEK3
showed reduction in the compression modulus of the material down to 3
GPa. The lower degree of crystallinity of PEEK3 (32.6%) impacted the
decrease of both compression strength by 3% and compressions modulus
by 17%, compared to the respective values of PEEK1 with the
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crystallinity of 34.2%. However, the addition of PTFE particles to
modified PEEK matrix, PEEK4 (with the degree of crystallinity of
32.8%), reduced the compression strength by 24% and compression
modulus by 33% (2.1 GPa). At the same time, the addition of carbon
fibres that led to rise of PEEK crystallinity to 40% increased the modulus
of PEEK2 by 14% (reaching 4.1 GPa) and compressive strength by 3%.
This findings are also confirmed by other investigators, who found a
relation between the mechanical and thermal properties of PEEK ma-
terials [45-47].

The significant difference in modulus obtained by impulse excitation
technique and compression tests in PEEK2 is due to various testing
modes. Previously, the significant influence of the fibre orientation on
mechanical properties, including compression strength and compres-
sions modulus was examined in study by Rasheva et al. [26]. It was
found that there is a decrease of both properties if the fibres reinforce-
ment plane was perpendicular to the compression direction, as in the
present study.

Fig. 7 and Table 7 shows the results of Charpy impact test of the four
studied PEEK-based materials at various temperatures, —195 °C,
—100 °C, and 25 °C. Charpy impact tests revealed the primarily matrix
dominant behaviour for all materials at tested temperatures. At room
temperature (25 °C) matrix modification increased the impact strength
of PEEK3 (3.6 kJ, /mz) by 20% compared to PEEK1 (2.9 kJ, /mz). It might
be clearly observed that the impact strength was notably improved by
the addition of carbon fibres and graphite, reaching 5.3 kJ/m?. A similar
effect was found for modified matrix reinforced with PTFE (PEEK4),
increasing the impact strength up to 5.1 kJ/m?. Carbon fibres increased
PEEK2 material capability to sustain the deformations at high strain rate
increasing the impact energy absorbed by the material, due to the higher
elastic modulus. Meanwhile, PEEK4 with a higher loss modulus, as it
was revealed by DMA, showed better damping effect that, in turn, also
resulted in higher impact strength.

At —100 °C, the impact strength tended to slightly increase for un-
filled materials as PEEK1 and PEEK3, however, a minor effect was
observed in case of matrix modification, comparing to the rise of impact
strength up to 3.7 kJ/m? for PEEK1. The addition of the PTFE particles to
modified matrix (PEEK4) also significantly improved the impact
strength at —100 °C compared to the other specimens. However, the
gain was not substantial compared to the values at 25 °C, where the
addition of carbon fibres, graphite and PTFE resulted in reduction of
impact strength down to 4.9 kJ/m2 The temperature reduction to
—195 °C resulted in the substantial rise of the impact energy for PEEK1
and PEEK2 based on the same matrix, 113 kJ/m? and 193 kJ/mz,
respectively. Meanwhile, the unchanged behaviour was observed for the
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Fig. 7. Charpy impact strength of the studied materials measured at various
temperatures.
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Table 7
Impact strength (IS) of the studied materials at various temperatures.

Material IS @ —195 °C, kJ/m? IS @ —100 °C, kJ/m®> IS @ 25 °C, kJ/m?
PEEK1 112.9 + 50.7 3.840.2 2.9+ 0.9
PEEK2 192.8 + 75.6 5.0 + 0.6 5.3+ 0.8
PEEK3 3.7+05 3.7+0.1 3.6 +0.2
PEEK4 41 +0.4 5.9+ 22 5.1+ 0.3

PEEK3 and PEEK4. PTFE in the studied materials tended to behave as
glassy fillers having an insignificant effect on the polymer impact
strength.

