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Bioinspired nacre-like PEEK material with superior
tensile strength and impact toughnessf

Shu Zhu, ©2° Tianwen Yan,?® Xinlin Huang,?® Elwathig A. M. Hassan,?®
Jianfeng Zhou,*3® Sen Zhang,®® Mengyun Xiong,®® Muhuo Yu? and Zhaomin Li¢

A bioinspired PEEK material with hard “bricks” of nanoscale lamellae and micron-scale deformed spherulites
bonded by soft "mortar” of a rigid amorphous fraction was produced with a pressure-induced flow (PIF)
processing applied in the solid-state. Novel mechanisms were proposed for the marked and
simultaneous improvement in the strength and toughness, where the tensile strength and impact
strength could be increased to ~200% and ~450%, respectively. On one hand, the rotation,
recombination and restacking of the crystalline blocks formed an oriented and stratified morphology
similar to the "brick-and-mortar” structure in nacre, and resulted in the confined crack propagations and
the tortuous energy dissipating paths. On the other hand, the PIF-relaxation due to the newly generated
rigid amorphous fraction further contributed to the improvement of the impact strength. The efficiency
of enhancement could be controlled by the molding temperature, the compression ratio, and the
volume fraction of chopped carbon fiber. As a result, PIF-processing might endow the PEEK material
with improved mechanical matching with the surrounding tissues and extended service life in biomedical
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1. Introduction

Polyetheretherketone (PEEK) is a well-known high-performance
thermoplastic polymer with attractive properties, such as good
chemical resistance, high mechanical properties, excellent
friction resistance, high thermal stability and excellent elec-
trical performance.” The interest in PEEK and carbon fiber
reinforced (CFR) PEEK in the context of biomedical engineering
lies with the proven inertness of the polymer in many aggressive
environments and the potential to control the elastic modulus
of the composites such that biomechanical compatibility with
bone might be achieved.>* Although neat (unfilled) PEEK can
exhibit an elastic modulus ranging from 3 to 4 GPa, the
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applications while retaining excellent biocompatibility with no external substances introduced.

modulus can be tailored to closely match cortical bone (18 GPa)
or titanium alloy (110 GPa) by preparing carbon-fiber-reinforced
composites with varying fiber length and orientation.*” There-
fore, PEEK and its composites have already been broadly
accepted as a radiolucent alternative to metallic biomaterials in
clinical applications such as dental, trauma, orthopedic, and
spinal implants.>™**

However, merely adjusting the type and concentration of
fiber is not able to solve all the problems while designing those
implants. There are two paradoxical relations that must be
carefully dealt with: (1) the trade-off between mechanical
performance and biological compatibility.**** Many load-
bearing implants require materials with a strength compa-
rable to that of metals, which demands a large volume fraction
of fiber reinforcement; however, the presence of these fibers at
the surface may adversely affect biocompatibility. (2) The
conflict lies between the strength and the toughness (dura-
bility).** Unfilled PEEK offers ductility, good impact resistance
and isotropic properties but often lacks sufficient stiffness and
strength, while reinforced PEEK grades are typically the oppo-
site - very strong and stiff materials but comparatively
brittle.*>'®

Nacre makes a perfect example material in nature that shows
ultra-high strength and toughness at the same time."”"*® Natural
seashell nacre consists of approximately 95% aragonite (a
mineral form of CaCO;) and a few percent of biological
macromolecules; yet its impact strength is 3000 folds of its
mineral constituency.* The superior strength and toughness of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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seashell nacre are attributed to the robust nanostructure in
which the protein collagen layers (10-50 nm thick) and arago-
nite platelets (200-900 nm thick) form an ordered “brick-and-
mortar” structure, where the brick (platelet) interlocks allow
a large amount of fracture energy to dissipate in the mortar
(protein) via shear deformation.'”** Some ultra-tough and ultra-
strong nacre-inspired materials have been made through strict
methods, such as layer-by-layer, self-assembly, and freeze-
casting.”*” However, generating microscopically stratified
structures mainly containing lightweight materials such as
polymers, which at the same time are uniformly aligned on
a large length scale (e.g., in bulk material), has turned out to be
difficult.”®**

