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ABSTRACT

The present study reports the novel results of microstructural and mechanical properties of highly porous
Polyetheretherketone (PEEK) coating. PEEK is already considered as a material for biomedical implants. A
new kind of approach is proposed for manufacturing of highly porous PEEK coating on a dense PEEK
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coating for orthopedic implants and successfully implemented to create novel biomimetic porous PEEK

coating by means of thermal spray process. To imitate the structure of natural bone, as-sprayed top PEEK
coating has porosity of more than 60% vol. and pore sizes of 30-80 pm. Mechanical results of dense PEEK
coating show that PEEK coating exhibited good strength, hardness (20 HVO0.1) and good bonding strength
(15 MPa) with the metal substrate. Thermal sprayed porous PEEK coating that can be used for future
implants instead of plasma sprayed titanium coating on dense PEEK implants because porous PEEK
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improves the bone-implant interface joining compared to plasma-sprayed titanium coating on PEEK.
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Introduction

Polyetheretherketone (PEEK) is a high strength semi-
crystalline thermoplastic and is one of the most common
materials used for load-bearing orthopedic implants,
particularly in spine due to its radiolucency and favorable
mechanical properties [1-2]. In 1990s, the uses of PEEK
implants have been considered worldwide owing to its
radiolucent structure with high flexibility and chemical
resistivity in comparison to metallic implants. These
characteristics of PEEK material are equal to bone material
make easier to design of biomedical implants with
minimum stress shielding [3]. The potential applications of
PEEK material are bone replacement, dental implant,
craniomaxillo facial and cartilage replacement. Less
osseointegration and bioactivity led to clinical failure of
conventional dense PEEK implants as reported earlier [4-
7]. To ascertain the better results of PEEK implants,
significantly number of research investigations is required.
Some recent studies suggests that porous PEEK structured
implant possessed good osseo-conductive properties which
is promoting the use of PEEK implants instead of titanium
implants. Although possible potentials of PEEK implant are
still a debating issue. Smooth surface of titanium and other
bio  materials implants could cause limited
osseointegration between an implant and bone [8-12].
Conventional dense PEEK implants also have a smooth
surface because of injection molding process. Therefore,
porous PEEK coating on implant would be a viable solution
in alternate to porous titanium coating on PEEK implants.
Using porous structured PEEK implant can be result into
the enhanced mechanical interlocking by in growth of bone
tissues through the pores present as compared to
roughened surface. Osseointegration is affected by the
surface finish and chemical composition and their
proportionally contributions but still appallingly known
[13-14].

Plasma sprayed porous titanium coating on PEEK implants
improves osseointegration. Pure titanium coating with
thickness 100-250 pm is widely adopted for clinical

implants [4, 15-16]. Wear down of these coatings over time
resulted into wear debris formation and under further
movement of implant led to damage of bone tissues and
aseptic loosening [16-19]. Therefore, plasma sprayed
titanium coating could revamp PEEK implants on the stake
of feasibility and affinity with PEEK material.

Now-a-days, the efforts are being made and focused on
fabrication of porous structure of PEEK and of other
biocompatible polymers in order to reconstruct expanded
bone defects [20-22]. Another clinically-available
alternative to smooth PEEK is porous PEEK. A few recent
studies has demonstrated that porous PEEK structure can
withstand relevant physiological and intraoperative loads,
facilitate  cellular  proliferation and  osteogenic
differentiation, and enhance PEEK osseointegration in
preliminary animal studies and clinical case reports [23-
26].

A novel approach is proposed for manufacturing of highly
porous PEEK coating by means of thermal spray process.
As per available literature, PEEK is already has been
considered for biomedical application due to its
radiolucency, bio compatibility and favorable mechanical
properties; therefore the present study reports only the
results and findings in the fabrication of tailored highly
porous PEEK coating to facilitate bone in growth and
preserve PEEK’s favorable medical imaging properties.

Experimental

Materials & Methods

PEEK powder (“Victrex 150UF10", UK) is used as feedstock
and pure titanium plats were used as substrates material.
The coatings of porous PEEK were deposited at R&D
facility, MEC Jodhpur with new flame spray hardware
(specially designed and developed for polymers) onto
titanium substrates of dimensions 80x50x3 mms3. To
achieve a uniform coating thickness and consistent coating
properties the coating process was carried out in a thermal
spray booth using a robot. Prior to spraying substrates
were cleaned with acetone for 5 minutes and grit blasted in
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order to increase the surface roughness, so that it could
improve the adhesion strength of the coating to the
substrate. To deposit the PEEK coating spray parameters
are listed in Table 1.

