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Abstract

Polyether ether ketone (PEEK) rods were coated via ion beam asssited deposition (IBAD) at room
temperature. The coating consists of a two-layer design of yttria-stabilized zirconia (YSZ) as a
heat-protection layer, and hydroxyapatite (HA) as a top layer to increase bioactivity. A rotating
substrate holder was designed to deposit an even coating on the cylindrical surface of PEEK rods;
the uniformity is verified by cross-sectional measurements using scanning electron microscopy
(SEM). Deposition is followed by heat treatment of the coating using microwave annealing and
autoclaving. Transmission electron microscopy (TEM) showed a dense, uniform columnar grain
structure in the YSZ layer that is well bonded to the PEEK substrate, while the calcium phosphate
layer was amorphous and pore-free in its as-deposited state. Subsequent heat treatment via
microwave energy introduced HA crystallization in the calcium phosphate layer and additional
autoclaving further expanded the crystallization of the HA layer. Chemical composition evaluation
of the coating indicated the Ca/P ratios of the HA layer to be near that of stoichiometric HA, with
minor variations through the HA layer thickness. The adhesion strength of as-deposited HA/YSZ
coatings on smooth, polished PEEK surfaces was mostly unaffected by microwave heat treatment,
but decreased with additional autoclave treatment. Increasing surface roughness showed
improvement of bond strength.
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1. Introduction

Polyether ether ketone (PEEK) is an attractive polymeric implant material for orthopedic
applications [1,2]. Compared to traditional metal implants, there is less risk of stress
shielding caused by material stiffness mismatching between the implant and biological
tissue. PEEK has an elastic modulus similar to that of human bone and it is inherently radio-
opaque, allowing greater post-operative visibility of the surrounding tissue. Inherent heat
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resistance and chemical compatibility with various sterilization techniques coupled with
low-cost molding techniques make PEEK a practical and economical material for medical
device manufacturing [3]. In particular, PEEK has become a popular material for spinal
applications. Surgical procedures for the treatment of lower back pain such as interbody
spinal fusion are often accompanied by PEEK-based implants, where they are used as a
spacer between adjacent vertebrae with the intent to fuse them together [4,5]. Despite
advantages gained by PEEK’s mechanical stiffness matching that of bone, pseudoarthrosis—
failure of the device to fuse after the procedure, still occurs in 20-40% of fusion procedures
[6]. The inert surface chemistry of PEEK can have a negative impact once implanted in the
body; reduced bone apposition and potential for fibrous encapsulation offer challenges to
use these polymers in situations where bone-implant fusion is critical.

Researchers have investigated various ways to increase the bioactivity of PEEK [7]. Surface
modification through physical or chemical techniques can increase surface energies and
encourage binding of biological molecules [8-10]. The development of PEEK composite
materials has also shown potential for increasing bioactivity [11,12]. Another solution is to
modify the surface chemistry of PEEK through the application of a bioactive coating. In
particular, calcium phosphate coatings such as hydroxyapatite, Caig(PO4)g(OH), or HA, are
already used on metallic implants such as titanium. These coatings have the potential to
improve surgical outcomes by increasing bone apposition and enhancing implant
osseointegration [13]. Traditional plasma-spray deposition techniques used for coating
metallic implants [14] are associated with exposure to high temperatures that cause damage
to PEEK substrates. Coating adhesion also plays an important role in the success of
deposition techniques and the lifetime of coated implants. Alternative methods for producing
well-adhered bioactive coatings on PEEK have been investigated [15-18], though a standard
technique has not yet emerged.

