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Abstract

This article reports the direct observation of the fracture of individual

poly-ether-ketone-ketone (PEKK) spherulites. A single layer of PEKK spheru-

lites was obtained by bonding a PEKK film in-between two sandblasted Ti

alloy plates using an autoclave. The crack of an individual PEKK spherulite

was achieved by opening the Ti/PEKK/Ti sandwich using a double cantilever

beam test. The fracture morphology of the PEKK spherulite was characterized

using scanning electron microscopy and atomic force microscopy. It was found

that under tensile stress the crack of the individual spherulite propagates along

the middle plane and crosses the nucleation core. This is due to the symmetric

radial structure of the spherulite. Moreover, it was found that the fracture sur-

face morphology at the core of the spherulite is strongly influenced by the local

crystalline structure, which is anisotropic and determined by the initial nucle-

ation growth direction. As a result, the area fraction experiencing plastic defor-

mation during the fracture of PEKK spherulites at different orientations may

vary by an order of 10. Our results show the important role of the initial nucle-

ation growth direction on the mechanical properties of the polymer crystals

and may provide a new approach to the design of high-performance polymer

materials with tailored crystalline structures.
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1 | INTRODUCTION

The poly-aryl-ether-ketone (PAEK) polymers and their
composites have drawn increasing attention in various
fields, such as biomedical devices, implants, electronic
packages, and fiber-reinforced composites, due to the high
mechanical strength and modulus, good chemical stability,

and high thermal resistance.1–4 The PAEK polymers such
as polyether ether ketone (PEEK) and polyether ketone
ketone (PEKK) are semi-crystalline polymers. In the past
decades, the crystallization kinetics of PEAK polymers and
the structure–performance relationships have been
extensively studied and it has been demonstrated that the
crystalline structures play an important role in the perfor-
mance of PAEK polymers and their composites.5–9

Studies about the relationships between crystalline
structure and the mechanical performance of PAEK
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polymers had been mainly focused on multiple spheru-
lites.10 Spherulites, composed of radially directed crystal
fibrils, are the basic building blocks for a wide range of
material systems such as semi-crystalline polymers, syn-
thetic ceramics, minerals, and ice.11,12 The structure of
the polymer spherulites has been well described as dense,
spherical crystal gatherings. To develop such a structure,
a single nucleation site in the form of a single lamella
first grows to a hedrite, then a sheaf, and finally a spher-
ulite as shown in Figure 1a.13 At the macroscale level,
polymer spherulites are considered as dense and isotro-
pic building blocks and play an important role in the
mechanical properties of polymers such as yield strength
and fatigue behavior and inter-spherulite fracture behav-
ior dominates the failure of these materials.14–18 At the
microscale, the local structure of the spherulite needs to
be considered, i.e. the inner nucleation site is anisotropic
while the outer ring part is isotropic.6,19–21 As shown in
Figure 1, the structure of a spherulite in different planes
(or view from different directions) is different. Thus, the
crack behavior is strongly influenced by the planes that
the crack is located in. Various researchers have demon-
strated that the anisotropic structure of the polymer
spherulite at the microscale plays an important role in
the thermal, electrical, and gas permeability properties
of the semi-crystalline polymers, which is crucial for
their applications in composites, semiconductors, nano-
devices, membranes, and coatings.22–29 Until now, stud-
ies on the spherulite structure–performance
relationships of semi-crystalline PAEK polymers on the
microscale, mainly consider multiple spherulites. For
example, Bretz studied the influence of local morphology
of spherulites on the crack propagation of polycaprolac-
tone, poly(1-butene) and polyamide 6 by stretching of the
polymer film specimen. It was reported that the crack
started at the core region of the spherulites and extended
towards the periphery.30 Thomas et al found that the size
of the spherulites had an influence on the crack behavior
of semi-crystalline polymers by fracture of a polymer
film.31 The spherulites with a larger size showed more

plastic deformation during a crack while the smaller
spherulites were more brittle. Chu et al reported the study
on the failure behavior of PEEK samples using a compact
tension test and found that spherulite size had a profound
influence on the fracture mechanism.10 Until now,
research on individual spherulites is limited.32 One of the
challenges is the lack of experimental methodologies to
directly observe the crack behavior at individual spherulite
scales.

