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Abstract: The manufacture of polyetheretherketone /hydroxyapatite (PEEK/HA) composites is seen
as a viable approach to help enhance direct bone apposition in orthopaedic implants. A range of
methods have been used to produce composites, including Selective Laser Sintering and injection
moulding. Such techniques have drawbacks and lack flexibility to manufacture complex, custom-
designed implants. 3D printing gets around many of the restraints and provides new opportunities
for innovative solutions that are structurally suited to meet the needs of the patient. This work reports
the direct 3D printing of extruded PEEK/HA composite filaments via a Fused Filament Fabrication
(FFF) approach. In this work samples are 3D printed by a custom modified commercial printer
Ultimaker 2+ (UM2+). SEM-EDX and pCT analyses show that HA particles are evenly distributed
throughout the bulk and across the surface of the native 3D printed samples, with XRD highlighting
up to 50% crystallinity and crystalline domains clearly observed in SEM and HR-TEM analyses.
This highlights the favourable temperature conditions during 3D printing. The yield stress and
ultimate tensile strength obtained for all the samples are comparable to human femoral cortical bone.
The results show how FFF 3D printing of PEEK/HA composites up to 30 wt% HA can be achieved.

Keywords: additive manufacturing; advanced composite materials; 3D printing; fused filament
fabrication; PEEK; polyetheretherketone; hydroxyapatite

1. Introduction

Polyetheretherketone (PEEK) is a high-performance thermoplastic polymer of partic-
ular interest for replacing metals in orthopaedic implant applications due to its excellent
biocompatibility, radiolucency, low specific gravity (1.3 g/cm?), and its favourable me-
chanical properties [1]. Further to this it has a lot of potential for ‘made-to-measure’
implants produced through additive manufacturing (AM) approaches, namely 3D Printing
(3DP) [2,3]. Such an approach enables the development of precision biomaterials and is
a critical enabling technology for their clinical implementation [4]. However, PEEK is
hydrophobic due to the aromatic rings and polyester functional groups backbone structure,
which typically inhibits cell attachment and leads to poor bone apposition [5]. Conse-
quently, there is a need to provide a mechanism to functionalise its surface to make the
material at least osteoconductive to ensure a more rapid, improved, and stable fixation
that will last longer, in vivo. One approach to solving this issue is to modify PEEK with
bioactive calcium phosphate (CaP) materials, such as hydroxyapatite (HA). This could be
achieved via coating the PEEK with HA [6,7] or manufacturing a PEEK/HA composite
material and ensuring that the bioactive HA component is available on the surface of the
material to deliver the desired osseointegration [8].
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There is a significant body of work in the literature that describes how PEEK and HA
can be combined to create composite structures for orthopaedic implant devices [9]. Recent
work by Ma et al. reports how compounding and injection moulding can be used to create
PEEK/HA composite materials, highlighting the favorable in vitro properties achieved by
up to 40% loading by weight of HA in PEEK, with optimal results reported at 30% weight
loading of HA [10]. Other approaches have also been used, including extrusion free forming
in combination with compression moulding [11,12], selective laser sintering [13], cold press
sintering [14], hot pressing to create a functionally graded material [15] and electrostatic
bonding [16]. In other approaches PEEK implant structures were created by subtractive
manufacturing approaches, which generated a lot of waste material and is known to have
limited scope for preparing complex geometries when compared to other techniques such
as 3D printing [17,18]. Notably, 3D printing gets around many of the restraints in traditional
manufacturing techniques and opens up opportunities to provide novel and innovative
solutions that are structurally suited to meet the needs of the patient. When it comes to 3D
printing of PEEK, techniques such as Selective Laser Sintering (SLS) and Fused Filament
Fabrication (FFF) have been successfully utilised and can provide solutions to some of
the issues with traditional manufacturing approaches highlighted above. SLS has been
successfully applied to build a 3D printed PEEK replacement for a scapula containing an
invasive primary bone tumour [19]. The optimization of the SLS printing process was
also investigated on cranial implants, to help reduce any anisotropy within the printed
body [20]. However, the SLS technique is very high cost and also results in significant
waste of the PEEK powder, which cannot be re-used for implant preparation thereafter
due to the potential for powder contamination. In the SLS approach, the PEEK powder is
also difficult to handle, requiring additional safety measures. The second technique, FFF
utilises a continuous filament of PEEK during 3D printing. The process produces minimal
waste, is an easy and accessible technology, and can undergo significant modification to
develop printers better suited for an intended application area. One major drawback of
FFF for 3D printing of PEEK is the subsequent anisotropy of the mechanical properties in
prints, and the requirement for the chamber, print bed and hot-end temperatures to be high,
typically well beyond those available in normal commercial FFF printers [21-24]. As such,
the properties and subsequent performance of semi-crystalline PEEK materials produced
through FFF 3D printing will strongly depend upon providing the correct processing
parameters during printing. It is hypothesized that these could be carefully modified and
controlled to minimise the normal inconsistency observed in their mechanical properties
by allowing fine-tuning of the crystalline microstructure and would ultimately provide a
direct and cost-effective route for 3D printing of PEEK/HA composites [25].

In this paper we would like to present a significant development in 3D printing of
PEEK and HA composites using an FFF approach. The key aim of the work was to prove
that FFF 3D printing could deliver PEEK/HA composites with mechanical properties
matching those of bone, and, to the best of our knowledge, this is the first time this has
been reported in the literature. Such an approach could be used to easily manufacture
suitable print geometries via a Point of Care Medical Manufacturing (POCMM) approach
to develop made-to-measure implants for applications such as spinal fusion, without all the
associated drawbacks of FFF [26]. In this work we report firstly on the creation of PEEK/HA
composite filaments via twin-screw extrusion, and the subsequent direct 3D printing of
the extruded PEEK/HA composite filaments via a FFF approach using a custom modified
commercial printer Ultimaker 2+ (UM2+). The 3D printer was modified to operate with
the print chamber temperature up to 230 °C, the print bed up to 320 °C and the hot-end
printing nozzle up to 420 °C, allowing the crystal structure of the printed PEEK bodies
to be modified accordingly, which has a subsequent influence on the properties of the
resultant printed bodies. The 3D printed specimens were then subject to characterisation
via mechanical, thermal, physical, and chemical techniques (as detailed in the materials and
methods section) to ascertain the potential for FFF to be a go-to manufacturing technique
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to produce PEEK/HA composites for orthopaedic implant devices, where direct bone
apposition is crucial.