In this study, we prepared a nacre-like PEEK material with
superior tensile strength and toughness through a method of
pressure-induced flow (PIF) that we developed,* and proposed
more comprehensive mechanisms for the simultaneous
strengthening and toughening. We revealed that during PIF-
processing performed at processing temperatures below the
melting point, the hard domains (crystalline lamellae) retained
their integrity but were aligned in the flow field to form an
oriented and stratified morphology among the soft domains of
the amorphous region to simultaneously boost the toughness
and strength. The validity and efficiency for enhancing PEEK
samples were confirmed by characterizations on the mechan-
ical performances, crystallization and orientation behaviors,
and fracture surface morphologies with different techniques,
such as tensile stress-strain curves, differential scanning calo-
rimetry, two-dimensional X-ray diffraction, and scanning elec-
tron microscopy. With a unique combination of high stiffness
and excellent ductility, the PIF-processed PEEK bridges the
performance gap between unfilled PEEK and traditional CFR
PEEK grades, and the method provided in this work can also be
used in guiding the design of other structural materials.

2. Materials and methods

Materials

Polyetheretherketone (PEEK) (Type 7500G) was supplied by
Jiangsu Junhua High Performance Specialty Engineering Plas-
tics (PEEK) Products Co., Ltd. The M,, of PEEK was ~150 000.
Acetone (=99.5%) was supplied by Shanghai Yunli Economic
and Trading Co., Ltd.

Sample preparations

PEEK powder was dried in a vacuum oven at 100 °C for 24 h and
then injected at 390 °C under 10 MPa into a mold (80 mm x
10 mm x 4 mm) at room temperature. The injected PEEK
specimens were cleaned with acetone and then dried in
a vacuum oven at 220 °C for 2 h to crystallize completely. After
treatments, the PEEK samples were placed in a die designed for
PIF-processing® (as shown in Fig. 1) and preheated for 15 min
at the desired temperature to achieve an equilibrium of
temperature for the samples and the die. PIF-processing was
conducted with a press (XLB-D/S, Shanghai Dehong Rubber &
Plastic Machinery Co., Ltd) under certain pressures for 5 min.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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LD, FD and CD represent the loading direction, flowing direc-
tion and constraint direction, respectively.

In order to quantitatively characterize the size changes of
PEEK samples, we defined the ratio of respective thicknesses
before and after PIF-processing as the compression ratio,
expressed by R:

R = dyld, (1)

where d; and d, are the thicknesses before and after PIF-
processing, respectively. By changing the molding pressure at
280 °C, samples with compression ratios of 1.0, 1.4, 1.6, 1.8, 2.2
and 2.6 were obtained. In addition, PEEK samples with
a compression ratio of approximately 1.7 were obtained at
different PIF molding temperatures, with a pair of metal gaskets
as the auxiliary positioning support, to evaluate the influence of
the molding temperature on PIF-processing. The correspon-
dence between compression ratio and molding pressure was
listed in Table S1 in the ESL{

Tensile test

The tensile tests were performed according to ISO 527-1:1993
with a universal testing machine (Model 5566, Shanghai Xie-
giang Instrument Manufacturing Co., Ltd) at room temperature
and a stretching speed of 50 mm min~" along FD. Each result
represents the average value from 5 parallel tests, with an error
bar calculated as the mean square error of the 5 results. The
tensile strength of the samples was defined as the maximum
value of strength in a stress-strain curve and calculated as

o = Pl(b x d) (2)

where ¢ is the tensile strength of the sample (MPa), P is the
maximum value of force (N), b is the width of the sample (mm),
and d is the thickness of the sample (mm). The elongation at
break was the maximum elongation in the stress-strain curve
before a steep drop of stress.