As it is known from literature, and can be seen from DMA data (Fig. 3
and, Table 5), the stiffness and the hardness of the materials is increasing
significantly at low temperatures (below —50 °C) [14,16,48,49]. In this
case, the elastic failure is most likely to happen since the kinetic energy
of the impact stored elastically in the specimen until the limit of fracture
toughness exceeded, while the plastic deformations are very limited.
However, with increasing temperature, the energy dissipation occurs
due to the plastic deformation of the polymer and becomes more pro-
nounced. In the past works [19-21,50-52], the effect of low temperature
and molecular relaxations on the impact strength of polymers was
addressed, however, no direct correlation was established. Authors
concluded that the temperature effect on the matrix behaviour might be
a combination of several factors: damping factor, tan 8, and the blunting
at the crack tip due to the adiabatic heating caused by the high strain
rate. In the present study, a decrease, or at least unchanged behaviour, of
the toughness was found at low temperature, while for some materials,
the rapid increase in impact strength was also observed. According to
Ref. [19], the tan & plays a major role, if the local temperature of
polymer at the crack tip is below the glass transition. To calculate the
effective temperature, equation (3) was used:

T, =T + AT# 3

where Ty, — is the test ambient temperature, and AT is the increase of
temperature due to the heating induced by the impact, calculated by
equation (4):

W, 4
\/ mpckt @

For example, for PEEK1, the impact energy w, at —100 °C is about
3.8 kJ/m? According to the commercial materials data sheets, the
density of PEEK1 p = 1.3 x 10% kg/m?, specific heatc = 2.2 kJ kg 1 K},
thermal conductivity k = 0.29 x 1073 kJ s™! K~! m™!, and the impact
time was assumed as 0.4 ms. As a result, the effective temperature was
calculated as 18 °C. Therefore, it might be concluded that the thermal
blunting of crack-tip affected the impact strength at 25 °C, however, at
sufficiently low temperatures tan § plays a dominant role. The materials
experienced the B-transition around —100 °C region, therefore, after the
relaxation the polymer chains mobility was sufficiently reduced, which
generally led to the small rise of the impact strength. At the same time,
the competing mechanisms do not affect the impact strength signifi-
cantly, compared to the values obtained at —100 °C, including the
reduction of the yield stress with the increasing temperature and the
thermal blunting of the tip to occur at 25 °C. In agreement with DMA
results, the increased loss modulus supported the better absorption of
the impact energy increasing the damping factor [19]. While the
damping factor was higher for the PEEK4 composite, PEEK2 had the
lowest damping due to the reduced molecular movement and the
increased stiffness in the presence of carbon fibre. However, another
mechanism was found to play a significant role in the reinforced mate-
rials attributed to the different thermal expansion coefficient of the
constituents and the matrix. In this case, the reduction in impact
strength of PEEK2 was due to the competitive mechanisms. On the one
hand, the increase of tan § led to the increase of impact strength. On the
other hand, graphite and fibres created the thermal stresses induced by

AT =
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different thermal expansion coefficients, resulting in the small drop in
the impact strength. At the same time, it is clear that the transition in
impact strength cannot be accurately predicted by the location of the
damping peaks, similar to findings in the past work [51], since the DMA
measurements are conducted in the linear region with small de-
formations, while the impact tests connected to large deformations and
ultimate properties of the polymers.

In the region of lower temperatures, after p-relaxation, it was found
that the matrix modification tended to suppress the changes of the
mechanical behaviour of PEEK3 and PEEK4 at —195 °C due to the
absence of the any additional energy absorption process. In fact, the
rapid increase of the Charpy impact strength was associated with either
the increase of critical fracture stress or the ultimate elongation. With
the decrease of temperature, the ultimate strain tends to decrease,
however, the increase in mechanical properties at lower temperatures
increase the maximum stresses, which in case of PEEK1 and PEEK2 was
similar to quenching effect, creating the residual compressive stresses
[53].

4.3. Fractography

Fig. 8 gives the examples of fractographies to reveal the influence of
the temperature after Charpy impact test. Due to high strain rate
deformation the PEEK matrices showed a brittle behaviour. At room
temperature (25 °C) PEEK1 showed a typical river-like structure with
severe plastic deformation sites representing the brittle behaviour of the
material. PEEK3 fracture surfaces elucidated a self-toughening mecha-
nism, including the micro-void coalescence and crack-tip blunting
resulting in a smoother fracture surface, indicating quasi-brittle fracture.
The addition of the fillers as for PEEK2 and PEEK4 created an extensive
filler/matrix interface and resulted in a coarse fracture surface. The poor
adhesion between the reinforcement (PTFE particles and carbon fibres)
and matrix was revealed on the fracture surfaces for both composites,
which promoted an additional stress-concentrations inside the matrix.
The PEEK matrix itself also showed brittle behaviour in both composites.
However, considering the higher impact strength of the composites
compared to unfilled matrices, one assumption could be that such a
weak interface creates a barrier for crack propagation and promotes
higher energy absorption resulting in higher impact energy.

