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ne morphology of Poly Aryl Ether
Ketones (PAEKs)†

Yuan Wang,* James D. Beard, K. E. Evans and Oana Ghita

The crystal structure of Poly Aryl Ether Ketones (PAEKs) fabricated using a range of manufacturing

processes has been investigated by high resolution electron microscopy. The study has revealed

a hierarchical spherulitic crystal structure, different from the common spherulite morphology with

lamellae grown in a radial direction. The results show that spherulites in laser sintered PAEKs are built

of granular crystal blocks of 75–145 nm in size self-assembled along the radial direction. The study

also showed that the granular crystal blocks are composed of small primary crystals approximately

20–30 nm in size combined together with a secondary structure. The secondary structure was found

to be less ordered and was preferentially removed during chemical etching whereas the primary

crystals remained intact.
Table 1 Molecular weight (Mn), glass transition temperature (Tg),
melting temperature (Tm) and molecular structures of various grades
of PAEKs.23,25

Powder Tg (�C) Tm (�C) Molecular structure Mn (g mol�1)

PEEK 450PF 147 343 32 000

PEEK 150PF 147 343 23 000
Introduction

PAEKs are a family of high temperature polymers known for
their excellent properties: high strength, high chemical and
wear resistance, as well as biocompatibility.1–3 The structures of
these materials, together with their equivalent composites,
glass and carbon based PAEKs, have been discussed in many
studies in relation to specic properties and manufacturing
methods.4–7 Injection and compression moulding are two of the
main manufacturing methods used for these materials.
Recently, laser sintering has also been introduced as an additive
manufacturing process able to create more complex structures
with these materials.8 The importance of understanding the
crystal structure of PAEKs is apparent when dening
manufacturing parameters and their nal properties. For
example, the laser sintering process is known for its prolonged
cooling–annealing stage. This phase of the additive
manufacturing process can allow a high level of molecular
arrangement and lead to the creation of highly stable and highly
ordered crystal structures. It is known that a highly crystalline
structure leads to high stiffness and strength.9 At present,
knowledge of the crystal structure of the high temperature
polymer PAEK family is limited, particularly in the case of laser
sintered PAEKs. PAEKs are semi-crystalline materials with
crystallinity varying between 22% and 42% depending on the
method of fabrication.10–12 A few studies have characterised the
crystal morphology of PEEK made by conventional
manufacturing e.g. injection moulding or hot press; however,
sical Sciences, University of Exeter, North

xeter.ac.uk

tion (ESI) available. See DOI:
the results are contradictory and there is still an ongoing debate
on the exact crystal morphology. Fundamental studies carried
out on the crystal structure of PEEK, grown from either solution
or melt, concluded that PAEKs crystallized in the form of
spherulites.13–15 Bassett et al. studied the lamellar structure of
chemically etched PEEK spherulites by using TEM and found an
approximate spacing of 10 nm between lamellae, therefore
suggesting the possibility of having two populations of lamellar
thickness with thin lamellae lying between thick ones.16,17 Hsiao
et al. studied the thickness of lamellae by SAXS and suggested
again the presence of two populations of lamellae with different
thicknesses.18,19 However, there is no direct microstructural
observation to verify the location and morphology of these two
types of lamellae. The dual population lamellar theory is chal-
lenged by others who found that the theory could not be applied
to fully interpret the double melting behaviour of PEEK and
suggested that the PEEK crystals should only have one type of
PEK HP3 164 372 23 000

PEK HT G22 160 373 23 000

This journal is © The Royal Society of Chemistry 2016
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crystal morphology.20,21 The double melting peak of PEEK was
attributed to a melting–recrystallization effect rather than two
separate crystal morphologies. Again, lack of direct information
from high resolution microscopy made these theories uncon-
vincing. Nevertheless, none of the current models has a strong
consensus; the evidence for the true crystal morphology of PEEK
and the crystallization mechanism is inconclusive and requires
further investigation.