Impact test

Impact testing was used to investigate the behavior of samples
under specific impact conditions and to estimate their tough-
ness within the limitations inherent to the test conditions.
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Fig. 1 Schematic drawing of the die and samples for pressure-
induced flow (PIF) processing.

RSC Adv, 2022, 12, 15584-15592 | 15585


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra00667g

Open Access Article. Published on 23 May 2022. Downloaded on 1/20/2026 6:25:01 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

Pendulum geometry may use a cantilever support as in Notched
Izod impact testing (ISO 180:2000); the impact strengths were
measured using a CEAST Resil Impactor (Italy) at an impact rate
of 3.46 m s~ .

Differential scanning calorimeter (DSC)

The DSC curves of samples with non-PIF or PIF were obtained in
a TA-Q20 differential scanning calorimeter (TA Instrument
Company, USA). The sample mass for DSC measurement was
approximately 5-10 mg. The experiment was carried out in the
temperature range from 40 to 395 °C, with a scanning rate of
10 °C min~" under a nitrogen atmosphere.

Dynamic mechanical analysis (DMA)

The thermomechanical properties of PEEK samples were
measured using a Q800 dynamic mechanical analyzer (TA
Instrument Company, USA) at a heating rate of 3 °C min™* and
a frequency of 1 Hz within the temperature range from 100 °C to
325 °C. A single cantilever bending mode was used, and the
amplitude of deformation was set at 15 um. The sinusoidal
force was applied to each sample along LD.

X-ray diffraction (XRD)

The data for the crystalline portion of PEEK samples were
collected using an X-ray diffractometer (D8 Discover, Bruker,
Germany). The X-ray irradiation of Cu-o with a wavelength of
1.54 A hits the sample along the CD and LD under a tube voltage
of 40 kV and electric current of 40 mA for 60 s, respectively.

Scanning electron microscopy (SEM) analysis

The PEEK samples after impact and tensile tests, with and
without PIF-processing (with a compression ratio of 1.8), were
observed by scanning electron microscopy (Quanta 250,
Thermo Fisher Scientific, USA) to investigate the fracture
surface morphologies, with an accelerating voltage of 12.50 kV.
Surfaces are pretreated by gold sputtering.
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Fig. 2
with different compression ratios at 280 °C.
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3. Results and discussion

The tensile strength and impact strength for PEEK could be
markedly and simultaneously improved after PIF-processing. As
shown in Fig. 2A, the tensile strength exhibited a characteristic
“S” shape increase with increasing compression ratios. It first
gradually increased at small compression ratios, rapidly
increased with larger compression ratios, and then gently
increased after a compression ratio of 2.2. The maximum
strength under a compression ratio of 2.6 amounted to ~2 folds
of the non-PIF sample. The notched Izod impact strength,
reflecting the toughness, quickly increased with increasing
compression ratio. However, when the compression ratio was
larger than 2.2, the impact strength increased gently or even
decreased. The maximum increase occurred under a compres-
sion ratio between 1.7 and 2.2, where the impact strength after
PIF-processing reached above 35 kJ cm %, showing an
enhancement of ~450% (the average impact strength for non-
PIF PEEK was 7.9 k] cm™?). This simultaneous improvement
of impact strength and tensile strength seems novel for this
kind of high performance polymers, where toughness
improvements are generally at the cost of unsatisfactory tensile
properties,®® and vice versa.**

Fig. 2B presents the stress-strain curves for tensile tests.
Both the tensile strength and elongation at break of PEEK after
PIF-processing were much higher than those of non-PIF
samples. Interestingly, for all PIF-processed samples, an
inflection occurred near the inherent yield stress of the corre-
sponding non-PIF sample, while no real yield behavior occurred
at this point, and a “second yield” point occurred at a tensile
stress much higher than the original yielding strength (except
for the sample with the highest compression ratio of 2.6). It is
right the “second yield” that causes a much higher elongation at
break and therefore higher yield strength and tensile strength,
which is distinct from the conventional style of strengthening
by improving the moduli.