The novel idea of utilizing a two-layer coating deposited at room temperature consisting of
yttria stabilized zirconia (YSZ) as a heat protection layer over PEEK covered by an HA top
layer showed improved adhesion and a promising biological response [19]. The coatings
were applied by physical vapor deposition (PVD) on flat discs using a radio-frequency
magnetron (RF) sputtering system followed by post deposition heat treatment to further
enhance their bioactivity by crystallizing the amorphous calcium phosphate layer.
Crystalline HA is known to exhibit slower dissolution rates compared to amorphous calcium
phosphate /in vivo [13,20], creating a more robust bioactive material that is not rapidly
dissolved after implantation. The results showed that a two-layer coating with post-
deposition heat treatment produced a crystallized HA layer, resulting in improved surface
chemistry for bone apposition and growth. Briefly, microwave heat treatment allowed for
selective energy absorption and volumetric heating in dielectric materials like HA while
microwave-transparent materials like PEEK experienced small absorption. Autoclave
treatment of the two-layer coating also showed enhanced crystallization in the HA layer. The
saturated steam environment further crystallizes HA at moderate to low temperatures with
elevated pressure, consistent with previous studies [21].

lon beam assisted deposition (IBAD) is another PVVD technique for coating deposition
offering higher deposition rates as well as increased coating density and adhesion; these
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benefits are a result of secondary ion bombardment of the coating during deposition that
causes atomic intermixing at the coating-substrate surface. In previous studies, we have
demonstrated the ability to deposit a dense, functionally graded HA coating via IBAD
exhibiting strong bioactivity [22—24]. Recently, we used IBAD to deposit two-layer
HA/YSZ coatings on PEEK substrates with and without post-deposition heat treatment and
observed the /n vivo response compared to uncoated PEEK; the results showed increased
bioactivity by higher cell attachment, rapid differentiation and a ten-fold increase in
biomineralization on heat-treated coatings [25]. The following study combines and expands
upon previous work to develop an effective method for depositing hydroxyapatite coatings
on cylindrical PEEK surfaces via IBAD.

This study demonstrates the ability to coat non-planar surfaces, an important aspect of
commercial implants. IBAD, like other PVD coating methods, is a line-of-sight vacuum
deposition technique, making it difficult to apply a uniform coating to cylindrical surfaces.
Therefore, a custom substrate holder was designed and manufactured to accommodate
cylindrical PEEK rods and ensure even coating distribution throughout the deposition zone.
Circular cross-sections were analyzed to determine the coating uniformity on the curved
PEEK surface. Post-deposition heat treatment of the as-deposited coatings (AD) was
implemented by microwave (MW) and microwave plus autoclave (MW+AC) processes to
crystallize the HA layer. The resulting coatings were observed using electron microscopy to
investigate the microstructure and crystallinity of the HA and YSZ layers. Flat PEEK
samples were also coated in parallel to determine the adhesion strength of the coating using
a standard pull-off test method.

2. Materials and methods

2.1 Coating deposition

2.1.1 Substrate preparation—PEEK (PEEK-OPTIMA®, Invibio) rods measuring 5 mm
in diameter and 9 mm long were used as the substrate for deposition. Bulk extruded rods
were machined down using a lathe to achieve the final diameter and length. A 1-mm
diameter axial through-hole was then machined with a lathe-mounted drill to aid in fixation
onto the IBAD substrate holder. Substrates were ground sequentially against 600, 800-grit
silicon carbide paper (Buehler) using an automated grinding technique that allows for equal
material removal in the radial and length directions of the substrate via rotational symmetry.
Flat PEEK samples (6 mm tall) for adhesion testing were machined from an extruded bulk
rod (12.7 mm diameter). Two sets of flat samples were used for deposition; one set with a
smooth ground surface similar to cylindrical samples, and the other one with a rough
machined surface without any grinding or polishing. All samples were rinsed with deionized
water between steps to avoid particle contamination across machining and grinding stages.
Substrates were then ultrasonically cleaned for 10 minutes with acetone, isopropanol, and
deionized water, respectively. The samples were dried with compressed air and stored in
sterile tissue culture plates prior to deposition.

2.1.2 Surface activation—PEEK substrate surfaces underwent a brief surface treatment
via O, plasma preceding deposition using a radio-frequency plasma barrel reactor (model
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PM-600, March Instruments) for 10 minutes. Substrate rods were then transferred to 1-mm
diameter titanium rods and into the IBAD system chamber for deposition.