2. Materials and Methods
2.1. Materials and Processing Conditions

The CAPITAL®R (Plasma Biotal, Buxton, UK) unsintered Hydroxyapatite powder
(HA) was mixed with medium viscous polyetheretherketone (PEEK) VESTAKEEP® 2000P
(Evonik, Essen, Germany) and processed by twin-screw extrusion to obtain continuous
filaments with five different HA contents: 0, 5, 10, 20, 30 wt% PEEK/HA and a continuous
diameter of 1.75 £ 0.10 mm, enabling the filament to be rolled onto a reel for 3D printing.
PEEK and HA powders were dried in an oven at 170 °C for 12 h before use and premixed
at various compositions. A co-rotating twin-screw extruder (Rheomex PTW16/40 OS)
with L/D =40 and diameter of 16 mm was utilised to compound the PEEK and HA into
filaments with a diameter of 1.75 mm. It was operated at a screw speed of 45 rpm and
an exact melt temperature of 370 °C which was measured in the die. An in-house screw
configuration was used to distribute and disperse the HA powder in PEEK. The screw
elements were constituted of feed screw elements for the forward and reverse conveying
of materials in the feeding, conveying, reverse, venting and extrusion parts of the extruder
and mixing elements of 90° and 0° for providing 30°, 60° and 90° twist angles for the
melting and mixing parts of the extruder. (These materials were used for 3D printing on a
modified UM2+ supplied with an all-metal hot end capable of reaching temperatures of
up to 420 °C, building the with heating bed allowing regulation of the temperature up to
350 °C, and heating lamps for regulation of chamber temperature up to 230 °C as had been
described in previous work [27]. All specimens were printed as solid, fully filled structures.
Printing conditions were optimised with each sample to avoid warping of the sample, with
the printing described in Table 1.

Table 1. 3D Printing parameters.

Description Value
Nozzle diameter 1.0 mm
Layer Thickness 0.1 mm

Nozzle temperature 400 °C
Building plate temperature 280 °C
Chamber temperature 230 °C
Printing speed 40 mm/s
Raster angle XY 45° /—45°

2.2. Characterisation of the Extruded Filaments and Composite Samples

The extruded filaments were only characterised using Thermal Gravimetric Analysis
(TGA) and micro-Computed Tomography (uCT) to ascertain the distribution and content
of HA in the filaments prior to 3D printing. The 3D printed samples were characterised
using X-Ray Diffraction (XRD), Transmission Electron Microscopy (TEM), Scanning Elec-
tron Microscopy (SEM), Energy Dispersive X-Ray Analysis (EDX), Differential Scanning
Calorimetry (DSC), Dynamic Thermomechanical Analysis (DMTA), micro-Computed To-
mography (uCT), and tensile and flexural mechanical analyses. All details of these analyses
are provided below.

X-Ray diffraction (XRD) measurements were performed with a PANalytical X"Pert PRO
system, (Malvern Panalytical, Malvern, UK) using Cu K« radiation (A = 1.5406 A) in 20
range of 15-40°. The grain size was calculated from the Scherrer equation Equation (A1),
Appendix A. The crystallinity was determined as the area of crystalline peaks divided by
the sum of the areas of crystalline and amorphous peaks multiply by 100.

Transmission electron microscopy (TEM) and selected area electron diffraction pattern (SAED)
measurements were performed using a field emission JEOL 2100F, (JEOL Ltd., Tokyo, Japan)
microscope operated at 200 kV. The samples for TEM analysis were sliced with thicknesses
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of 30 um using a microtome fitted with a diamond knife and lifted on to carbon coated
copper grids. The samples were then dried in the oven overnight, with air circulation,
at 60 °C.

Scanning electron microscopy (SEM) with energy dispersive X-ray (EDX) analysis of the
3DP samples was performed using a Hitachi SU5000 field emission instrument equipped
with an X-Max 80 mm? silicon drift detector (Oxford Instruments, Abingdon, UK). Images
and EDX spectra were obtained at an accelerating voltage of 10 KV. To make the surface
of the samples conductive for the electron microscopy, they were coated with a thin layer
(~20 nm) of Au/Pd (60/40 ratio) using an Emitech K500X sputtering deposition with Ar
gas. The SEM images of illustrating the print line diameters were measured using the
same SEM system in Backscattered Electron mode (BSE), whereby the samples were not
coated with a conductive layer. The accelerating voltage used was 20 KV and images were
collected at a pressure of 50 Pa.

Dynamic Thermomechanical Analysis (DMTA) were performed with a Q800 DMTA
(TA Instruments, NJ, USA) with clamp dual cantilever in ramp temperature mode with
1 Hz and an oscillation amplitude 15 um, using a heating rate of 10 °C/min in the rage of
50-330 °C, to yield the storage moduli (E”), loss moduli (E’) and the Tan & (equal to the
ratio E”/E’ and relating the energy dissipation relative to the energy stored in the material).
The glass transition temperature (Tg) was taken to be the temperature at the peak of the
Tan 6 curve. The DMTA rectangular specimens were 56 mm in length, 10 mm in width and
3.2 mm thick. Three specimens from each content were tested after printing.

Thermal Gravimetric Analysis (TGA) Mass-loss/temperature curves were obtained with
a SDT Q600D thermogravimetric analyser (TA Instruments, NJ, USA). The 10 mg samples
were measured at a heating rate of 10 °C/min under air as the purge gas in the range of
temperature 50-800 °C.