This paper reports new ndings on the crystal morphology
of various grades of PAEK powders or bulk components
fabricated through various manufacturing methods such as
Fig. 1 SEM microstructure of PAEK powders: PEEK 150PF (a) and (b), PEE
magnification SEM images, showing the PAEK powders are composed of
and (f) are high magnification SEM images, showing the fibril structure o

This journal is © The Royal Society of Chemistry 2016
injection moulding, isothermal melt crystallization and laser
sintering. Via high resolution scanning electron microscopy
(SEM), two types of nano-sized crystal blocks which are self-
organized into a spherulitic structure were revealed in this
study.
Experimental
Materials

PEK HP3 powder supplied by EOS, Germany,22 PEEK 450PF and
150PF powder, both supplied by Victrex (UK), were used for
K 450PF (c) and (d), and PEK HP3 (e) and (f). (a) and (c) and (e) are low
clusters of small particles with sizes of the order of few microns. (b), (d)
f small particles in PAEK powder.

RSC Adv., 2016, 6, 3198–3209 | 3199
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laser sintering.23 PEK HP3 is the only commercialized powder
designed for the laser sintering process. PEEK 150PF and 450PF
are not specically designed for the laser sintering system; in
order to improve the powder ow, they were conditioned at
250 �C for 24 hours and sieved before manufacturing.24 PEEK
150PF and 450PF have the same molecular structure but
different molecular weight, while PEK HP3 and PEK HT G22
differs in molecular structure. The glass transition temperature
(Tg), melting temperature (Tm), molecular weight andmolecular
structure of the powders proposed for investigation are
Fig. 2 TEM microstructure of PAEKs powder: PEEK 150PF (a) and (b), P
low magnification images, showing that fibrils observed in the SEM ima
high magnification images, showing the fibrils are actually made by
nanometers.

3200 | RSC Adv., 2016, 6, 3198–3209
presented in Table 1. The material used for the manufacture of
injection moulding samples is an Poly Ether Ketone (PEK)
injection moulding grade, VICTREX HT G22 granules, equiva-
lent to PEK HP3 powder.23
Manufacturing

Fabrication of laser sintered specimens. Testing samples
were manufactured within the high temperature laser sintering
system EOSINT P800 in reduced chamber building
EEK 450PF (c) and (d), and PEK HP3 (e) and (f). (a) and (c) and (e) are
ges in Fig. 1 are orientated in a preferred direction. (b), (d) and (f) are
arrays of connected granular blocks having size of several tens of

This journal is © The Royal Society of Chemistry 2016
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conguration.11,12 The system went through a warm up stage
where the temperature of the base powder is gradually
increased to the process temperature under an inert gas atmo-
sphere. The processing temperature for PEK HP3, PEEK 150PF
and PEEK 450PF are 368 �C, 320 �C and 320 �C respectively. The
EOSINT P800 started the laser sintering build stage aer
completion of the warm up stage. During the laser sintering
process, a powder layer with thickness of 0.12 mm was applied
to the bed by means of a powder spreading mechanism. Once
sintered, the material went through a post-sintering stage where
the powder layer was exposed to thermal radiation for a further
12 seconds to enhance the fusion between powder grains. The
building platform was then dropped by the layer thickness and
Fig. 3 Spherulitic crystal structure in laser sintered samples PEEK
150PF (a), PEEK 450PF (b) and PEK HP3 (c). The size of
spherulites appearing in all three types of laser sintered PAEKs is
approximately 6 mm.

This journal is © The Royal Society of Chemistry 2016
the next layer of powder was applied by the powder spreading
mechanism. On completion of the build the machine entered
a slow cooling stage of approximately 12 hours to reach room
temperature. A detailed description of the processing parame-
ters can be found in previous publications.11,12

Fabrication of injection moulding specimens. PEK pellets
were dried for 5 hours at 120 �C before injection moulding. The
injection nozzle temperature was 400 �C, injection hydraulic
pressure was 900 bar for 2 seconds, the holding hydraulic
pressure was 900 bar; injection speed was 60 cm3 s�1 and the
cooling time was 15 seconds.