2.1.3 Coating deposition—Deposition of the HA/Y SZ coatings was achieved by way of
a custom rotational substrate fixture and an IBAD system (Univex 600, Oerlikon Leybold
Vacuum). The deposition system is composed of 8-in diameter HA and YSZ targets
(Plasmaterials, Inc) with 16-cm primary and 12-cm secondary ion sources outfitted with
argon process gas. The deposition process within the IBAD system is shown in Figure 1a.
Figure 1b shows the custom substrate fixture that was developed to mount cylindrical PEEK
substrates (Figure 1c) on rotating titanium rods with retaining collars to ensure even coating
during deposition. Adjustable-speed simultaneous rotation was achieved by way of a water-
cooled gearbox and an external feed-through stepper motor. The deposition parameters were
optimized for film thickness and density. Secondary ion energies were initially elevated and
gradually reduced throughout the deposition period; substrate ion bombardment promotes
atomic mixing at the interfacial zones but causes resputtering, detrimental to overall
deposition rates. The base vacuum pressure achieved before deposition was approximately
6.7 x 107> Pa and the deposition pressure varied from 4 x 1072 to 6.6 x 1072 Pa depending
on the primary and secondary ion source flow rates. The temperature near the deposition
area was monitored during deposition and maintained well below the glass transition
temperature of PEEK to avoid any damage to the polymer substrate. The deposition chamber
was vented between YSZ and HA layer deposition to exchange sputtering targets. A similar
process using a planar IBAD substrate holder was used to deposit coatings on flat PEEK
substrates for adhesion strength testing. Deposition times for flat samples with single-layer
YSZ or HA coatings were adjusted to achieve the same final coating thickness (1um) as
HA/YSZ coatings.

2.2 Post-deposition Heat Treatment

Selective heating of the coating was achieved using a variable frequency microwave oven
(Microcure, Lambda Technologies) in order to aid in crystallization of the HA layer without
damaging the underlying PEEK substrate. The microwave unit delivers power up to 400 W
at a frequency range of 5.8 to 7 GHz to perform the heat treatment in accordance with the
methods described in patent US8323722 [26]. Autoclave processing was also applied to
some samples using a commercial sterilization unit (Prevac Steam Sterilizer, Steris). The
temperature-programmable autoclave was adjusted to apply a saturated steam cycle of
136°C for 8 h.

2.3 Analysis of coatings

2.3.1 Uniformity—The microstructure of the as-deposited and heat-treated films was
observed by scanning electron microscopy (SEM) using a high-resolution field emission unit
(\Verios 460L, FEI). Sectioning of the PEEK rod using a precision saw blade (Buehler)
allowed analyzing the cross-section and radial measurement of the coating thickness to
determine uniformity around the circumference of the cylindrical PEEK surface (Figure 2).

2.3.2 Adhesion strength—The adhesion strength between the coating and the flat PEEK
substrate discs was analyzed by the pull-off test method performed with a breaking point
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testing machine and epoxy-coated studs (Romulus IV workstation, Quad Group).
Determination of the adhesion strength on a curved surface is troublesome and can be
inaccurate. Therefore, flat PEEK substrates were coated in parallel using similar surface
preparation, deposition, and heat treatment parameters to cylindrical samples and the
adhesion of the coating was measured. The studs were mounted normal to the coated sample
surfaces with spring clips and the epoxy cured for 1 h at 150°C in a programmable furnace
at atmosphere. Test specimens were allowed to air-cool at room temperature before testing
to reach the cured epoxy strength rating (~70MPa). The mounting clips were removed and
samples were mounted in the tester by the stud with instrument grips. A loading rate of 10
N/s was then used to apply axial force to the stud until it was separated from the sample
surface. An optical microscope was used for observation of the coating surface to determine
where the failure occurred. The interfacial strength between the coating and the substrate
was calculated as the maximum force divided by the cross-sectional area of the stud.
Triplicates were performed for each coating sample type: A single-layer HA coating on a
rough machined PEEK surface, a single-layer YSZ coating on a smooth ground PEEK
surface, and the two-layer HA/Y SZ coatings as deposited (AD), HA/Y SZ with microwave
treatment (MW), and HA/YSZ with microwave followed by autoclave (MW+AC) all on
smooth-ground PEEK surfaces.