The decrease of temperature down to —100 °C slightly changed the
morphology of the fracture surfaces. PEEK1 and unfilled modified
PEEK3 were found to have the similar fracture surfaces. The river-like
structure for PEEK3 materials was suggested due to increased critical
fracture stress and hindering the intrinsic toughening mechanisms
resulting in a brittle failure similar to the one observed for PEEK1 at
25 °C. PEEK1 fracture surface appeared to be smoother due to the
limited plastic flow at the crack tip. PEEK2 demonstrated similar frac-
ture surface to the one observed at room temperature and agreed with
the values for the impact strength. However, the matrix/fibre interface
was slightly improved, but the separation of carbon fibre from the
polymer matrix and formation of voids because of detached PTFE par-
ticle still were observed. Similar morphology was found for PEEK4
composite. Although, like PEEK3, the fracture surface demonstrated
brittle fracture with a fracture of a discrete PTFE particles wetted by the
polymer matrix due to the matrix shrinkage.

The further reduction of temperature down to —195 °C revealed a
notable change in fracture morphology of the studied composites.
PEEK1 showed a smooth brittle fracture surface meaning the rapid
cleavage crack propagation, characteristic for the elastic fracture.
However, the modified PEEK3 fracture surface was found to be similar
to the one observed for PEEK1 at —100 °C, sharing comparable
respective values of the impact strength. Generally, the matrix modifi-
cation shifted the transition impact strength to lower temperatures,
compared to PEEK1. The rapid increase of the toughness was associated
with the increased stiffness, hardness of the neat PEEK due the shrinkage
and the prominent constrain of the polymer chains mobility after
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Fig. 8. Fracture surface of studied polymers obtained after failure in Charpy impact test at various temperatures.

B-relaxation. Reinforcements in PEEK2 composites appeared to be well
adhered to matrix, improving significantly the matrix/fillers interface,
due the matrix shrinkage. This resulted in better impact stress distri-
bution among the matrix, and the fibres together with PTFE particles
took a substantial part of the impact energy. While the crack propagated
through graphite easy sheared pallets, the impact resistance of PEEK2
was mainly dominated by carbon cracking and fracture of PTFE parti-
cles. However, the detachment of individual PTFE particles still was
observed. Another morphology was revealed for PEEK4 composites,
showing the expressed brittle behaviour of the PEEK modified matrix
and the separation of PTFE particles from the matrix, forming the voids.

4.4. Scratch test

To evaluate the influence of the fillers and matrix modification prior
to tribological tests in future study, the scratch tests were conducted
using two types of indenters: Vicker’s indenter and stainless-steel ball

316L. In the test with Vicker’s indenter friction was controlled by the
mechanical strength of the materials, which influenced the plastic
deformation at the surface shown in Fig. 9a. The instant friction was
found to increase with the rise of applied load, also increasing the
penetration depth of the indenter. The lower instant friction was found
for the PEEK2 and PEEK1, which showed a higher modulus and
compressive strength, while the modification made the polymer matrix
softer and allowed the plastic flow, increasing the resistance to friction.
After reaching 10 N, friction coefficient for all of the materials reached
the plateau introducing the matrix dominant behaviour at higher loads.
In the test with stainless ball friction was driven by the adhesive forces
between ball and the materials surface (Fig. 9b). The friction coefficient
was found to be independent to changing load for all of the studied
materials. The lowest friction, approximately 0.02, was obtained for
modified PEEK3, followed by PEEK4. PEEK2, reinforced with carbon
fibres, graphite, and PTFE, had the sliding friction coefficient of 0.07.
The matrix modification as in case of PEEK3 and PEEK4 suppressed the
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Fig. 9. Friction coefficient obtained by (a) Vicker’s indenter and (b) stainless-steel ball scuffing against polymer surface.

adhesion of the polymer to the metal ball. Reinforcing the PEEK matrix
with PTFE particles resulted in the increase of sliding friction. The
addition of carbon fibre and graphite increased the stiffness of the ma-
terial and decreased the real contact area, that led to a slight reduction of
the adhesion between PEEK2 and the ball, compared to PEEK1.