Tensile properties and flexural properties were determined using the Instron 5500R Model
(Instron Limited, Norwood, UK) at room temperature. The 3DP specimens were evalu-
ated from specimens designed according to the ASTM 638 Type IV and ISO 178 Flexural
standards. 5 specimens were manufactured and tested using both tensile and flexural
experiments for each PEEK/HA wt% category.

Differential Scanning Calorimetry (DSC) (type, company, city, country) analyses were
performed using a DSC Q100 (TA Instruments, NJ, USA). The instrument was calibrated
using pure indium. The 5 mg sample was cut from the middle of rectangular specimen with
56 mm in length, 10 mm width and 3.2 mm thickness. The ramp temperature mode was
used with a heating rate of 10 °C/min in the rage of 50-400 °C. The absolute crystallinity
of the samples is calculated in accordance with Equation (A2), Appendix A.

Micro Computed Tomography (uCT) (type, company, city, country) scans were measured
on a Microtomograph SkyScan 1275 (Bruker, Billerica, MA, USA), with Source Voltage
40 kV and Source Current 250 uA. The Image Pixel Sizes were equal to 5 pm and 8 um
for the extruded filaments (¢ 1.75 mm) and rectangular (56 x 10 x 3.2 mm) specimens,
respectively. The larger pixel size was due to the greater distance between the X-ray source
and the specimen when a larger sample was measured.

Statistical Analysis: The Tensile Modulus, Ultimate Tensile Strength, Tensile Yield
Strain, Flexural Modulus, Ultimate Flexural Modulus and Line Diameter are reported as
the mean + standard deviation (where N = 5).

3. Results
3.1. PEEK/HA Distribution

The extruded filaments were characterised using Thermal Gravimetric Analysis (TGA)
and micro-Computed Tomography (1CT) to ascertain only the distribution and content of
HA in the filaments prior to 3D printing. The physical, chemical, thermal, and mechanical
properties of the 3D printed samples were characterised using X-Ray Diffraction (XRD),
Transmission Electron Microscopy (TEM), Scanning Electron Microscopy (SEM), Energy
Dispersive X-Ray Analysis (EDX), Differential Scanning Calorimetry (DSC), Dynamic
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Thermomechanical Analysis (DMTA), micro-Computed Tomography (1CT), and tensile
and flexural mechanical analyses.

Micro Computed Tomography (LCT) scans show the good distribution of the HA
inside the extruded filaments, as well in the 3DP specimens, as highlighted in Figures la
and Al (Appendix A) for weight loadings of between 5 and 30% HA in the PEEK. The main
fraction of the particle diameters observed are between 28 and 72 pum in both the filaments
and the 3D printed samples. The pixel size is equivalent in this case to 5 um, therefore
smaller objects cannot be observed here by this technique. Larger agglomerates of HA
particles can be observed in the uCT scans, and these can measure up to 179 um in diameter.
No HA particles or agglomerates were visible in the pure PEEK 3D printed samples (or the
pure PEEK filament). It can be noted from the pCT results for the PEEK/HA filaments
shown in Figure 1a that the 30 wt% PEEK/HA shows significantly larger HA agglomerates
than the other samples. There are no visible changes in the size or distribution of the
HA particles and agglomerates after the composite filaments are 3D printed, with both
sets of samples showing identical properties via uCT analysis. The filaments used for the
3DP process were produced as solid and continuous filaments, with minimal porosity as
reported in Table A1 (Appendix A). 3D printing of this continuous filament brought about
a slight increase in the sample porosity, but this was observed to be well below 1% of the
total volume, as highlighted in Table A1 (Appendix A) and as is a consequence of the FFF
3D printing technique, whereby the material to be printed is laid down in lines throughout
the test specimen.

()

500 ypm

’
PEEK 5wt% PEEK/HA  10wmt% PEEK/HA ~ 20wt% PEEK/HA  30wt% PEEK/HA

(b) (c)

= PEEK

— SWt% PEEK/HA
10wt% PEEK/HA

w—20W1% PEEK/HA
30wt% PEEKHA

—— PEEK

— Swi% PEEK/HA
10wt% PEEK/HA
20wt% PEEK/HA
30wt% PEEK/HA

2 3 8 8 %

Heat flow [W/g]

600 800 200 400 600
Temperature [°C] Temperature [°C]

Figure 1. (a) CT Scans of produced filaments, (b) Thermogravimetry for the PEEK/HA compos-
ite filaments and pure PEEK with a heating rate 20 °C/min; weight% versus temperature and
(c) Thermogravimetry heat flow versus temperature for the PEEK/HA composite filaments and
pure PEEK.

3.2. Thermal and Mechanical Properties

Thermogravimetric analysis (TGA) of the PEEK/HA composite filaments confirms the
expected composition (0-30% HA by weight) was maintained during extrusion, as shown
in Figure 1b. Leftover HA, remaining after oxidative decomposition of the organic fraction
corresponds very closely to the amount of the HA mixed with PEEK in the preparation of
the samples. The TGA heat flow curves, as shown in Figure 1c, highlight an endothermic
melting peak at 343 °C for both the PEEK and PEEK/HA composites as would be expected.
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(a)

Storage Modulus

10° 4

In the same figure, the oxidative decomposition of the PEEK and composite material can
be seen to start above 500 °C and is largely unaffected by the HA content of the composite.
However, the slope of the heat flow curves is greater as the weight content of HA increases
(from 0-30% by weight). The first exothermic peak observed (between 500 °C and 650 °C)
corresponds to the chain scission of the ether and ketone bonds, and oxidation, which is
followed by the carbonization process. Carbonization by-products are further oxidized and
visible as a second exothermic peak above 700 °C [28,29]. When the HA content is lower in
the composite material the exothermic peak is shown to be broader and shifted to slightly
higher temperatures. From these TGA results it appears that increased HA content in the
composite filaments slightly reduces the activation energy of this process, but ultimately
does not influence PEEK carbonisation. The reduction in the activation energy has also
been previously observed for other polymer matrix hydroxyapatite composites [30].