Fabrication of isothermally crystallized specimens. To
investigate the crystal morphology with AFM, a at surface is
required. PEEK 150PF lm samples were isothermally crystal-
lized from melt. The PEEK 150PF powder was pressed between
two glass slides. Then the upper glass slide was carefully
removed creating a at powder layer on the glass substrate. The
sample was then placed on a hot plate for 10 minutes at 400 �C
to allow formation of a fully melted polymer layer. Finally, the
molten polymer was crystallized isothermally on a hot plate at
300 �C for 5 min.
Characterization

SEM investigation. To investigate the crystalline
morphology, the high resolution scanning electron images were
taken at 20 kV acceleration voltage by SEM (Hitachi S-3200N,
Japan). A minimum of ten individual measurements were
carried out on each type of sample.

In order to investigate the crystal morphology inside the
fabricated samples, the specimens were fractured at room
temperature and then the sputter coating machine was used to
apply gold/palladium coating on the fracture surfaces to
improve the electrical conductivity of the polymer and to obtain
high resolution images. The setting of the coating thickness was
10 nm.

To explore in more detail the crystalline structure, PAEK
samples were chemically etched and then imaged again with
SEM. Two methods were used to prepare the etched samples.

Method 1: the cross sections of samples were manually
polished by using wet SiC papers with various grits, staring
from 800 grit, followed by 1200, 2000, 3000 and 5000 grits then
nishing with a very ne 7000 grit SiC paper. Aer polishing,
the permanganic chemical etching as proposed by Bassett et al.
was applied by soaking the prepared samples into etching
solution. To prepare the etching solution, 1 g of potassium
permanganate (97%, Sigma-Aldrich, UK) was ground into ne
powder with a mortar and pestle.17 Then the ne powder was
added into 40 ml orthophosphoric acid (98%, Sigma-Aldrich,
UK) and stirred for at 20 min to dissolve the powder. 10 ml
distilled water was then added into the solution and stirred to
mix. The polished samples were etched with the prepared
solution in a glass baker in an ultrasonic bath for y minutes.
The samples and etching solution were poured into 100 ml
hydrogen peroxide (2% in water) to terminate the etching.
Samples were washed several times with distilled water before
SEM characterization.
RSC Adv., 2016, 6, 3198–3209 | 3201
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Method 2: the fracture surfaces of PAEKs samples were
directly etched in the solution without polishing. The same
etching procedure as described above (method 1) was
applied here. For the etched samples, the coating thickness was
set to 5 nm.

TEM investigation. TEM specimens were prepared by trim-
ming samples with razor blades to obtain blocks of
Fig. 4 SEM images reveal the granular blocks in the spherulites crystals:
centre of spherulite is marked with red crosses. Granular blocks appear a
a spherulitic configuration. The granular blocks assemble slightly differen
and PEK HP3 (e) and (f), the granular blocks are assembled along the radi
(d) are aligned in the radial as well as the circumferential direction in a s

3202 | RSC Adv., 2016, 6, 3198–3209
approximately 2 � 2 � 2 mm. These blocks were further trim-
med to the shape of a pyramid with the tip faced off to an area of
approximately 0.3 � 0.3 mm. TEM samples with thicknesses of
approximately 100 nm were sectioned in a microtone (Ultracut,
Reichert-Jung, USA) from the pyramidal tip. The powder
samples were embedded into epoxy resin and allowed to cure
before slicing into TEM samples. The TEM specimens were
PEEK 150PF (a) and (b), PEEK 450PF (c) and (d), and PEK (e) and (f). The
s part of the spherulite, which are self-assembled into arrays following
tly within the formed spherulites. In the case of PEEK 150PF (a) and (b)
al direction of the spherulite, while the granular blocks PEEK 450PF (c),
pider web-like structure.

This journal is © The Royal Society of Chemistry 2016
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placed on copper grids for analysis. The bright eld images,
were captured using a JEM 2100 (JEOL, Japan) at 100 kV accel-
eration voltage.

AFM investigation. Atomic Force Microscope (AFM) imaging
was carried out on at isothermally crystallized sample using
a Bruker Innova AFM using mounted standard tapping mode
silicon probes (RTESPA-CP, Bruker) with a nominal resonant
frequency of 300 kHz and nominal spring constant of 40 Nm�1.
Areas were scanned in tapping mode with a resolution of 512 �
512 pixels at 0.5 lines per s.