Beyond the traditional yield point, the tensile stress for the
non-PIF sample rapidly decreased until the complete disen-
tanglement and mutual slippage of molecular chains took place
in certain places of the continuous phase of amorphous
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(A) Tensile strength and fracture toughness of PEEK samples with different compression ratios. (B) Stress—strain curves of PEEK samples

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra00667g

Open Access Article. Published on 23 May 2022. Downloaded on 1/20/2026 6:25:01 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

View Article Online

RSC Advances

G o “brick”:
energy-dissipating paths mineral platelets

B polymer matrix

Fig. 3 SEM images of fracture surfaces for PEEK samples and nacre. (A) and (B) Fracture surfaces of non-PIF and PIF-processed samples after
tensile tests; (C) and (D) fracture surfaces of non-PIF and PIF-processed samples after impact tests; (E) a photo of nacre; (F) fracture surfaces of
nacre; (G) a scheme of oriented stratified microstructures and the energy-dissipating paths in nacre. The cartoons above the images show the
specific locations of the characterized fracture surfaces for each sample, where the right edge of each cartoon represents the fracture surface
after tensile or impact tests. Note that the fracture surfaces in (B) and (D) are parallel to the upper and front surfaces of the samples, respectively.

components, leading to breakage of the material. However, for
the PIF-processed samples, only a decrease in slope could be
observed in the stress-strain curve at the “first yield point”, and
the material retained a certain percentage of stiffness and
moduli until the tensile stress and strain increased to the
“second yield” point and caused a break. These phenomena
could be signals of internal changes in microstructures, e.g., the
emergence of new phase structures or new routes of deforma-
tion and slippage along phase boundaries.

It is noteworthy that the results of the PEEK system are
different from the situations in many other semi-crystalline
polymers, such as polypropylene, polylactic acid and poly-
amide, where in all curves for PIF-processed samples, an
inflection occurred right at the yield point of a non-PIF sample
(with the same stress and strain).***"* For PEEK samples with
smaller compression ratios of 1.4 and 1.6, the initial slopes of
the stress-strain curves were lower than those of the samples
without PIF-processing, indicating smaller Young's moduli. We
speculate that the spherulites in the PEEK system are more
readily deformed under compression, as occurs in shear
yielding.**** Interestingly, there is similarity in the situation of
the polyphenylene sulfide (PPS) system, where the modification
of PIF-processing might provide a negative impact on tensile
strength and impact strength under certain temperatures and
pressures.*®

The microstructural changes could be revealed by SEM
observations on the fracture surfaces of samples after impact

© 2022 The Author(s). Published by the Royal Society of Chemistry

and tensile tests, where the fractural morphologies clearly pre-
sented the changes due to PIF-processing, as shown in Fig. 3.
Compared to the disorderly fracture surfaces indicating brittle
fracture for non-PIF samples, the samples with PIF-processing
exhibited clearly oriented and stratified morphologies of over-
lapped layers similar to nacre (see Fig. 3E and F),** regardless of
the loading pressure.

However, a closer look at the images showed a difference
between the fracture surfaces after tensile and impact tests. As
revealed by the morphologies of impact fracture surfaces
(Fig. 3D), the spherulites deformed and aligned in the pressure-
induced flow direction to form parallel layers no thicker than 5
um and show a nice orientation of cracks perpendicular to LD.
Meanwhile, protrusions and grooves due to the pull-out of
spherulites from opposite surfaces were clearly observed along
FD. We speculate that the zigzag arrangement of deformed
spherulites contributed to the tortuous energy dissipating paths
and resulted in improved toughness (similar to what happens in
nacre, Fig. 3G), while the alignment and stretching of the
amorphous regions between lamellae and spherulites are
responsible for the large elongation at break. Interestingly,
much narrower microsheets could be seen under high magni-
fication within the deformed spherulites, with smaller holes
and fibrous protrusions between them. The tensile fracture
surface morphologies observed by SEM (Fig. 3B) demonstrate
the alignment and orientation of parallel microsheets that are
much thinner than deformed spherulites, with obscure