The Dynamic Mechanical Thermal Analysis (DMTA) profile for the 3D printed samples
highlight that the storage modulus in the glass and rubber regions rise with increasing HA
content, as shown in Figure 2a. The storage modulus at 100 °C of the PEEK sample is equal
to 2736 MPa, whereas this increases to 5566 MPa for the 30 wt% HA loaded PEEK sample.
From these results it is possible to distinguish a few reinforcement mechanisms for the
PEEK/HA 3DP composites, especially for the 30 wt% HA loaded PEEK material. Firstly,
incorporation of the HA filler into the PEEK leads to a reduction of the chain mobility and
more reinforcement, thus increasing the storage modulus. As the fraction of HA increases
(from 0-30% by weight) the scale of this phenomenon increases. This behaviour was largely
expected, as the HA materials used in the composite formulation is characterized by an
elastic modulus in the range of 80-120 GPa [31]. This is clearly observed as a gradual
reduction of the Tan 6 peak around 170 °C, which corresponds to a glass transition where
the polymer chains can relax, as highlighted in Figure 2b [32,33].

(b)

0.20 ~ ——PEEK
5wi% PEEK/HA
10wt%PEEK/HA
20wt% PEEK/HA
30wt% PEEK/HA

Slope caused by
secondary crystals
A

0.15

10° 3
£ o
_E 5 0104
i ——PEEK
10° 4 5wt% PEEK/HA
10wt% PEEK/HA 0.05 -
20wt% PEEK/HA
30wt% PEEK/HA
101 T T v T v T v T v 1 0 00 T T T T T 1
50 100 150 200 250 300 350 50 100 150 200 250 300 350
Temperature [°C] Temperature [°C]

Figure 2. DMTA profiles for 3DP specimens: (a) Storage modulus vs. temperature, (b) Tan § vs. temperature.

The 3D printing process allowed deposited single lines of the material to be indi-
vidually annealed, thus the layers created by those lines in the preheated chamber up to
230 °C allowed the formation of a well-defined crystalline (or semi-crystalline) printed
structures. It is known that PEEK has a double melting behaviour, which is the result of
melting of weak secondary and strong primary crystallites [34]. The primary crystallites
are characterised by a higher melting temperature observed around 343 °C. The secondary
crystallites can emerge between the glass transition temperature and melting point as an
additional fraction that can be generated by annealing. The half-time crystallization study
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showed that the lowest value is reached here at around 230 °C, which corresponds to the
temperature used in the 3D printing chamber [35].

Tensile tests of the 3D printed specimens showed their brittle character where the
strain does not exceed 3%, as highlighted in Figure 3a and Table 2, with a maximum
strain at break recoded at 2.7% for the 10 wt% HA loaded PEEK composite. This value
for strain is low and is likely a consequence of the degree of crystallinity found in these
3D printed materials. This high degree of crystallinity would be expected due to printing
conditions utilised in the 3D printing chamber, which should promote crystallization in
these samples. It should also be noted that the 3D printed samples have a higher degree
of porosity than the extruded filaments that were used to undertake the 3D printing, as
seen in Table A1 (Appendix A), which was calculated from the pCT data. This would also
affect the mechanical properties of the 3D printed samples. The porosity observed in all
3D printed specimens is a consequence of pores formed between lines/layers due to the
imperfect deposition process that arises from FFF, as shown in the SEM images of cross
sections of the samples in Figure A2 (Appendix A). The 3D printed body is built with
lines, which form layers. In general, the lines from printing appear to be consistent in
diameter as shown in Table 2, with values of ~100 um for each different print composition.
The lines appear to be less homogeneous for their diameter for the pure PEEK and the
5 wt% PEEK/HA sample when compared to the 10-30 wt% PEEK/HA samples, shown in
Figure A2 (Appendix A).

() ™ (b) ™ (© ™ y

100
6000 4

80 4

——DPEEK 5000 I
—— 5wt% PEEK/HA

10wt% PEEK/HA
20wt% PEEK/HA
30wt% PEEK/HA

.
e
—

40004 3 900 MPa PEEK

: Data sheet

._.H
Flexural Modulus [MPa]

3

3

;
e
——
.

4000
3 700 MPa PEEK
Data sheet

Tensile Modulus [MPa]

T 1 3000

T T 3000
0.0 0.5 10 1.5 20 25 30

T T T T T T T T T T T T T T
FEEK  Swi% 10wtk 20wt 0wt PEEK  Swt%  10wt% 20wt% 30wt%
% Strain PEEKHA PEEK/HA PEEK/HA PEEK/HA PEEK/HA PEEKHA PEEK/HA PEEKHA

Figure 3. Mechanical properties of the samples: (a) tensile strength, (b) tensile modulus, and (c) flexural modulus.

Table 2. Summary of mechanical and microstructural properties for the 3DP specimens.

PEEK 5 wt% 10 wt% 20 wt% 30 wt%
Tensile Modulus 4241 4+ 189 4379 4+ 138 4716 + 304 5400 + 302 6110 + 386
UTS 83.1+ 6.6 79.5+59 942 + 6.1 87.6 &+ 12.9 849 +75
Tensile Yield Strain 23+02 21403 2.8+0.1 23+02 1.6 +0.1
Flexural Modulus 4274 + 506 4827 + 301 4663 + 399 5100 + 505 5686 + 312
UFS 131 £ 8.9 171 + 8.4 141 + 23.0 141 +22.3 112 + 5.69
AH, 47.618 44515 41.791 37.556 30.547
X PSC (%) 36.63 35.95 35.37 34.67 30.55
X XRD (%) 44.59 48.57 49.24 49.91 46.18
Grain size (nm) 15.58 15.55 15.65 14.59 13.10
Line Diameter (um) 120 + 27 104 + 37 100 + 31 105 + 27 94 +16

Tensile modulus, Ultimate Tensile Strength (UTS), Flexural Modulus and Ultimate Flexural Strength (UFS) in [MPa] unit, Tensile Strain
in (%), Heat flow AH, (W/g), X, P5C crystallinity fraction calculated from DSC with excluded filler weight fraction, X. kP crystallinity
fraction calculated from XRD with excluded filler weight fraction, Average grain size (nm). The lines diameter is the measured diameter
of the print lines as measured from SEM analyses (um). The Tensile Modulus, Ultimate Tensile Strength, Tensile Yield Strain, Flexural
Modulus, Ultimate Flexural Modulus and Line Diameter are reported as the mean =+ standard deviation (where N = 5).