XRD investigation. The XRD investigation was performed on
as fabricated sample with a Bruker D8 Advance XRD with copper
anode at room temperature. XRD data were collected in the
angular range where 2q ¼ 10–35�. The step size of 2q was 0.01�.

Thermal analysis. The thermal analysis was carried out using
a Mettler Toledo DSC 821e/700 with nitrogen protection gas.
The ow rate of nitrogen gas was 50 ml min�1. The quenched
samples were rstly heated in DSC from 100 �C to 400 �C at
a heating rate of 10 �C min�1, followed by cooling from 400 �C
to 100 �C. Then a second heating was applied from 100 �C to
400 �C at a rate of 10 �C min�1.

Results
PAEKs powders

As demonstrated by the SEM images in Fig. 1, the PEEK and PEK
powders with size in order of tens of microns are composed of
Fig. 5 (a) The SEM fracture surface image of quenched PEEK 150PF, (b) th
the quenched PEEK 150PF, (d) the SEM image of PEEK 150PF powder, (e)
the PEEK 150PF powder, (g) the SEM fracture surface image of laser sinter
(i) the DSC thermogram of the laser sintered PEEK 150PF.

This journal is © The Royal Society of Chemistry 2016
clusters of small particles with sizes of the order of fewmicrons.
It is seen from the SEM images that these small particles
contain submicron size brils, which are further conrmed by
TEM as seen in Fig. 2.

Low magnication images show that all brils are orien-
tated in a preferred direction. Previous studies on polyolens
reported similar particles and bril structures in polymer
powder produced from chemical synthesis process.26,27 Inter-
estingly, the brils in PAEKs powder are actually made by
arrays of connected granular blocks having size of several tens
of nanometers, as shown in the high magnication images in
Fig. 2.
Laser sintered PAEKs

Fig. 3 shows TEM images of samples of various sintered PAEKs.
In Fig. 3, all samples show spherulitic morphology which is the
typical crystal morphology of crystalline PAEKs as reported
in many other studies.13–15,17,28 The size of the spherulites
appearing in all three types of laser sintered PAEKs is approxi-
mately 6 mm.

The SEM images in Fig. 4 show the morphology of spher-
ulites on the fracture surface of the three types of laser sintered
PAEK samples. Surprisingly, rather than stacks of smooth
lamellar spreading in radial directions as observed under TEM,
numerous granular blocks appeared as part of the spherulite.
These granular blocks are self-assembled into arrays following
e XRD spectrum of quenched PEEK 150PF, (c) the DSC thermogram of
the XRD spectrum of PEEK 150PF powder, (f) the DSC thermogram of
ed PEEK 150PF, (h) the XRD spectrum of laser sintered PEEK 150PF and

RSC Adv., 2016, 6, 3198–3209 | 3203
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a spherulitic conguration. Moreover, closer comparison of the
images in Fig. 4 (b), (d) and (f) indicates that these granular
blocks assemble slightly differently within the formed spher-
ulites. In the case of PEEK 150PF and PEK HP3, the granular
blocks are assembled along the radial directions of the
spherulite, while the granular blocks in PEEK 450PF are
aligned in the radial as well as the circumferential directions
in a spider web-like structure. Granular blocks in PEEK 150PF
and PEK HP3 have sizes of approximately 120 nm and 145 nm,
respectively. In PEEK 450PF, the granular blocks aligned in
radial directions have sizes of approximately 120 nm, while
those aligned in circumferential directions have sizes of
approximately 75 nm.

In an attempt to conrm that the granular blocks are
crystalline in structure, an amorphous PEEK sample was
prepared for comparison. PEEK 150PF was selected for this
purpose. The powder was dispersed on a glass slide and
Fig. 6 SEM images showing the small primary crystals exposed on the e
polished cross section of PEEK 150PF, PEEK 450PF and PEK HP3, respec
without polishing. The secondary structures presented between primary