Table 1: Spray parameters for PEEK coating

Parameter Value

Fuel 30 psi

Oxygen 40 psi

Air 40 psi

Spray Distance 12 inch
Powder feed rate 25 gm/min

Coating characterizations and testing

As-sprayed coatings were tested and characterized in the
R&D laboratory of MEC India. Cross-sections of the samples
were examined under the Scanning Electron Microscope
(Carl ZEISS Evo18, UK) equipped with Backscatter electron
detector (BSC) and EDS analysis (Oxford Instruments,
United Kingdom). Software “Image)” was used to distract
data on volume porosity, pore and interconnections sizes
from BSE images. Porous PEEK cross-sections were
manually contoured tightly to the pores to minimize
inclusion of non-porous volume. Microcomputed
tomography (UCT) was used to characterize the porous
structure of porous PEEK samples. Scans were performed
using a 17.2 um voxel size, 55 kVp 17 tube voltage, 200 pA
tube current, and 215 msec integration time (UCT 50,
Scanco Medical, Briittisellen, Switzerland).

The microhardness was examined with a Vickers micro
indenture (SHIMADZU HMV-G-21ST, Japan) as per ASTM-
E384 under a load of 100 g (HVO0.1l) and fifteen
measurements were taken on the coated sample. The
tensile strength of the coating was tested using INSTRON
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Digital Tensile Testing Machine (Model: 5969 USA)
according to ASTM-C633. The adhesion strength of the
coating was tested by pull-off strength of coatings using
portable adhesion test as per ASTM D 4541. In addition
compression mechanical testing (ISO 604:2002) was
performed using INSTRON Digital Tensile Testing Machine
(Model: 5969 USA).

Results and Discussion

Microstructures of porous PEEK coating are shown in
Figure 1. Figure la and Fig. 1b-d corresponds to cross-
section and as-sprayed top surface of the porous PEEK
coating, respectively. The porosity level in the coating is
found to be more than 60 vol. %, as shown in Fig. 1b-d,
more than 90% of pores are in the range of 30-70 um and
in depth as well. As per previous study [10], such porosity
is preferred for the colonization with osteoblasts. In order
to increase adhesion strength of the final coating, a dense
PEEK coating of 40 micron was deposited (Figure 1e) on
the substrate prior to fabricate porous PEEK coating of 150
micron. Combination of dense layer and porous peek layers
are suitable in bone reconstructive surgery to create
tailored scaffolds having adequate mechanical properties.
It was observed and confirmed that no delamination,
microcracks or fusion defects are viewed between the
layers. Thus, the proposed method is efficient to form a bi-
layer structure, simulating cortical and trabecular bone
implants. Now-a-days researchers are focused on

fabrication of porous peek coatings for future bone
implants, having structure like different bone tissues and
having considerable mechanical properties.

s

100 pym EHT =20.00 kv

Signal A =NTS BSD MECPL JODHPUR
WD =10.5 mm Mag= 100X

(b)

EHT =20.00 kV

Signal A =NTS BSD MECPL JODHPUR
WD = 95 mm Mag= 177X

(©

(d)

JTSE Vol. 1 (1), 2019, pp 32-36
Contents lists available at http://www.inscience.in/JTSE.html

©2019 Science IN. All rights reserved @in


http://www.inscience.in/JTSE.html

S. Tailor et al. / Thermally Sprayed Porous PEEK Coating for Biomedical Implants 34

100 pm EHT = 20.00 kv
WD =125 mm

Signal A =NTS BSD
Mag= 205X

MECPL JODHPUR

Figure 1: SEM images of porous PEEK coating, (a) cross section, (b-c) As-sprayed top surface,
(d) atilt view of top surface, (e) dense PEEK coating

Table 2: Porous PEEK Pore Morphometrics

Morphometrics Porosity Pore Size Strut Spacing Strut Pore depth Inter connectivity
properties (%) (pm) (pm) Thickness (pm) (%)
(um)
Porous PEEK 65.8+ 0.5 30t080+10 200+3 100+3 450 + 20 97.93+0.01%

Quantitative uCT analysis of porous PEEK surfaces
demonstrated similar pore morphology to previous reports
[23-24, 27]. Porous PEEK structures possessed a porosity
of 65.8 + 0.5%, pore size of 30 to 80 + 8 um, strut spacing of
200 +3 pm, strut thickness of 100 + 3 um, pore depth of
450 £+ 20 pm, and interconnectivity of 97.93 + 0.01% (Table
2).