A small amount of additional HA material incorporated into the PEEK/HA compos-
ites is shown to influence the stiffness of the 3D printed samples significantly, with the
tensile and flexural modulus shown to increase as the content of HA in the PEEK/HA
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composites increases, as shown in Figure 3b and ¢, respectively. The results from the tensile
and flexural modulus tests are also reported in Table 2. However, it can be noted that
the flexural modulus for the 5 wt% HA loaded PEEK/HA sample is probably slightly
higher than expected (in line with the results for the other samples), which may be a
consequence of an inhomogeneity in that set of samples. It is also observed here that the
tensile yield strain of all the composite materials tested here, as highlighted in Table 2, is
between 1.6-2.8%, which is close to human femoral cortical bone performance (~0.67%) [36].
The ultimate tensile strength reported here for the full range of 0-30 wt% HA loading in
the 3D printed PEEK/HA composites is found to be between 79.5-94.2 MPa, which are
again in close correlation to the performance of human femoral cortical bone (typically
ranging from 71-97 MPa) [37]. This is important because the PEEK/HA composites with a
higher concentration of HA could be hypothesised to be the most promising material for
future implantation as they should encourage a higher degree of osseointegration when
implanted and their mechanical properties reported here show a good correlation to human
femoral cortical bone.

3.3. Crystallinity

The results of the Differential Scanning Calorimetry (DSC) first heating scan for the
3D printed samples are characterized by a decreasing crystallinity fraction (X. P5¢) as
the HA content of the PEEK/HA composites increases, as shown in Table 2 and Figure
4. The reason for the significant crystallinity fraction measured here for these 3D printed
PEEK/HA composites is thought to be a consequence of the exposure of each single line to
the heat derived from the lamps heating the chamber (to around 230 °C), as opposed to
the preheated printing bed. It is suggested that the heat from the preheated printing bed
cannot be effectively transferred through the polymer as it prints, as the polymer has a
low thermal conductivity of 0.26 W/m-K [38]. It is noted here in the DSC results that as
the HA content increases this does not significantly influence either the glass transition
temperature or the melting point, as shown in Figure 4. The calculated grain size is not
affected by the filler content and was around 15.6 nm between 0 and 10% wt PEEK/HA.
However, when composition reaches a value around 20 wt% PEEK/HA a small decrease in
size is observed to 14.6 nm and this trend is kept for 30 wt% PEEK/HA composition with a
further decrease to 13.1 nm. The increased level of HA in the 30 wt% PEEK/HA composites
could reduce crystal growth of the PEEK in this sample because a large portion of the
polymer chains are at the interface with the HA particles and agglomerates. This region is
characterised by a reduced ability for relaxation and chain movement within the PEEK,
thus limiting its ability to organise into crystalline grains. However, these results help to
confirm why there is an increase in tensile and flexural modulus as the wt% of HA increases
in the PEEK/HA composites here. The crystallinity fraction calculated from DSC and XRD
data, shown in Table 2, shows a significant difference between the two techniques (typically
between 9-16% depending on the HA content for 3D printed composite samples). This is
because the crystallinity calculated from the XRD analyses (X. XRP) considers the total
crystallinity of the measured specimen, including both secondary and primary crystallites.
The DSC calculation is based on the melting enthalpy for PEEK around 343 °C, and only
refers to the melting of the primary crystallites, hence the lower values observed in the
DSC results (X, P5¢) when compared to the XRD results (X, XRP) here. Weaker secondary
crystals are shown to melt in the region between the glass transition temperature and the
melting point, and they are not included in the calculation in the DSC measurements due
to difficulties in integrating the results in the region between 160-280 °C. Increasing the
HA content of the samples reduces the percentage of the of primary crystallites, and the
crystallinity (X P°C) drops from 36.63% to 30.55% for 3D printed pure PEEK and the 30%
HA loaded PEEK/HA composites. However, the decrease in crystallinity from the DSC
results (X P5C) for the 0-20 wt% HA samples is small (only 2%), with the largest drop
observed for the 30 wt% sample recorded as 30.55%, (6.08% less that the pure PEEK sample).
In comparison, the total crystallinity calculated from the XRD results (X. XRP) increased
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with increased amounts of HA in the composite material (as shown in Table 2). The HA
particles are thought to act as nucleation agents for the crystallisation process, however,
this trend is not observed for the 30 wt% HA loaded PEEK/HA sample. It seems that the
HA acts as a nucleation agent helping in the initiation of the crystallisation process for the
secondary crystals at the beginning of the process (and only up to a certain point of HA
loading). However, in the 30 wt% HA loaded PEEK/HA sample, the increased HA content
reduces the number of primary crystals by immobilisation of the chain at the interface with
the HA particles, not allowing for formation of the expected thicker lamellae structure.
This corroborates the findings of the DSC crystallinity calculations (X P5C) and the grain
structure calculations.
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Figure 4. (a) First heating scan of DSC 3DP specimen, (b) XRD pattern of 3DP samples with various HA content and (cI)
HRTEM image and corresponding SAED pattern from PEEK, (cII) TEM image of 30 wt% PEEK/HA composite, inset
showing a HA particle on the surface of PEEK, (cIII) The SAED pattern corresponding to Figure (cII) and (cIV) HRTEM of
30% PEEK/HA showing the lattice fringes corresponding to PEEK and HA.