2.3.3 Microstructure and chemical analysis—HA/YSZ samples were prepared for
transmission electron microscopy (TEM) by focused ion beam (FIB) lift-out and thinning
(Quanta 3D FEG, FEI) on coated cylindrical substrates. The crystallinity of the coating was
observed by TEM (2010F, Jeol) and selected area diffraction (SAD). SAD patterns were
indexed and analyzed with respect to powder diffraction standards (JCPDS). Energy
dispersive spectroscopy (EDS) was used in conjunction with scanning tunneling microscope
(STM) (Titan, FEI) on the cross section of the HA coatings to determine their chemical
composition at various locations.

3.1 Coating uniformity

The HA/YSZ coating thickness was measured at various locations around the
circumferential PEEK surface to determine the deposition uniformity using the rotating
substrate holder. Figure 2a shows a digital image of the cross section of a coated cylindrical
PEEK substrate, while figures 2b—e show the zoomed in SEM images of the HA/YSZ
coating on various locations around the substrate. A layer of crystalline YSZ and amorphous
calcium phosphate can be seen in these figures on the cylindrical PEEK substrates in the as-
deposited condition. The coating cross-section was measured three times at the indicated
radial locations to obtain an average thickness. Local averages were compared between
radial locations to determine coating uniformity and for calculating the grand average
thickness. The results indicated a total average thickness of 780 + 13nm with + 2% radial
uniformity. These results were then used to adjust deposition parameters to achieve a total
coating thickness of 1 pm (500 nm YSZ, 500 nm HA) for the remaining analyses.
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3.2 Coating Adhesion

Table | shows the results of the bond strength testing for each coating type. The adhesion
strength of a 1-um HA layer deposited on a rough, machined PEEK surface was 73 MPa. A
similar 1-pm Y SZ layer on a smooth, polished PEEK surface recorded lower bond strength
of 59 MPa, indicating the effect of surface roughness on coating’s bond strength. Optical
microscopy images of the adhesion test site on both types of smooth and rough PEEK
samples coated with single layer of HA or YSZ are shown in Figure 3. As can be seen in
these figures, the failure mostly occurred within the PEEK itself (PEEK cohesive failure),
with some additional epoxy failure present on the rough, machined PEEK sample. The
adhesion strength of the two-layer HA/YSZ coatings was lower than either of the single-
layer coatings. A comparison of the HA/YSZ coatings’ adhesion strength is shown in Figure
4. The average adhesion strength was found to be 35 MPa for AD HA/YSZ coatings, and 30
MPa for MW treated samples. A decrease in the adhesion strength to ~10 MPa was observed
after subsequent autoclave treatment (MW+AC). Observation of the adhesion test area on
HA/YSZ coated samples indicated some degree of failure at the HA-YSZ interface due to
the mismatch of the coefficient of thermal expansion between the two coating layers. Table
Il shows the stud pull bond strength of HA coatings on PEEK substrates from this study
compared with what is reported in the literature. The results show that the HA/YSZ coatings
deposited by IBAD exhibit higher adhesive strength than that reported for other deposition
methods on PEEK. Single layer coatings of HA on PEEK approach those reported for IBAD
on titanium substrates [27,28].

3.3 Microstructural analysis and crystallinity

Figure 5 shows the 1-um AD coating as observed by TEM. The YSZ-PEEK interface shows
no voids or delamination, indicating good coating adhesion. The YSZ layer appears dense
and fully crystalline with a visible columnar grain structure oriented perpendicular to the
substrate surface (Figure 5a). The calcium phosphate layer does not exhibit any voids and
appears amorphous with no crystalline contrast across its thickness and the HA-YSZ
interface shows no delamination between coating layers (Figure 5b). The SAD pattern of the
YSZ layer (Figure 5d) indicates that the layer is polycrystalline along (10 1), (112),(211)
planes, which is in good agreement with YSZ lattice spacing provided by JCPDS standards.
The SAD pattern of the HA layer shown in Figure 5¢ confirms that the calcium phosphate is
amorphous in its as-deposited state.