3204 | RSC Adv., 2016, 6, 3198–3209
melted on a hot stage at 400 �C. The samples were then
quenched immediately in water to obtain amorphous PEEK
samples. The PEEK manufactured by this method was trans-
parent. To conrm that the quenched PEEK is indeed amor-
phous material, the prepared sample was investigated by SEM,
XRD and DSC. The PEEK 150PF powder and laser sintered
samples were also analyzed using SEM, XRD and DSC and the
results are compared in Fig. 5. No diffraction peaks were found
in the XRD spectrum of amorphous PEEK, only the broad
background peak was recorded. While diffraction peaks were
found in both powdered and laser sintered samples. This
shows the amorphous nature of the quenched PEEK sample.
The DSC traces of the quenched PEEK are typical DSC traces of
amorphous PEEK, as found in other studies.16,20,28 The enthalpy
of the cold crystallization endothermic peak at 180 �C is equal
to that of the exothermic melting peak at 345 �C which
tched surface of various samples. (a)–(c) show the primary crystals on
tively. (d)–(f) show the primary crystals on the etched fracture surface
crystals are removed away by etching.

This journal is © The Royal Society of Chemistry 2016
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concludes that the quenched PEEK has zero initial crystallinity
according to the equation,

Crystallinity % ¼ DHmelting � DHcold crystallization

DH100%

� 100%

For comparison, the DSC traces of the initial PEEK 150PF
powder and the laser sintered PEEK 150PF are given in Fig. 5(d)
and (e). The DSC measurements suggest that both samples are
semi-crystalline material. The laser sintered 150PF shows
double melting peaks. The PEEK 150PF powder has a broad
melting peak and the shape of the peak is non-symmetric which
could suggest the presence of overlapped melting peaks. The
DSC traces and crystallinity of powder and laser sintered PEEK
150PF samples are not exactly the same, as they had been
experiencing different thermal histories due to their different
manufacturing processes employed originally. Examples of DSC
traces of laser sintered PEEK 450PF, PEK HP3 and injection
moulded PEK HT G22 are shown in the ESI.†

In Fig. 5(a), the SEM image from the fracture surface of the
quenched PEEK shows the absences of crystal blocks in the
amorphous PEEK. The fracture surface is rather at and micro-
cracks induced by thermal shrinkage are the only visible
microstructure features present in the amorphous sample. This
result clearly demonstrates that the granular blocks identied
in laser sintered samples are crystalline in structure. Herein-
aer, the granular blocks identied in the laser sintered PAEKs
are referred to as granular crystal blocks.

Chemical etching was applied in order to obtain a better
understanding of the internal structure of the large granular
Scheme 1 Schematic illustration of the proposed hierarchical spheruliti

This journal is © The Royal Society of Chemistry 2016
crystal blocks.17 Aer etching, the large granular crystal blocks
were no longer visible; they were split into small crystals of
20–30 nm in size, as shown in Fig. 6. Fig. 6(a)–(c) show the
small crystals exposed on the polished cross section aer
etching (prepared by method 1), while (d)–(f) show the small
crystals exposed on the etched fracture surface without pol-
ishing (prepared by method 2). As it can be seen, the polishing
has no signicant effect on the size of small crystals. Here-
inaer, the small crystals identied on the etched surface are
referred as primary crystals. This result suggests that each
large granular crystal block is composed of several primary
crystals and a secondary structure, present amongst the
primary crystals. The secondary structure is likely to have
a less-ordered structure such that they were preferentially
removed during etching.
Discussion

From these results it was concluded that laser sintered PEEK
and PEK have a hierarchical structure including three types of
crystal morphologies within the spherulites:

(i) Primary crystal blocks having size of 20–30 nm.
(ii) Secondary structure, less ordered than primary crystal

and bonding primary crystals together.
(iii) Granular crystal blocks, which are composed of primary

crystal blocks and secondary structures 75–145 nm size.
Scheme 1 schematically illustrates the proposed relation-

ship between these morphologies. It is possible that the
secondary structure provides strong enough bonding among
c crystal structure of PAEKs.
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the primary crystals such that internal fracture of large gran-
ular crystal blocks would not take place; the fracture only
occurring along the boundaries of large granular crystal
blocks. Therefore, the crystals revealed on the fracture surfaces
are the large granular crystal blocks rather than small primary
crystals.