The X-Ray Diffraction (XRD) pattern for each of the PEEK/HA composites is shown in
Figure 4b. For the pure PEEK sample, strong peaks corresponding to various planes have
been identified as would be expected for this material. Specifically, peaks at 18.75°, 20.8°,
22.73°, and 28.75° 20 are attributed to orthorhombic PEEK crystal planes (110), (111), (200)
and (211), respectively [39,40]. In the composites containing HA (loaded between 5-30%
by weight), additional peaks were observed at 25.88°, 28.96°, 31.80°, 32.94° and 34.08° 26
correspond to (002), (210), (211), (300) and (202) planes of crystalline HA in accordance
with International Centre for Diffraction Data (ICDD) File# 09-0432. Upon increasing the
HA concentration in the PEEK/HA composites the intensities of the HA peaks increased as
would be expected. The high-resolution Transmission Electron Microscope (HRTEM) image
for PEEK is shown in Figure 4(clI) and the corresponding Selected Area Electron Diffraction
(SAED) pattern is shown inset. The lattice spacings of 0.38 nm and 0.29 nm corresponding
to (200) and (021) planes of PEEK have been clearly identified. From the SAED analysis,
same peaks were clearly identified and labelled in the figure. The TEM images and SAED
pattern from the 30 wt% HA loaded PEEK/HA composite is shown in Figure 4(cII-1V).
The HA particles are well distributed in the PEEK material as highlighted in Figure 4(clI),
with the inset diagram here showing a magnified image of HA surrounded by the PEEK
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matrix. The corresponding SAED pattern for the 30 wt% HA loaded PEEK/HA composite
is given in Figure 4(clIl). Diffraction rings, due to multiple crystalline domains, relating
to both HA and PEEK were identified and labelled in the image. Due to large fraction of
the PEEK crystals in the 30 wt% HA loaded PEEK/HA sample the diffraction patterns
corresponding to HA are less intense than those for PEEK. The representative HRTEM
from the 30 wt% HA loaded PEEK/HA sample is presented in Figure 4(cIV). As shown,
lattice spacings corresponding to HA (210) and PEEK (021) were clearly observed and
labelled. The yellow line in Figure 4(cIV) indicates the PEEK/HA interface. Close contact
of two types of lattice corresponding to both HA and PEEK suggest that the HA particles
are indeed acting as nucleation agents during crystallisation of the semi-crystalline PEEK
polymer in this case.

3.4. Morphology

HA is very well distributed in the 3D printed samples as shown in Figures 5a and A2
(Appendix A) for the Scanning Electron Microscopy (SEM) images. It is possible to notice
spherulites on the top layer of the PEEK which are mutually interpenetrating, as can be
observed in Figure 5b. The diameter of the observed branches from the high-resolution
SEM images is seen to decrease with distance from the centre of the spherulite, with the
thickest branch around 155 nm and the thinnest branch measured to be around 28 nm.
It seems that the thinnest crystals correspond to the primary crystal block with the size
ranging typically from 20-30 nm, and the wider branches are composed with primary
and secondary crystalline structures whose size was observed to be between 75-145 nm.
The results here are slightly oversized with comparison to the normal published results for
PEEK (~35%) [41]. However, the SEM images in the literature were taken after permanganic
chemical etching, and that can result in partial dissolution of the crystals thus resulting in
smaller observed crystals when compared to the results here, whereby the surfaces of the 3D
printed PEEK/HA composites were measured in all cases without any surface treatments
of modifications. SEM-EDX mapping of the 3D printed PEEK/HA composites shows that
HA is very well distributed in the PEEK matrix, with clear areas of overlapping Ca and
P observed across the entire sample as shown in Figure 5d—e for the 20 wt% HA loaded
PEEK/HA sample. In combination the pCT results and the SEM-EDX measurements
highlight here that the HA material is evenly distributed throughout the bulk of the
3D printed samples and crucially, on the surface of the samples, whereby it can help
enhance direct bone apposition and highlights the benefit of applying 3D printing to create
PEEK/HA composites for orthopaedic applications.

um  SUSO00 10.0kV 6.3mm x30.0k SE(L)
CaKal %(g) 10 gm PKal

Figure 5. SEM of top 3DP surface for 30 wt% PEEK/HA composite at (a) x10 k and (b) %30 k
magnifications. SEM images (c) and corresponding (d) Ca and (e) P elemental maps for 20 wt%
PEEK/HA sample, (f) photograph of 3DP spinal fusion implants with 20 wt% PEEK/HA.
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4. Discussion

The results presented here illustrate for the first time (to the knowledge of the authors)
that FFF 3D printing can be used to successfully manufacture PEEK/HA composites
up to 30 wt% HA and it addresses a significant gap in the knowledge in this respect.
To be suitable for 3D printing, the materials chosen must be firstly printable, they must
possess the appropriate structural and mechanical properties for their intended application
once they are printed, and they must be biocompatible [42]. The fact that PEEK/HA
composites have been successfully directly 3D printed using FFF, shows that the materials
are printable under the 3D printing parameters employed here. It is worth noting that
beyond 30 wt%, the 3D printing became more problematic and further optimisation would
be required to move above this composition. The uCT results for the PEEK/HA filaments
shown in Figure 1a highlighted that the 30 wt% PEEK/HA sample had significantly larger
agglomerates than the other samples. This has been suggested to be a consequence of the
high viscosity of the PEEK matrix at high temperatures during the manufacturing process
as reported by Wang et al. [43].