In our previous work, the fracture behavior of a tita-
nium and PEKK interface has been studied.21 It showed
that the local structure of the PEKK spherulite formed at
the contact with the titanium (Ti) surface dominates the
fracture behavior of the interface. When cohesive failure
occurs, the opening of a single PEKK spherulite was real-
ized, and a brittle failure at the spherulite core and a duc-
tile failure at the spherulite edge was recognized.21

Inspired by these results, in this article, direct observation
of the fracture behavior of spherulitic structures on the
individual spherulite level is reported. To study the crack
behavior of an individual PEKK spherulite, it is needed
to (i) prepare PEKK material with a monolayer of spheru-
lites and (ii) hold the individual spherulite and apply a
pulling force to open it. Herein, the sample to enable the
crack at an individual spherulite level was designed. By
applying a pulling force on a thin PEKK film composed
of a single layer of PEKK spherulites, the crack occurs at
the core and opens the spherulites, which enables the
direct observation of the fracture of crystalline structures
at an individual spherulite level. It has been demon-
strated that the fracture surfaces show an anisotropic
fracture behavior, the plastic deformation region of an
individual spherulite with respect to the intra-lamella
failure, may vary by a factor of 10 and is determined by
the direction of the nucleation site with respect to the
applied force. Our results provide a deeper understanding
of the fracture behavior of a spherulite and may yield a
new approach to preparing high-performance crystalline
structures by tailoring the nucleation site direction,
e.g. using 2D nucleation agents.

FIGURE 1 (a) Schematic drawing

of the formation of a polymer spherulite.

The microstructures at the core of the

spherulite in different planes marked as

A and B are different. (b) Hot stage

polarized light optical image of

polyether ketone ketone spherulites. The

structure at the core of the different

spherulites varies due to the different

directions of the nucleation site of the

spherulite core. [Color figure can be

viewed at wileyonlinelibrary.com]
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2 | EXPERIMENTAL SECTION

2.1 | Preparation of the sandblasted Ti
alloy plates

In this study, two sandblasted Ti alloy plates were used as
the gripper to fix and open the spherulites. Grade 5 titanium
(Ti6Al4V) plates with a thickness of 3 mm, provided by Sin-
geling B.V., were used. The surface morphology of the tita-
nium strips was modified via sand-blasting treatment before
sample manufacturing. The detailed settings of the grit-
blasting treatment can be found in our previous article.21,33

2.2 | Sample preparation of the
Ti/PEKK/Ti sandwich for the double
cantilever beam (DCB) test

To fix and open the spherulites, the Ti/PEKK/Ti sandwich
was prepared. This Ti/PEKK/Ti sandwich was prepared by
bonding a layer of PEKK between two Ti strips, whose
dimensions were 190 � 20 � 3 mm3. The stack was placed
in a steel frame, the steel frame ensured a good alignment
of the two titanium strips during the co-consolidation pro-
cess and reduced the polymer flow. To open the sandwich
using the DCB test, an initial pre-crack at one of the two
titanium/PEKK interfaces is required, which was intro-
duced by applying a mold release agent (Marbocote
227-CEE) on the first 60 mm of the titanium surface prior
to the consolidation. The same release agent was also
applied to the steel frame to avoid bonding to the polymer.
The sample was consolidated using a slow process, carried
out in an autoclave. The thermal cycle usedwas comparable
to the cycle adopted to consolidate TPCs laminates based
on PEKKpolymer. First, the samplewas heated up to a tem-
perature of 375�C and then a dwell time of 30 min and 6 bar
pressure were applied. Afterward, the system was cooled
down at a constant rate of 4�C/min.

The DCB test was conducted using a Zwick universal
testing machine. The tensile load was applied by bonding
two loading blocks at the end of the titanium/PEKK/tita-
nium sample, in correspondence to the pre-crack region.
The force was measured using a 2.5 kN load cell, while
the displacement was evaluated via a 150 mm linear vari-
able displacement transducer (LVDT). The test was per-
formed at a constant displacement rate of 3 mm/min.

2.3 | Preparation of the crystalized
PEKK film sample

To prepare crystalized PEKK film sample with nucleation
site initiating on the surface of the polymer melts and

further growing to a spherulite, a THMS600 hot stage pur-
chased from Linkam Scientific Instruments has been used
to prepare the sample. A 5 � 5 mm PEKK film was placed
on a glass plate, after being heated up to 375�C and a
dwelling time of 10 minutes, the heater is turned off and
the PEKK melt is cooled down to room temperature using
the compressed air. During the cooling, the temperature
on the polymer surface is lower than the bulk, thus, the
nucleation site first occurs on the PEKK surface.

2.4 | Characterization methods

The atomic force microscopy (AFM) morphology charac-
terization is performed using a Park XE-100 AFM from
Park Systems using an ACTA AFM probe purchased from
AppNano. The spring constant of the probe is 26 N m�1

determined using the thermal noise method.34–36 A Senso-
far S Neox confocal microscopy is used for all the optical
microscopy characterizations.