It is not clear why these structures are visible in the SEM but
cannot be detected during TEM imaging. Upon a general review
of crystal structures in semi-crystalline polymers, it is found
that many other researchers were not able to detect the granular
crystal blocks under TEM either; they only detected the lamellar
structure of the spherulites.13,14,16,17 This could be explained by
the different image formation method of these two techniques.
The SEM scanning electron images are produced by the
morphology and surface topography, while the TEM bright eld
images are attributed to the mass thickness and diffraction
contrast. The granular crystals exposed to surface may be easily
identied by their unique morphological features in the SEM.
Fig. 7 AFM images taken from the melt crystalized PEEK 150PF. (a)
respectively. (c) and (d) are the surface profiles of nodular crystals meas

3206 | RSC Adv., 2016, 6, 3198–3209
However, in the TEM there is no signicant mass thickness or
diffraction contrast between crystal blocks as they are
composed of the same material.

AFM has also been used as an alternative method to study
the crystal morphology in the literature. The lamellar struc-
ture of semi-crystalline polymer PP, PP copolymer, LDPE and
PMMA have been widely studied with AFM.29–33 Strobl et al.
identied a nodular crystal structure in the lamellae of PP
and LDPE. Strobl's study found that the size of the nodular
crystals was approximately 20 nm.29,30 Based on these nd-
ings, Strobl et al. suggested that the crystal growth involved
multiple steps. Formation of the nodular crystals is the rst
step of crystallization. Then, the nodular crystals merge into
lamellae and ultimately transform into the nal crystal
form.29,30 In our study, the high resolution SEM investigation
suggests that there are two types of nodular crystals present in
the PAEKs, the small primary crystal and the large granular
crystal block.
and (b) show the large granular crystals and small primary crystals,
ured from the dotted lines marked in (a) and (b), respectively.

This journal is © The Royal Society of Chemistry 2016
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AFM analysis was performed here to further demonstrate the
presence of granular crystal blocks and primary crystals in PAEK
observed by SEM. The AFM analysis was carried out on the
surface of isothermally crystallized PEEK 150PF lm. Neither
the laser sintered sample nor the injection moulded specimen
prepared in this study are ideal samples for AFM analysis. For
example, the laser sintered sample was fully embedded in the
powder bed during laser sintering which le a loss powder layer
on top of the surface. Since the surface of injection moulded
sample was in contact with the mould, any machining pattern
on the mold surface could be copied onto the polymer surface.
All of these surface imperfections could mask the true crystal
morphology of polymer during AFM scanning. Therefore, the
PEEK 150PF lm prepared by isothermal crystallization was
chosen as an ideal sample for AFM study.

Fig. 7(a) and (b) show the AFM images obtained from the as-
prepared melt crystalized PEEK 150PF lm (no etching applied
prior to AFM scanning). As can be seen, the AFM images again
suggest the presence of the nodular crystals. Both large crystal
blocks in (a) and the small primary crystals in (b) can be
detected by AFM. Fig. 7(c) and (d) show the linear proles across
the nodular crystals marked with the dotted lines in the AFM
Fig. 8 The crystal morphology of melt crystallized PEEK 150PF, imaged
crystalline structure and the granular crystal blocks. (b) is a high magnific
magnification images taken from etched sample showing small primary

This journal is © The Royal Society of Chemistry 2016
images. The sizes of crystals were measured from the peak
width. When scanning a relatively large area, the large granular
crystals with sizes of approximately 40–50 nm were detected by
AFM as shown in Fig. 7(a) and (c).