A numerous experiments were performed to obtain a
porosity level up to 60-70%. Figure 2 is represents the
number of experiments in respect to achieved porosity in
the coating. However, it is very difficult to deposit a
polymer coating by thermal spray process due to higher
temperature of the flame produces in thermal spraying.
Polymer powder burns in high temperature flame during
the deposition and it turns into carbon. Addressing this
problem, a new thermal spray apparatus is designed and
developed in MEC R&D laboratory by employing a new
spray nozzle. The new designed spray nozzle has a unique
design which reduces flame temperature near about
melting point of a polymer powder. This new spray nozzle
is the result of many R&D and design trails. After successful
development of the spray nozzle at first controlled spray
parameters were optimized for a dense PEEK coating (Fig.
le). And then, the controlled process parameters were
optimized in order to get 60-70% porosity in as-sprayed
PEEK coatings.

The microhardness measurement was carried out on
polished cross-section of the as-sprayed coatings. The
average of 15 identical hardness readings is taken along
the cross-section of each sample. It was observed that
porous PEEK coating has a considerable hardness and
found to be 17+5 HV.1; due to presence of high porosity.
Adhesion strength is an important factor in thermal spray
coatings as well as in bio-implant applications because it is
directly related to the performance and durability of the
coating as it directly influences the fatigue life of the
coating. Three point bend test was performed to check
delamination characteristics of porous PEEK coatings and

it was considered as a test to check the adhesion strength
of the coating. Test showed that coating exhibited good
bond strength. In addition tensile strength of the coatings
was also investigated by the tensile test using INSTRON
Digital Tensile Bond Testing Machine (UTM, Model: 5969,
USA) and portable Pull-Off strength adhesion test
(PosiTest® Pull-Off adhesion Tester). From these both
tests the adhesion strength of the as-sprayed porous PEEK
coatings was found to be 14+5.0 MPa, and 15+3.0 MPa
respectively.

Porosity (%)

Number of experiments

Figure 2: Porosity % Vs Experiments conducted

Mechanical interlocking between the bone tissues and an
implant is subjected to the implant surface characteristics
such as size and relative position of both surfaces. Load
bearing capacity of bone/implant joint relies upon the bone
ingrowth volume area [28]. Generally, the change in
surface features by grit blasting, polishing, plasma spraying
and texturing led to alter the bonding strength of titanium
surface with bone material [4, 29]. A better mechanical
bonding between the porous PEEK and bone in comparison
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to titanium deposited PEEK surface and bone implant was
reported due to increased ingrowth volume of bone into
porous PEEK [20]. Interlocking of bone and an implant
mainly depends on large scale surface features rather than
that of nano scale surface features. Insignificant fixation
strength was showed by the nano scale surface features
than large scale surface features on titanium surface [30].
Fixation strength of implant is also governed by the
orientations of surface features along with the load i.e.
shear or tensile. The examples of shear loading at bone
implant interface are screw type and dowel pin while hip
stems and spinal fusion subjected to the tensile loading
[31]. Implant asperity intrusion and their engagement with
asperous surfaces could withstand up to a degree. But in
tensile loading, surface features such as porosity
(undercutting) efficaciously unite with the bone. Inferior
undercutting surface characteristics of titanium deposited
PEEK caused to lower fixation strength under tensile
loading in contrast to porous PEEK [20]. Osteoconduction
created bonding between bone and implant also confer the
fixation of implant, along with the mechanical interlocking.
Implant fixation strength of bone with polished titanium
surface was measured around 0.01 MPa [32]. However, a
standard tensile strength at bone implant interface ranged
from 2-30 MPa depends upon the surface features and
bone ingrowth mechanisms [4, 29, 32-33]. Bone-implant
fixation phenomenon assumed to be mechanical yoking
which is supported by micro surface features on implant
surfaces [34].

Compressive strength of porous PEEK coating is shown in
Fig. 3. Compressive strength of human trabecular bone is
around 15 MPa [35] with less deformation whereas porous
PEEK coating structure demonstrate the required strength,
but at higher deformations.

0

PEEK

Stress (Mpa)

Deformation %

Figure 3: Stress-deformation diagrams for porous PEEK coating

Conclusions

Dense as well as porous PEEK coatings are fabricated by
means of thermal spray process. This study reports new
results and achievements in the fabricating of tailored
porous PEEK coating for future bone implants. The
developed coating exhibited a porous structure and good
mechanical properties. Thermal sprayed porous PEEK
coating could be a replacement of porous HAP coating on Ti

implants and porous Ti coating on PEEK implants in
biomedical implant industries. Better interlocking in
porous PEEK, makes it promising and suitable for
biomedical implants.
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