The scanning electron microscope (SEM) (Jeol
JSM-7200f) has been used to investigate the polymer
microstructure at the crack surface. A gold layer of a few
nanometers has been applied before conducting the SEM
characterizations. The high-resolution SEM image was
taken using a ZEISS MERLINSEM in MESA+ at the
University of Twente. No conductive coating has been
applied before the characterizations.

3 | RESULTS AND DISCUSSIONS

3.1 | Morphology characterization of the
fracture surface

Figure 2a shows the schematic drawing of the setup
designed to study the crack behavior of an individual
PEKK spherulite. To obtain the monolayer PEKK spheru-
lites, a PEKK film with a thickness of 40 μm was pre-
pared by placing the Kepstan® 50 μm 7002 PEKK film,
produced by Arkema, in between two Ti plates. Limited
squeeze flow during processing in the autoclave led to a
final PEKK film thickness of 40 μm. Our previous studies
on the crystallization of PEKK 7002 materials showed that
the average diameter of the PEKK spherulites, and thus
the average distance between two nuclei, is about 42 μm
when PEKK 7002 cools down from 385�C at a cooling rate
of 4�C/min.37,38 Therefore, as shown in Figure 2b, a film
thickness of 40 μm allows only one nucleation site in
the thickness direction, thereby obtaining a monolayer
of PEKK spherulites between the two Ti plates.

Sandblasted Ti grade 5 alloy plates were used to hold
the individual spherulite and to apply a pulling force to
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open it, as is shown in Figure 2b. In our previous article,
we reported that after roughening the titanium surface
via sandblasting, the interfacial bonding between Ti and
PEKK is larger than the strength of PEKK, which means a
crack occurs in the polymer region when opening the
Ti/PEKK joint. Therefore, in this work, the two Ti plates
were sandblasted to ensure cohesive failure, and hence, fail-
ure within the spherulite layer of the Ti/PEKK/Ti sand-
wich, as schematically shown in Figure 2b. This type of

sample was prepared using an autoclave and opened using
the DCB method. Figure 2c shows the SEM image of the
fracture surface of the Ti/PEKK/Ti sandwich after the DCB
test. The black regions with irregular shapes are the spheru-
lites after a fracture. The whiter regions are the bare Ti
plates region after an adhesive failure. Figure 2c is the coun-
terpart of Figure 2d after the opening of the sandwich.
The shape of the regions marked as A, B, and C is the
same as the shape of the regions A', B0, and C0. Therefore,

FIGURE 2 (a) Schematic drawing of the 3D structure of a spherulite. (b) Schematic drawing of the opening of monolayer polyether

ketone (PEKK) spherulites using the sandblasted Ti plates as the gripper. (c) Scanning electron microscopy (SEM) image of the fracture

surface after the opening of the PEKK spherulites. The mirror side of the surface in (c) is shown in (d). (e) The higher magnification SEM

image of the region marked as a red circle in (c). (f) Atomic force microscopy height morphology of the PEKK spherulite fracture surface.

[Color figure can be viewed at wileyonlinelibrary.com]
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Figure 2c,d are the mirror images of each other, which indi-
cates that the single-layer PEKK spherulites have been
opened from the middle using the designed method.
Figure 2e shows the high-resolution SEM image of a spher-
ulite after a fracture. The spherulite with a radial structure
was recognized. The spherulite will most likely crack in its
midplane normal to the applied stress. This is because here
the lamellar crystals grow parallel to the plane, thereby
inducing weak points as the inter-lamella strength is lower
than the intra-lamella strength.11,38,39 Regions with more
deformations are found at the edge of the spherulite proba-
bly due to its more amorphous nature, as shown in
Figure 2e,f. These results show that the fracture of a PEKK
spherulite includes multiple mechanisms. As shown below,
more characterizations were performed to further describe
the fracture behavior of a PEKK spherulite.

3.2 | Determination of the
microstructure of the fracture surface

To determine the local structure at the core and edge
regions of the fracture surface as shown in Figure 2e,f, the
microstructure of these regions was characterized using
tapping mode AFM. In tapping mode AFM, the phase
shift of the oscillating cantilever is sensitive to the material
properties such as hardness and modulus.40,41 For semi-
crystalline polymers, the crystalline region is harder than
the amorphous region, thus, phase mode AFM has been
used as a tool to characterize the local crystalline struc-
tures.38,42 Figure 3a shows the AFM height morphology of
the core region of the spherulite after a fracture. Figure 3b
shows the AFM phase image corresponding to Figure 3a.
The higher magnification AFM height and phase images
of both the core region and radial structure region, as
marked in the white square in Figure 3a,b, were shown in
Figure 3a1,b1,a2,b2, respectively.