TEM observation of the MW treated sample is shown in Figure 6. High magnification of the
HA-Y SZ interface shows no delamination with a crystalline structure observed in various
locations throughout the HA layer (Figure 6a—b). The orientation of the crystal grain is
observed in the high-resolution TEM (HRTEM) image, and fast Fourier transform (FFT)
analysis confirmed the crystallinity of the observed region (Figure 6c).

Figure 7a shows the TEM image of the MW+AC sample. No delamination or voids were
observed in the sample cross-section. The YSZ exhibited the same columnar crystal grain
structure as both the AD and MW samples, while the HA layer exhibited further
crystallization after subsequent autoclave treatment. Crystalline morphology is observed at
the top of the HA layer and at the HA-YSZ interface in the TEM images. A small zone of
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amorphous calcium phosphate is also visible near the middle of the layer. The SAD pattern
of the HA layer in Figure 7b confirms the presence of crystalline HA (21 1) and (22 2) in
good agreement with JCPDS standard lattice spacing. Figure 8a shows the MW+AC coating
in greater detail, revealing a clear region of amorphous calcium phosphate atop the
crystalline HA structure near the HA-YSZ interface. HRTEM Observation of the HA layer
shows the crystalline-amorphous boundary and crystal grains in the MW+AC sample
(Figure 8b). HRTEM of a grain boundary within the crystalline region of the sample is
shown in Figure 8c, indicating random crystal orientation. The HA-YSZ interface is also
observed under HRTEM in Figure 8d, showing good atomic mixing in the interfacial zone.

3.4 Chemical composition

EDS mapping of the HA layer was performed for each of the HA/YSZ coated sample groups
(AD, MW, MW+AC) to determine the chemical composition of the coatings. The EDS maps
of the HA layer were then split into five regions across the thickness to observe any
compositional changes through the coating cross-section. The results are shown in Figure 9
in terms of the Ca/P ratio from the top of the HA layer (0 nm) to the HA-YSZ interface (500
nm). In AD and MW samples the highest Ca/P ratio occurred at the coating surface, and the
lowest Ca/P ratio occurred near the HA-YSZ interface for all samples. In the case of the
MW+AC sample, the surface Ca/P ratio was lower than AD or MW samples. The overall
average Ca/P ratios for AD, MW and MW+AC samples were 1.94, 1.95 and 1.91,
respectively.

4. Discussion

Coating uniformity is an important aspect of any deposition technique, and is essential for
commercial production. In this study, the SEM results indicate that cylindrical PEEK
substrates were evenly coated with HA/YSZ (+ 2% radial uniformity), as determined by
thickness measurements of the cross-section at various radial locations. This demonstrates
the successful design and operation of a novel substrate holder for applying uniform
coatings via IBAD to non-planar surfaces. The thickness, crystallinity and microstructure of
the calcium phosphate layer are important factors controlling the lifetime and performance
of bioactive coatings in the body. The dissolution properties of thin layers of calcium
phosphate have been reported in the literature [29], showing that crystalline HA exhibits
much slower dissolution; 90% of a crystalline HA coating thickness remained after 35 days
in simulated body fluid (SBF) compared to 15% for amorphous calcium phosphate [29].
This demonstrates the capability of crystalline HA coatings to produce prolonged
osteoconductive properties during the healing process. The dense, pore-free nature of the
coatings deposited by IBAD is expected to further extend the lifetime of the crystalline HA
layer in the body; /n vitro results support prolonged bioactivity with the implementation of
HAJ/YSZ coatings [25]. An ongoing /n vivo study in a rabbit model will provide additional
information about the long-term biological response to coated implants, which will be
reported in our upcoming publications.