Fig. 10 shows the representative scratch tracks for the studied ma-
terials, obtained by Vicker’s indenter. For the unfilled PEEK, PEEK1 and
PEEK3, the abrasive wear was dominated, however, the matrix was
mostly ploughed away the track to the sides forming ploughing wedges.
Scratches of the composites, PEEK2 and PEEK4, were revealed to be
coarse with the presence of detached and/or cracked single fibres and
PTEFE particles. The modified matrix rupture might be also clearly seen
on the scratch track of PEEK4 resulted in the friction coefficient fluc-
tuation during Vicker’s scratch test. Fig. 11 shows the amount of the
materials removed from the wear track (scratched). Supported by the
discussion before, the effect of the fillers is clearly observed under 7 N,
while above that value, the increased amount of the material scratched
away from the track. The slightly higher amount of wear was found for
the modified unfilled polymer PEEK3 compared to neat PEEKI,
although, it was following the same trend with changing load. However,
the amount of the ploughed material was bigger for softer PEEK3 and
PEEKA4.

Basically, the wear of polymer composites includes few steps: matrix
wear, filler wear and the matrix-filler interface delamination [26,27,30].
In case of weak matrix-filler interface, the third mechanism might
dominate. For PEEK2, after a certain load, the fibres started to crack and
peel off from the matrix. Therefore, the load support from the fibres is
not available anymore, and the polymer can be easily worn off [27,54].
In PEEK4 composite, the PTFE particles can be easily removed from the
matrix after the load reaching a certain limit and Vickers indenter
penetrates to a certain depth (Fig. 10).

5. Conclusions

In this study, thermal, thermo-mechanical and mechanical properties

Fig. 10. SEM of the scratch tracks of the studied materials.
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Fig. 11. The worn area formed due to the abrasion by Vicker’s indernter.

of commercially available polyetheretherketones (PEEK) based mate-
rials for cryogenic applications were investigated. PEEK matrix was
either modified or reinforced with carbon fibre, graphite and/or PTFE.
Thermal properties were insignificantly affected by matrix modification.
The addition of PTFE particles reduced the degree of crystallinity and
thermal stability of PEEK, while reinforcement with carbon fibres,
graphite and PTFE showed the opposite results. During the temperature
reduction down to —170 °C, the prominent increment of storage
modulus was observed for unfilled and PTFE reinforced PEEK, while
addition of carbon fibres and graphite constrained the matrix
contraction.

The mechanical properties were notably improved with addition of
carbon fibres, graphite and PTFE, however, brittle fracture of the com-
posites was observed during compression test. Fracture behaviour and
impact strength were revealed to be dependent on the test temperature.
The increase of impact strength was observed in f-relaxation region as a
result of increased damping, tan §, of the materials. Due to matrix
shrinkage and reduced polymer chain mobility, the impact strength
increased for unmodified polymers. Whilst impact strength of modified
PEEK based materials was independent to temperature alteration. The
toughening mechanism found for modified PEEK at 25 °C was hindered
at —100 °C and —195 °C. Generally, matrix modification shifted the
ductile/brittle fracture transition to lower temperatures.

In the scratch test with Vicker’s indenter, the friction was found to be
driven by the mechanical strength of the materials that effect the plastic
deformation at the surface. The friction coefficient increased with the
increase of the applied normal load reaching plateau at around 10 N.
Test with the stainless-steel ball showed that friction was driven by the
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adhesive forces and was independent to the increase of load. In PEEK
composites, the fillers were found to act as load carriers until the load
reached threshold values of 7 N, while above the 7 N, matrix deforma-
tion was predominant phenomena.

The modification of PEEK matrix showed improved mechanical
properties at cryogenic temperatures over unmodified PEEK-based ma-
terials without significant effect on the thermal properties. The
increased ductility of modified PEEK at cryogenic temperatures pre-
vented brittle fracture, however, the impact toughness remained un-
changed at the tested temperatures. The findings showed potential of the
modified PEEK to be utilised in cryogenic sealing applications, for
example, as a valve seats, where more stable thermal expansion co-
efficients and greater resilience at low temperatures are required.
However, the tribological properties of the presented materials need to
be studied in the future work.
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