As shown in Figure 3b, the core region surrounded by
radial structures was recognized. Considering the mirror
structure as shown in Figure 2c,d, the polymer morphology
identified in Figure 3a corresponds to opening of a spheru-
lite from its middle plane. As shown in Figure 3b1,b2,
PEKK crystalline structure with a width of about 20 nm
was recognized. This is of the same size as the PEKK lamel-
lar crystals we reported before.37 Herein, it is concluded
that when individual PEKK spherulite is opened by a pull-
ing force, fracture tends to initiate at the middle plane and
the fracture behavior at the crystalline core is different from
the surrounding regions with radial crystalline structure.

To further describe the fracture behavior of an PEKK
spherulite, the fracture morphology at the edge region of
the spherulite was characterized using tapping mode
AFM as shown in Figure 4. Figure 4b shows the AFM

height morphology of the edge region of the spherulite
after a fracture. More plastic deformation was recognized
in this region. From the corresponding phase image as
shown in Figure 4c, it is found that the directions of the
PEKK crystals are different, which indicates a different
crystalline structure in this region.

To further understand the higher plastic deformation
at the joining part of two spherulites, the crystalline struc-
ture of this part was characterized. Two Spherulites crys-
talized from the surface was used to simulate the contact
of two spherulites in the bulk as shown in Figure 5a (the
preparation of the samples can be found in Section 2.3).
As shown in the higher resolution image in Figure 5b, the
interlocking of lamellar crystals from two adjacent spheru-
lites was recognized. This may lead to a lower density of
crystallinity and higher intermolecular forces between
lamellar crystals, as a result, higher plastic deformation
occurs after opening of the spherulite.

In Figure 2c,d, adhesive failure between Ti plate and
PEKK was also recognized. The PEKK surface in this
region was characterized using tapping mode AFM as
shown in Figure 6b,c. Lamellar crystalline structure with
a width of about 20 nm was also recognized. The fracture
behavior was different from the cohesive failure region,
this indicates the successful opening of the PEKK spheru-
lites from the middle.

3.3 | Anisotropic fracture behavior of the
PEKK spherulites

As shown in Figure 1 and mentioned above, the micro-
structure of a PEKK spherulite is anisotropic. This is the
result of the random direction of the nucleation site and
the growth nature of an spherulite. Herein, the aniso-
tropic structure of a PEKK spherulite was confirmed by
characterizing the crystalline structure of the surface
crystalized PEKK spherulite by using SEM, AFM, and
optical microscopy, as shown in Figure 7a–c, respectively.
For a PEKK thin film formed by multiple PEKK spheru-
lites, the initial PEKK nucleation directions are randomly
distributed.

Figure 7b shows the AFM height morphology of the
PEKK crystalized on a thin glass plate. The radial struc-
ture of a PEKK spherulite can be recognized. The PEKK
spherulite has an anisotropic structure, which is further
confirmed by the high-resolution SEM image shown in
Figure 7a. For instance, the crystalline packing structure
along the two directions marked as directions 1 and 2 are
different. Thus, when applying pulling force and opening
the spherulite, the direction of crack propagation may
vary depending on the direction of the external pulling
force with respect to the internal spherulite structures.

5 of 11 MARINOSCI ET AL.
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FIGURE 3 (a) Atomic force

microscopy (AFM) height morphology

of the core region of the spherulite after

a fracture. (b) AFM phase image

corresponding to (a). (a1) The higher

magnification AFM height morphology

of the region marked in the top square

of (a). (b1) AFM phase image

corresponding to (a1). (a2) The higher

magnification AFM height morphology

of the region marked in the bottom

square of (a). (b2) AFM phase image

corresponding to (a2). [Color figure can

be viewed at wileyonlinelibrary.com]

FIGURE 4 (a) Schematic drawing of the fracture of single layer polyether ketone ketone spherulites. (b) Atomic force microscopy

(AFM) height morphology of the edge region of the spherulite after a fracture. (c) AFM phase image corresponding to (b). [Color figure can

be viewed at wileyonlinelibrary.com]
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Figure 7a,b showed two different crack paths along with
the two directions 1 and 2. This results indicate that
when a monolayer PEKK spherulites are opened, fracture
behavior of these spherulites will also be anisotropic. To
confirm this, the core structure of different spherulites
after opening as shown in Figure 2c were further charac-
terized using tapping mode AFM.