RSC Adv, 2022, 12, 15584-15592 | 15587
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Fig.4 2D-XRD patterns of PEEK samples: (A) CD direction; (B) LD direction. SAXS analytic curve of PEEK samples: (C) direction angle integral; (D)

orientation factor.

boundaries between them. Also, holes and fibrous protrusion
could be seen under high magnification, indicating a fracture
mode closer to plastic deformation and ductile fracture. Upon
impacting or stretching, the slippage and pull-out between
those closely packed crystalline plates result in the further
improvement of both the impact and tensile strength of the
samples. This coincides with the research that at large defor-
mations in uniaxial tension, PEEK undergoes molecular align-
ment and localization of a neck, which complicates
characterization of its true-stress strain behavior up to failure.*”
The cartoons above the images show the specific locations of
the characterized fracture surfaces for each sample, where the
right edge of each cartoon represents the fracture surface after
tensile or impact tests. It was found that non-PIF samples
basically exhibit a brittle fracture, while the PIF-processed
samples show a clear ductile fracture with the fracture faces
somewhat propagating along FD. Hence, the fracture surfaces
parallel to the upper surface of the samples and those parallel to
the front surface of the samples could be picked out in Fig. 3B
and D, respectively. The brittle ductile transition here, as
a result of the protrusions and holes of different length scale,
further confirmed the influence of PIF-processing on improving
the toughness.

An unresolved problem remains is how the spherulites and
lamellae could evolve into nacre-like microsheets by affine
deformation or fragmentation and rearrangement of the

15588 | RSC Adv, 2022, 12, 15584-15592

lamellae. Crystal orientation was analysed with the aid of two-
dimensional X-ray diffraction (2D-XRD), as illustrated in
Fig. 4. As previously reported, polymers show better mechanical
properties along the orientation direction.*®* The non-PIF
PEEK sample (R = 1.0) showed homogeneous diffraction rings
(Fig. 4A and B), indicating a random orientation of crystals and
an isotropic microstructure. As the compression ratio increases,
the diffraction rings gradually degenerate into equatorial arcs,
indicating that the crystalline blocks within fibrils have
a molecular orientation parallel to the crystalline-amorphous
alternating direction, i.e., along FD, indicating a rotation of
molecular orientation from along LD to along FD. To further
demonstrate the change in orientation, the XRD image is inte-
grated to obtain the azimuth curve, as shown in Fig. 4C. The
azimuth curve obtained from the PEEK sample (R = 1.0),
without PIF molding, has no obvious peak. However, when the
sample deforms under a certain pressure, an obvious peak
appears in the azimuth curve, and the peak on the curve grad-
ually becomes sharp, indicating that the degree of orientation
increases. The orientation degree can be calculated according to
the Hermann orientation parameter as

f=@cos> ® — 1)2 (3)
where f'is the orientation factor and @ is the angle between the
flow direction and lamellae orientation. The above equation
establishes a connection between the orientation factor and the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 (A) DSC heating curves of PEEK samples with different compression ratios; (B) crystallinity and melting temperature of PEEK samples with

different compression ratios.

compression ratio and vividly demonstrates the enhanced
orientation with increasing compression ratio (Fig. 4D), which
reaches 0.6 under a compression ratio of 2.2. Combining
similar evidences from other systems like PP, we can conclude
that the microsheets in Fig. 4B and D are the results of the
rotation, recombination and restacking of the -crystalline
blocks, which dominate the rearrangement of lamellae and the
deformation of spherulites.

DSC measurements were also performed to trace any
possible structural changes in the lamellae (Fig. 5). It can be
concluded from the minor changes in melting point, crystal-
linity and the shape of melting peak that there are no obvious
structural changes in the basic units for lamellae, in accordance
with the above statements that the rotation, recombination and
restacking of the crystalline blocks dominate the rearrangement
of lamellae.