Clearly, the results presented here also show that all the 3D printed PEEK/HA compos-
ites (5-30 wt% HA) have mechanical properties in line with human femoral cortical bone
(as in the Ultimate Tensile Strength and the Tensile Yield Strain), and that the incorporation
of increased levels of HA into the composite bodies provides for increased tensile and
flexural moduli. With respect to the tensile modulus of the samples, by comparison the best
published results were obtained at chamber temperature 200 °C with a tensile modulus of
4.1 GPa [21,44]. The results shown here are consistent with those results reported in the
literature, with the neat matrix (0 wt% HA in PEEK/HA) printed at 230 °C during this
study reached a tensile modulus of 4.2 GPa, as highlighted in Table 2. This slight increase
was expected due to optimal conditions promoting crystallization of semicrystalline PEEK,
with a half-time crystallization minimum at 230 °C. These highlight how enhancements
to the mechanical properties are achieved in the PEEK/HA composite when compared to
the pure PEEK. On balance, it could be suggested that moving beyond 20-30 wt% HA in
the composite results in slightly poorer mechanical properties, however, the 30 wt% HA
samples have properties that are still commensurate with human femoral cortical bone and
could still have a role to play. Previous works by others have shown that up to 50 wt%
HA loaded PEEK/HA composites can be manufactured, although 15-30 wt% seemed to
be appropriate compositions to provide enhanced mechanical performance [12]. In other
work, calcium sulphate (CaS) was added to PEEK up to 80 wt% CaS, with again the best
mechanical performance at 20 wt% CaS [45]. The results in this study highlight that 10 wt%
loading with the filler (in our case HA) results in the best mechanical performance of the test
specimens with respect to the ultimate tensile strength and the tensile yield strain. It should
be noted though that a range of other processing conditions, other than the fraction of filler
during FFF can have a dramatic effect on the structure and properties (particularly the
mechanical properties) of 3D printed specimens [44]. This includes the temperature of the
printing nozzle, the printing bed temperature, and the ambient temperature of the printing
chamber. In this work, the nozzle temperature utilised (400 °C) was towards the upper end
of what commercial PEEK filament manufacturers would recommend (335-420 °C) [22].
However, the high nozzle temperature applied in this work was necessary to prevent the
nozzle blocking, as this is known to occur at lower nozzle temperatures. In addition, the
higher temperature of the nozzle provides sufficient melting of the PEEK in the nozzle and
the fluidity of the printing material was enhanced delivering enhanced quality prints with
lower print void [46].

The ambient temperature of the print chamber was set at 230 °C in this study, which
in combination with the nozzle temperature ensured a higher degree of crystallinity for
the PEEK matrix in the printed samples as the cooling rate of the materials was slower.
Previous work by Wu et al. [47]. highlighted that as the ambient temperature increased,
the crystallinity of the samples increased, and the subsequent mechanical performance was
enhanced. In general, if the nozzle temperature and ambient temperature are significantly
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different, this results in warping of the 3D printed specimens. In addition, with a higher
chamber temperature this allows for a faster and better crystallisation of the samples [48],
and in comparison, to the results reported in this study, with crystallinities for the PEEK
matrix reported between 44.59 and 49.91%, these are well above the typical 35% observed
for PEEK [22]. Furthermore, in this study higher print-bed temperature (280 °C) was used,
which was again at the upper end of what has been explored in the FFF of PEEK specimens
in the literature [22]. This again prevents warping as it slows down the cooling rate of the
polymer when printed. In combination, the temperature of the print nozzle, the print bed
and the print chamber all act collectively to ensure the best quality print, without warping
and enhanced crystallinity. They also act to ensure minimal porosity (or print void) in the
printed specimens, with all values here reported below 0.732% from the uCT analyses, well
below that reported for FFF 3D printed PEEK and PEEK/ carbon fibre composites [46,49,50].
It should be noted that the highest porosity was observed for the 5 wt% PEEK/HA sample
from the uCT data in A-Table-1, with slightly lower levels observed for all the other samples,
except the 20 wt% PEEK/HA sample. These results do not correlate with the observations
in the BSE SEM cross sectional images for the same samples in Figure A2. However, the
uCT data are taken from a larger sample volume as opposed to a small number of SEM
images taken at random from cross-sections of the samples. The uCT data would therefore
be a better estimate of the overall porosity of these samples than the supplementary SEM
images. The relationship between the porosity of the samples and the wt% HA in the
PEEK/HA samples does not follow a definite trend here and is likely a consequence of
sampling. It would be proposed that future studies incorporate larger numbers of samples
when calculating the porosity using pCT. Despite this, the results here still show favourably
low porosity levels in all samples manufactured. The porosity observed in all 3D printed
specimens is a consequence of pores formed between lines/layers due to the imperfect
deposition process that arises from FFF, as shown in the SEM images of cross sections of
the samples Figure A2. This phenomenon has been observed previously when pure PEEK
has been 3D printed by FEF [27].