As schematically shown in Figure 7g, crack paths
1 and 2 correspond to crack planes i and ii. For these two
different crack planes, the crack behavior at the micro-
scale is different. For crack plane i, the crystalline struc-
ture at the core of the spherulite after the crack has been
characterized using the AFM phase mode as shown in
Figure 3. The fracture plane is dominated by an inter-
lamella fracture. For crack plane ii, as shown in
Figure 7g, breaking of the lamella itself is needed, thus,
involving intra-lamella cracking. The intra-lamella crack
region can be recognized in Figure 7e. This anisotropic
crack behavior can be observed in nature, and it can be
compared to the breaking of an apple along different
planes, which also has an asymmetric structure as shown
in Figure 7h.

Additional fracture morphology analyses of the
individual PEKK spherulites were performed using
AFM. Figure 8 shows three fracture morphologies of
the PEKK spherulites. Figure 8a,c,e are the phase
images at the core of three different spherulites after
fracturing. Figure 8b,d,f are the corresponding height
images. In these experiments, the directions of the
nucleation site are random, thus, the crack may occur
along any direction between path 1 and path 2 as
shown in Figure 7a. The intra-lamella crack region
varies from 100 nm to a few μm (by a factor of 10) as
shown in Figure 8a,c,e. From the corresponding
height morphology, a larger amount of plastic defor-
mation is recognized from the height difference for the
intra-lamella crack regions. Since the intra-lamella
strength is much larger than the inter-lamella strength,
the anisotropic crack behavior of PEKK spherulites
observed, suggests that the nucleation site directions
need to be tailored with respect to the load direction,
in order to maximize the intra-lamella failure, and fur-
ther increase the overall mechanical properties of the
material.

FIGURE 5 (a) Atomic force

microscopy (AFM) height morphology

of the crystalized polyether ketone

ketone (PEKK) film surface. (b) High

resolution AFM height morphology of

the joining region between two PEKK

spherulites. [Color figure can be viewed

at wileyonlinelibrary.com]

FIGURE 6 (a) Schematic drawing of the fracture of single layer polyether ketone ketone (PEKK) spherulites. (b) Atomic force

microscopy (AFM) height morphology of the PEKK polymer region after adhesive failure with Ti plate surface. (c) AFM phase image

corresponding to (b). [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 7 Legend on next page.
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4 | CONCLUSION

We reported an experimental method to study the fracture
of the individual PEKK spherulites. By applying a pulling

force on a thin PEKK film composed of a single layer of
PEKK spherulites, the crack occurs at the core and opens
the spherulites. This is a new approach to directly observ-
ing the fracture of crystalline structures at an individual

FIGURE 7 Characterization of the isotropic structure of the polyether ketone ketone (PEKK) spherulites using various methods: (a) Scanning

electron microscopy image. (b) Atomic force microscopy (AFM) height morphology image. (c) Optical microscopy image. (d) High-resolution optical

microscopy image of the region marked as white square in (c). (e) AFM phase image of the crack surface of a PEKK spherulite. (f) AFM phase image

of the crack surface of another PEKK spherulite. (g) Schematic drawing of the anisotropic crack behavior of PEKK spherulites. (h) Schematic

drawing of the anisotropic structure of an apple. [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 8 (a) Atomic force microscopy (AFM) phase image of the crack surface of a PEKK spherulite. (b) AFM height image of

the crack surface of a polyether ketone ketone (PEKK) spherulite corresponding to (a). (c) AFM phase image of the crack surface of a

second PEKK spherulite. (d) AFM height image of the crack surface of a PEKK spherulite corresponding to (c). (e) AFM phase image

of the crack surface of a third PEKK spherulite. (f ) AFM height image of the crack surface of a PEKK spherulite corresponding to (e).

(g) Schematic drawing of the inter- and intra-lamella failures with respect to different crystalline packing structures at the crack

plane. [Color figure can be viewed at wileyonlinelibrary.com]

9 of 11 MARINOSCI ET AL.

 10974628, 2024, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/app.54764 by U

niversity O
f T

w
ente FE

Z
, W

iley O
nline L

ibrary on [02/02/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com


spherulite level. AFM phase images of the fracture surface
show an anisotropic fracture behavior, the plastic defor-
mation region of an individual spherulite with respect to
the intra-lamella failure, may vary by a factor of 10 and is
determined by the direction of the nucleation site with
respect to the applied force. Our results provide a deeper
understanding of the fracture behavior of a spherulite and
may yield a new approach to preparing crystalline struc-
tures by tailoring the nucleation site direction, for exam-
ple, using 2D nucleation agents.
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