Although the nacre-like stratified structure has been clearly
interpreted at this stage, the strange “second yield” and large
elongation at break remain to be resolved. Changes in
mechanical properties, especially those related to structural
evolution in amorphous regions, can be monitored using
dynamic mechanical analysis (DMA) over a range of ratios and
mold temperatures. Fig. 6 presents the DMA curves of PEEK

samples under different compression ratios and different
molding temperatures. For Fig. 6A, the molding temperature
was kept at 280 °C to evaluate the effect of different compres-
sion ratios. For Fig. 6B, the molding pressure is adjusted so that
the compression ratio of all samples is approximately 1.7 to
ensure the flow deformation of PEEK samples but maintain
a consistent crystal orientation. As shown in Fig. 6A, the non-
PIF processed exhibits only an « relaxation (glass transition)
at approximately 170 °C, while the samples with PIF-processing
show an additional relaxation (hereafter referred to as the PIF-
relaxation) at approximately 280 °C, which is very close to the
molding temperature. At the same time, the peak temperature
of a relaxation (the glass transition temperature, T,) moves to
the right as the compression ratio increases. As shown in
Fig. 6B, T, remains almost constant at about 180 °C, providing
a specific molding pressure, while the peak temperature of the
PIF-relaxation continuously increases with the molding
temperature, as further demonstrated in Fig. 6C. It is easy to
conclude that for a semi-crystalline polymer with a medium
degree of crystallinity, such as PEEK, the rise in T, with the PIF-
process depends mainly on the compression ratio, while the
rise in peak temperature of PIF-relaxation largely relies on the
molding temperature.
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Fig. 6 DMA test curves of PEEK samples: (A) with different compression
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ratios at 280 °C; (B) at different molding temperatures with a constant

compression ratio of 1.7; (C) relationship between the peak temperature of PIF-relaxation and the molding temperature of PIF.
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No transformation similar to PIF relaxation has been re-
ported in pure PEEK systems until now, but in research on
polypropylene (PP), a large number of results have shown that
crystallized PP may exhibit additional relaxation at tempera-
tures between T, and Ty, (80-140 °C).** Researchers acknowl-
edge that the addition relaxation of PP originates from the
molecular movement in the crystalline zone, whereas the peak
temperature and amplitude of the addition relaxation are
closely related to the molecular weight, crystallinity, crystalline
morphology, stereo regularity, heat treatment conditions and
the existence of a swelling agent of organic small molecules. We
ascribe the PIF-relaxation to the rigid amorphous fraction (RAF)
around crystal lamellae,” which includes the tie molecules
involved in the interspace between lamellae,** the chain loops
embedded between two lamellae of spherulites,” the chain
heads or chain tails detached from the lamella fibrils,** and so
on. Most of these amorphous components are located in or
attached to crystalline regions, and their motions are highly
constrained, partly due to the spatial confinement or stretching
by the crystalline phase and partly because of the inner strain
within the amorphous phase itself. As a result, the relaxation of
RAF is shifted to temperatures higher than T, and the magni-
tude of the temperature shift is related to the extent of
confinement. The peak temperature substantially increases
with increasing molding temperature, indicating that the
higher mobility of molecular chains favors the conversion of
lamella-adjacent amorphous components into RAF via the
relative slippery and transverse alignment of crystal lamellae.
This well accounts for the “second relaxation” in tensile curves,
which appears at larger stresses. We speculate that some
changes in microstructures of the materials after PIF-
processing hindered the strain softening after the first
yielding transition, and the orientation-induced increase in
RAF, as a toughened “mortar”, further boosted the improve-
ment of the impact strength.

Regarding the « relaxation, the rise in T, with increasing
temperature and compression ratio indicates that PIF-
processing also brings a confinement in normal amorphous
regions. Since the temperature shift depends mainly on the
compression ratio and not the molding temperature, we spec-
ulate that the reduced free volume due to flow-induced orien-
tation and the compact stacking of molecular segments are the
underlying reason. Given the limited extent of confinement in
molecular mobility, an broadened area of the loss peak and
a slight rise in T, take place, instead of the large shift in peak
temperature observed in PIF-relaxation. Obviously, the PIF-
relaxation must be associated with certain rearrangements
between chain segments, which highly rely on molecular
mobility at different temperatures and produce a new phase
more rigid than the amorphous region.