Other parameters that can influence the structure and properties of the FFF 3D printed
specimens include the nozzle diameter and layer thickness [44]. In this study a nozzle diam-
eter of 1.0 mm was used, along with a layer thickness of 0.1 mm. This differs significantly
than any values reported in the literature, although, the values in the literature are reported
for pure PEEK and not PEEK/HA composites. Generally, the best quality prints for PEEK
were achieved in the literature with smaller diameter print nozzles (typically in the order
0.4 mm), with the best prints (and best mechanical properties) achieved with a 0.3 mm
diameter layer thickness [22,40]. However, when printing composites such as PEEK/HA
in this study, a wider diameter nozzle helped to enhance the flow of the composite material
from the nozzle, and the lower thickness layer helped to reduce the void space in the
prints, given the elevated ambient temperature in the print chamber. The printing layer
thickness is also shown to influence the mechanical properties of FFF 3D printed samples,
with thicker print layers exhibiting poorer mechanical performance [40]. Further to this the
printing orientation, raster angle and printing speed can influence the quality of the prints
and the mechanical performance of printed specimens. Generally, horizontally printed
samples exhibit the best mechanical performance, along with the lowest print void, and
when the raster angle is either 0° or 90° in a horizontal this produces both the best and
worst mechanical performance, with a 45° raster angle delivering intermediate mechanical
performance between these values [22]. In this study the prints were manufactured at a 45°
raster angle, which probably highlights the potential for optimisation of the mechanical
properties beyond those achieved here. The printing speed usually has an inverse rela-
tionship with mechanical properties (higher speed leads to poorer mechanical properties),
which is due to the layers not getting time to diffuse and crystallise properly [40]. In this
study a high printing speed was utilised (40 mm per second) and was at higher end of
those reported in the literature [22], but as the ambient temperature was generally higher
in this work, it is thought that this counterbalances the higher printing speed.
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PEEK and HA are both well-established biomaterials that are both currently used
for orthopaedic implant devices and through the results demonstrated here, it is not
envisaged that FFF of PEEK/HA composites manufactured under similar processing
conditions as utilised in this study, will unduly affect their properties, and ultimately their
biocompatibility, and prevent their approval for use in orthopaedic implants. However,
new 3D printing capabilities also introduce new regulatory challenges, especially for made-
to-measure or customisable implant devices, especially with respect to manufacturing
quality assurance. Therefore, there is an implicit requirement to fully characterise the
properties of the 3D printed materials to provide direct evidence they are safe and effective
for clinical use. The extensive uCT, TGA, DSC, FTIR, XRD, SEM-EDX and HRTEM results
illustrated here all show that semi-crystalline PEEK/HA composites can be 3D printed and
deliver HA particles homogeneously across the uppermost surface of the samples, along
with the bulk of the materials, providing both aspects of good mechanical performance and
the potential for enhanced bioactivity. Certainly, no unusual results were observed here
for any of the PEEK/HA composites, and all the analyses highlighted both chemical and
physical properties that were in line with those expected for both PEEK and HA. Therefore,
the PEEK/HA composites considered here in this study are all printable and have the
appropriate mechanical properties. The presence of HA on the surface could indicate that
the materials would show enhanced bioactivity when compared to pure PEEK. However,
the true biocompatibility has yet to be tested and is beyond the remit of this initial study of
the FFF process and PEEK/HA composites produced from it. A significant advantage of
the processing conditions applied during the FFF 3D printing of the PEEK/HA composites
here, is the high temperatures of the print nozzle, the print-bed and the print chamber have
all led to the PEEK having a higher degree of crystallinity when compared to previous
work by others, which has delivered good mechanical performance in all of the samples
printed, and consequently this has reduced the need for any post-processing annealing [22].
However, it should be noted that the printing parameters do need to be further optimised
here to help to deliver enhanced properties for these PEEK/HA composites.

5. Conclusions

In this study 1.75 mm diameter filaments were successfully manufactured from HA
and PEEK powders into continuous filaments and 3D printed using a FFF approach on
a modified Ultimaker 2+ 3D printer with high temperature capabilities with respect to
the heated print bed, the print chamber, and the hot-end printing nozzle. PEEK/HA
composites containing HA in the range 0-30 wt% were successfully 3D printed here into
solid structures and characterised using mechanical, thermal, physical, and chemical
analytical methods. The results here demonstrate the unique spherulite structure of the
PEEK visible on the top of the 3D printed specimens, relating to the favourable high
temperature crystallization conditions during the 3D printing process, with crystallinities
reported between 44.59% and 49.91%, typically higher than the values expected for injection
moulded samples. This increased crystallinity significantly enhances the mechanical
properties of the 3D printed parts by delivering continuous crystalline domains in all
directions. For the 3D printed composites, the mechanical properties such as tensile yield
strain of between 1.6%—-2.8% and ultimate tensile strength in range 79.5-94.2 MPa are
in close relation to the human femoral cortical bone performance. SEM-EDX and pCT
analyses show that HA particles are evenly distributed throughout the bulk and across
the surface of the native 3D printed samples, which is critical for both enhancing the
mechanical properties of the composite materials and providing enhanced osseointegration
to ensure more rapid, improved, and stable fixation with bone tissue. The materials could
be used in orthopaedic applications, such as spinal fusion devices. The next important
step in the development of these materials through FFF 3D printing is to understand
their chemical properties, especially on the uppermost surface and to undertake extensive
in vitro characterisation to test their biocompatibility. Further studies also need to be
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conducted to optimise the printing parameters to deliver enhanced properties to these
materials.
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Figure A1. The CT Scans of 3DP rectangular specimens (pixel size 8 um).

Table A1. Porosity calculated from CT Scans.

Porosity—Closed Pores

Sample Filaments [%] 3DP Bars [%]
PEEK 0.001 0.272
5 wt% PEEK/HA 0.007 0.732
10 wt% PEEK/HA 0.026 0.478
20 wt% PEEK/HA 0.000 0.039

30 wt% PEEK/HA 0.019 0.497
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Figure A2. Cross-sectional BSE SEM images of 3D printed (a) pure PEEK, (b) 5 wt% PEEK/HA, (c) 10 wt% PEEK/HA,
(d) 20 wt% PEEK/HA and (e) 30 wt% PEEK/HA.
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Figure A3. Scanning electron microscope images for rectangular PEEK specimens as 3D printed with HA content between
0-30 wt%.
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Table A2. Elemental composition of 3D printed materials with the HA content between 0-30 wt%
incorporated in PEEK, obtained by SEM-EDX spectrum at 1000 x magnification.

HA Conc wt% (PEEK/HA)

Atomic Conc (%)

0 5 10 20 30
C 83.8 81.6 80.5 76.4 68.1
(@) 16.2 16.9 16.1 15.5 20.9
Ca 0.0 1.0 2.3 5.5 74
p 0.0 0.5 1.1 2.6 3.5

Scherrer equation (Equation (Al)):

KA
~ B-cosb

(A)

where: T—mean size of the crystalline domains, K—shape factor equal 1, A—X-ray wave-
length, B—FWHM, cos0—Bragg angle

The absolute crystallinity fraction X, can be calculated from the heat of fusion mea-
sured by DSC and can be expressed by relation to the heat of fusion of an infinitely thick
PEEK crystal (Equation (A2)):

AHy,

= 100 (A2)
AHf'wpolymer

Xe

where: AHJQ—absolute enthalpy of pure crystal polymer 130 J/g, AH,,—enthalpy of melt-
ing, wyoymer—weight fraction of polymer matrix.
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