The YSZ coating exhibited a columnar crystalline structure after deposition while the
calcium phosphate layer was completely amorphous. Both layers showed dense coating
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layers without voids or porosity and good interfacial bonding. Subsequent heat treatment of
the calcium phosphate layer resulted in nucleation and growth of crystalline HA structures
as evident by TEM observation of the microwave treated and the microwave plus autoclave
treated samples. In particular, microwave heat treatment caused crystalline nucleation and
growth at various locations in the calcium phosphate layer. Additional autoclaving expanded
crystallization throughout the calcium phosphate layer. It is noteworthy that the underlying
YSZ surface creates nucleation sites for crystal formation at the HA-YSZ interface as soon
as enough energy is provided via microwave or autoclave processing. Samples that undergo
crystallization via microwave treatment appear to experience additional crystal growth
during subsequent autoclave treatment. High resolution TEM and SAD pattern analysis
indicated random crystal orientation and polycrystalline structure within the HA regions of
heat-treated coatings (Figures 6 & 7). Comparison of the YSZ-PEEK and HA-YSZ
interfaces of all samples by TEM showed that heat treatment did not cause delamination of
the coating from the substrate, a pre-requisite for all successful implants.

The single-layer HA and YSZ coatings on PEEK revealed the strongest adhesion of the
coatings tested. Cohesive failure within the polymer and the pull stud epoxy demonstrates
the ability to achieve very strong adhesion to PEEK using IBAD, and that the true adhesion
strength of the coating approaches that of the cohesive bonding within PEEK itself. The
results agree well with those reported for HA coatings deposited by IBAD on titanium
[27,28]. Coatings deposited on rough surfaces exhibited the highest adhesion strength,
consistent with other reports in the literature [30]. The HA/YSZ coatings were prepared on
smooth surfaces to study the individual effects of IBAD deposition and various heat
treatments on the adhesion strength. Results showed that the adhesion of HA/Y SZ coatings
was below that of single-layer coatings, with failure often occurring at the HA-YSZ
interface. The uniform deposition achieved using IBAD allows surface roughness to
translate through coating layers, and is expected to improve the adhesion strength of
HAJ/YSZ coatings by enhancing mechanical interlocking between layers. Preliminary
findings demonstrated an increase in the adhesion strength of as-deposited HA/YSZ coatings
from 35 MPa on smooth PEEK to 42 MPa on surfaces ground against 320-grit paper before
deposition. The adhesion strength results on various samples indicate that heat treatment of
the HA layer by microwave had little effect on coating adhesion due to the microwave
transparency of PEEK and the presence of the YSZ thermal barrier coating layer.
Subsequent autoclave treatment resulted in decreased adhesion strength; hydrothermal
treatment heats the entire sample, increasing residual stresses at the interface of various
layers due to the mismatch of coefficient of thermal expansion between the PEEK, YSZ and
HA. These additional residual stresses lower the adhesion strength of the coating, making
autoclaving an undesirable heat treatment for HA on PEEK.

Investigation of the coating’s chemical composition shows that the Ca/P ratio of the
deposited coatings is slightly higher than that of stoichiometric HA (1.67), consistent with
other reports of sputtered HA coatings [31,32]. Microwave heat treatment did not have a
major affect on the Ca/P ratio of the HA layer, however, it was noted that samples that
underwent microwave heat treatment and additional autoclaving exhibited a lower Ca/P ratio
near the top surface than other samples. The reduced Ca/P ratio is likely due to the
dissolution of CaO from the coating surface as observed previously with hydrothermal
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processing of hydroxyapatite films [21]. Nevertheless, the heat-treated coating samples
prepared by IBAD showed the formation of crystalline HA with desirable chemical
composition for use as biomedical implant coatings.