We speculate that the much enhanced mechanical proper-
ties might be attributed to the slippery and transverse align-
ment of crystal lamellae, the resultant confinement of crack
propagations and the tortuous energy dissipating paths, as well
as the newly formed RAF. The PIF field first leads to an elon-
gation of the spherulites which then fragment into regions of
oriented lamellae. Facilitated by the flow of the softer matrix
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(amorphous phase), the hard segments can slip upon each
other and are finally rearranged into an ordered system con-
taining a random and overlapping alignment of lamellae. Upon
an impacting or stretching force, the delamination, the slippage
and pull-out between the lamellae stacks, the plastic deforma-
tion of RAF at the interface, as well as the greatly increased sum
distance of energy-dissipating paths, resulting in improvement
of both impact and tensile strength of the PIF-processed
samples.

It is worth noting that the tensile strength and impact
strength of PIF-processed PEEK could even overtake 30% (w/w)
chopped carbon fiber reinforced (CCFR) PEEK composite,®
which has been widely used as load-bearing implants. The only
hindrance lies in the Young's moduli, which are no more than
that of unfilled PEEK. A combination of PIF-processing and
incorporation of chopped carbon fiber seems to be able to
produce a material with even better overall performance.
Although the effect of PIF-processing on PEEK composites is
beyond the scope of the present research, our previous inves-
tigation on CF/PPS composites confirmed that the Young's
modulus could surpass the value of non-PIF samples.®®
Considering that in reality, CCFR PEEK requires additional
reinforcement to achieve sufficient strength to replace conven-
tional metallic materials,® we believe that PIF-processing can
endow the PEEK material with improved mechanical matching
with the surrounding tissues and extended service life in
biomedical applications. Inspired by the PIF boosted strength
and toughness, one can even reduce the volume fraction of
chopped carbon fiber to obtain a balance between process-
ability and performance.

There are still other issues to be clarified. First, PIF-
processed samples should retain most of the excellent charac-
teristics of PEEK material, including the excellent biocompati-
bility, because no external substances are introduced into the
system. Second, the RAF and resultant nacre-like structures
could be “melted” at temperatures higher than the PIF-
processing temperature but well hold the integrity at room
temperature. Third, the markedly increased impact strength
and elongation at break benefit the use of PEEK in fields such as
saccule expanding tubes and seals, especially when the ductility
is emphasized. In summary, PIF-processed PEEK materials are
promising candidates for broadened biomedical applications,
such as various implants.

4. Conclusions

The tensile strength and impact strength for PEEK could be
markedly and simultaneously improved using a processing of
pressure induced flow in the solid-state. The tensile strength
and impact strength could be increased to ~2 folds and ~450%,
respectively. The efficiency of the enhancement could be
controlled by the molding temperature and the compression
ratio.

The mechanisms for the enhanced mechanical properties
were proposed. The slippery and transverse alignment of crystal
lamellae form an oriented and stratified nacre-like morphology
that confines the resultant crack propagations as well as

© 2022 The Author(s). Published by the Royal Society of Chemistry
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tortuous energy dissipating paths. The PIF field first leads to
elongation of the spherulites, followed by fragmentation into
regions of oriented lamellae. Facilitated by the flow of the softer
matrix (amorphous phase), the hard segments can slip upon
each other and are finally rearranged into an ordered system
containing a random and overlapping alignment of lamellae.
Upon an impacting or stretching force, the delamination, slip-
page and pull-out between the lamellae stacks, plastic defor-
mation of RAF at the interface, and greatly increased sum
distance of energy-dissipating paths resulted in improvement of
both the impact and tensile strength of the PIF-processed
samples.
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