Samples from the same isothermal crystallized PEEK 150PF
lm were also used for SEM investigation. Fig. 8 shows the
SEM images of spherulitic crystalline structure and conrmed
again the presence of granular crystal blocks as previously
noticed in the laser sintered samples as shown in Fig. 4,
although this time, the structure was created through
isothermal crystallization. The size of crystal blocks of the
isothermal crystallized PEEK 150PF is approximately 55 nm.
The size of small primary crystal measured from SEM images
of etched lm sample is approximately 15 nm. The size of
crystal blocks and primary granular crystals is similar as the
ones observed in AFM Fig. 7(a) and (b), respectively. The size
measured from SEM images is slightly larger than the one
measured by AFM. It could that the gold/palladium coating on
the SEM samples leads to the overestimation of crystal size.
Upon scanning a fairly small region, much smaller primary
crystals were resolved with sizes of approximately 8–10 nm as
shown in Fig. 7(b) and (d).
with SEM. (a) is the low magnification image showing the spherulitic
ation image showing the granular crystal blocks in detail. (c) is the high
crystals.
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Fig. 4 and 8 show that the hierarchical crystal structure is
formed independent of the processing method, although their
size and conguration of assembly could be inuenced by the
grade of material and processing history. To further prove this
nding, the crystal morphology of injection moulded PEK
specimens was studied. Fig. 9 shows that the granular crystal
blocks appear on the fracture surface of injection moulded
specimens as well with the size of approximately 200 nm. The
size of small primary crystal measured from SEM images of
etched injection moulded sample is approximately 12 nm.

In the literature, the lamellar thickness of PEEK prepared
with conventional isothermal crystallization method was found
to be 6–10 nm by SAXS measurements, depending on the crys-
tallization temperature and time.14,18–20,28 According to the AFM
measurements carried out in this study, the size of the primary
crystals (8–10 nm) in isothermally crystallized sample is similar
to the lamellar thickness of PEEK reported in the literature with
samples made by a melt crystallization process. This suggests
that the primary crystals could be involved in the lamellae
formation in PEEK. The size of the primary crystals in laser
sintered PAEKs (20–30 nm) is larger than that found in
isothermal melt crystallized samples but still of the same order
Fig. 9 The crystal morphology of injection moulded PEK HT G22
imaged with SEM (a) shows the large crystal blocks (b) shows the small
primary crystals after chemical etching.

3208 | RSC Adv., 2016, 6, 3198–3209
of magnitude. Further investigation is needed to achieve
a better understanding of the effect of processing method and
thermal history on the crystal size.
Conclusions

The crystal morphology of three grades of PAEKs was investi-
gated from powder to manufactured samples. The individual
powder is composed of small particles which are built from
clusters of oriented brils. The brils contain primary crystals
of approximately 40 nm in size. This study identied a new
hierarchical spherulitic structure for PAEKs composed of small
primary crystal blocks, secondary structures and large granular
crystal blocks; the latter being the assembly of the rst two
structures. These crystal morphologies were found in laser
sintered, injection moulded and isothermally crystallized
samples by SEM and AFM studies. The primary crystal in the
laser sintered samples is approximately 20–30 nm in size, and is
the smallest crystal structure found in PAEKs spherulites under
the SEM observation. In the injection moulded and melt crys-
tallized samples, the primary crystals have the size of approxi-
mately 10–15 nm. The conguration of assembly and the size of
the large granular crystal blocks are material dependent.
Acknowledgements

This work is supported by the UK Engineering and Physical
Science Research Council (EPSRC grant no EP/L017318/1 –

Particle Shape and Flow behaviour in Laser Sintering: from
modelling to experimental validation). The authors would like
to thanks Mr Richard Davies (Centre for Additive Layer
Manufacturing, University of Exeter) for expertise and help on
manufacturing the laser sintered polymer and Dr Peter Splatt
(College of Biosciences, University of Exeter) for his support on
TEM sample preparation.
Notes and references

1 T. E. Attwood, P. C. Dawson, J. L. Freeman, L. R. J. Hoy,
J. B. Rose and P. A. Staniland, Polymer, 1981, 22(8), 1096–
1103.

2 S. M. Kurtz and J. N. Devine, Biomaterials, 2007, 28(32), 4845–
4869.

3 D. P. Jones, D. C. Leach and D. R. Moore, Polymer, 1985,
26(9), 1385–1393.

4 J. Altmeyer, J. F. dos Santos and S. T. Amancio-Filho, Mater.
Des., 2014, 60, 164–176.

5 S.-L. Gao and J.-K. Kim, Composites, Part A, 2000, 31(6), 517–
530.

6 B. S. Tripathy and M. J. Furey, Wear, 1993, 162–164, Part A,
(0), 385–396.

7 A. M. D́ıez-Pascual, M. Naffakh, J. M. González-Domı́nguez,
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