5. Conclusions

In this study, cylindrical PEEK substrates were coated with HA/YSZ using ion beam
assisted deposition (IBAD) at room temperature. IBAD proved to be an effective deposition
method for evenly applying calcium phosphate coatings to non-planar substrates with high
uniformity. The calcium phosphate coating layer was then successfully crystallized by heat
treatment. High-resolution microstructural analysis showed that microwave heat treatment
crystallized HA without lowering the bond strength of the coating, while the subsequent
autoclave treatment further expanded crystal growth but lowered the bond strength of the
coating to PEEK substrates. Microwave heat treatment followed by autoclaving reduced the
Ca/P ratio slightly at the surface—closer to stoichiometric HA. The pull-off test results
indicated the potential for increasing coating strength with additional surface roughness of
the substrate and can be used in combination with IBAD to further optimize bioactive
HA/YSZ coatings to enhance bone growth and osseointegration for implantable PEEK
biomaterials.
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Highlights

. Uniform multilayer coatings are deposited on cylindrical
polyetheretherketone

. Coatings prepared by ion beam assisted deposition have high adhesion
strength

. Microwave and hydrothermal heat treatments crystallized the
hydroxyapatite layer

. Yttria-stabilized zirconia layer provides a thermal barrier for PEEK

Surf Coat Technol. Author manuscript; available in PMC 2017 September 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Durham and Rabiei Page 13

collars

N\

substrate holder rod

N\
NN
NN

0000

substrates O

Figure 1.
Schematic of ion beam assisted deposition (IBAD) process (a). Detail of substrate retention

mechanism including Ti mounting rod and retaining collars (b) for cylindrical PEEK
substrates (c).
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Figure 2.
a) Optical image of the cross-section of cylindrical PEEK sample; b-e) zoomed in SEM

images of the cross section of the YSZ/HA coating at various locations around the PEEK
implant circumference.
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Figure 3.
Adhesion strength test site showing failure modes of single layer coated PEEK substrates.

Optical microscope images of rough machined surfaces (left) and smooth prepared surfaces
(right). Black arrows indicate machining marks (right) and polishing marks (right); white
arrow shows cohesive epoxy failure.

Surf Coat Technol. Author manuscript; available in PMC 2017 September 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Durham and Rabiei

40

Bond Strength (MPa)
N w
- o

N
o

Page 16

AD MW MW+AC

Adhesion strength of AD as-deposited, MW microwave annealed, MW+AC microwave
treatment plus autoclaving HA/YSZ coatings prepared by IBAD on smooth PEEK surfaces.
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Figure 5.
TEM observation of the as-deposited HA/YSZ coating (a), zoomed in interface area marked

by a white square in 5-a (b), SAD patterns of HA layer (c) and SAD patterns of YSZ layer
(d)
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Figure 6.
TEM observation of the microwave-annealed HA/YSZ coating (a), zoomed in interface area

marked by a white square in 6-a showing crystalline structures (b). HRTEM image of HA
marked by black square in 6-b (c) and FFT pattern (inset) of crystalline HA region.
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Figure 7.
TEM observation of the microwave plus autoclave treated HA/YSZ coating on PEEK (a),

with and SAD pattern of the HA layer (b).
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Figure 8.
HRTEM observation of the microwave plus autoclave treated HA/YSZ coating on PEEK (a),

zoomed in area marked by a black square in 8-a showing distinct amorphous calcium
phosphate (a-HA) and crystalline (c-HA) hydroxyapatite regions (b). HA grain boundaries
(dashed line) within the polycrystalline HA region (c), and atomic mixing due to secondary
ion bombardment at the HA/YSZ interface (e).
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Figure 9.
Calcium to phosphate ratio of as-deposited (AD), microwave annealed (MW), and

microwave plus autoclave (MW+AC) coating samples.
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Adhesion strength of hydroxyapatite coatings on PEEK substrates by various deposition techniques as

measured by pull-off testing.

Table Il

Deposition Method Coating  Adhesion Strength (MPa)
Cold-Spray [18] HA 7
Aerosol Deposition [15] HA 15
RF Sputtering [19] HA/YSZ 33
IBAD HA/YSZ 35
IBAD HA 73
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