Processing and Application of Ceramics 12 [2] (2018) 189-197 (GD) B-NC-ND ]
https://doi.org/10.2298/PAC1802189S

Severe sink-in occurrence in thermally sprayed hydroxyapatite coating
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Abstract

The performance of orthopaedic and dental implants counts on the ability to appraise the mechanical proper-
ties of biomaterials. In the present study, nanoindentation was used to characterize the mechanical properties
of thermally sprayed hydroxyapatite-coated commercial pure titanium (HA/CP-Ti). From the XRD patterns, the
as-sprayed HA coating showed an inhomogeneous mixture of polycrystalline and amorphous phases along with
the formation of the decomposed constituents including tricalcium phosphate (a-TCP), tetracalcium phosphate
(TTCP) and calcium oxide (CaO). The SEM micrographs of HA coating indicated some incompletely melted
particles on the surface of flattened droplets, where the average pore size was around 0.8 um. After the load-
unload indentation experiment, a clear severe sink-in deformation feature was observed around the residual
indentation impression of the amorphous part. In contrast, pile-up only occurs during loading for the crys-
talline part of the coating. In addition, the crystalline part of the coating exhibited a Young’s modulus and
hardness of around 120.46 and 7.91 GPa, respectively, which were almost 8 and 259% higher than that of the
bare CP-Ti substrate. This is the first report on the nanoindentation characterization of the inhomogeneous
mixture of various phase structures in thermally sprayed HA coatings.
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I. Introduction biodegradability [7—11]. For successful performance of
the main functions, bioceramic coatings should meet
numerous obligations. Therefore, careful consideration
should be given to the mechanical properties and long-
term stability of the HA coatings [12].

Given that almost all kinds of materials can be de-
veloped on different substrates, many possibilities are
accessible to categorize the accessible kinds of coat-
ings. For instance, they might be sorted in accordance
with the development method, where all kinds of coat-
ings can be grouped into two big classes including con-
version ones, which are generated by reaction prod-
ucts of the base material and deposited ones [13]. Fur-
ther, the deposited approach might be categorized in ac-
cordance with the deposition methods, such as plasma
spraying, high-velocity oxy-fuel spraying, RF mag-
netron sputtering, pulsed laser deposition (laser abla-
*Corresponding author: tel: +98 21 6454 5193, tion.)’ dip coating, 1on bean.] aSSiSt.ed deposition, ele.Ctro-
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Among various metallic biomaterials, titanium (Ti)
and Ti-based alloys are widely employed for dental and
orthopaedic implants due to their excellent corrosion re-
sistance and mechanical properties. However, this type
of biomaterial cannot meet all of the clinical require-
ments and thus surface-modification techniques may be
used to decrease wear and corrosion, which may occur
at the implant level [1,2]. To improve the bone-implant
coupling and the therapeutic process, the incorporation
of calcium phosphate coatings is constantly being re-
viewed [3-6]. Among them, hydroxyapatite (HA) coat-
ings are utilized in clinical applications, especially for
coating of metallic implants because of their chemi-
cal similarity to the mineral constituent of natural bone
as well as excellent biocompatibility, bioactivity and
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tion, thermal substrate deposition, hot isostatic press-
ing, micro-arc oxidation, and dynamic mixing method
[14-18]. Among them, thermally sprayed HA coatings
are widely used for various biomedical applications be-
cause of its ability to form thin HA coatings on a
variety of orthopaedic prosthesis and dental implants
[19-23]. Based on the literature, by choosing the op-
timum relation between particle sizes, type and pres-
sure of gas, plasma rate and cooling cycle of the sub-
strates, various coatings with tailored properties can
be obtained. However, in view of the fact that ther-
mal spraying takes place at very high temperatures, the
formed hot droplets continuously heat up the under-
coats, which might give rise to phase transition and re-
crystallization of the areas close to the surface. Indeed,
such microstructural changes make further vagueness of
the adhesive behaviour and mechanical properties of the
coatings [13,24]. Accordingly, there is a necessity to as-
sess the mechanical behaviour of the thermally sprayed
HA-coated implant. In this regard, nanoindentation is
more perceptive than that of the conventional analy-
sis that just provides a quantitative assessment of the
bonding within the coating. If necessary, nanoindenta-
tion could also be utilized in association with mechan-
ical property distributions determined from indentation
on the cross-section [23,25]. Therefore, the aim of the
present work is to quantitatively assess the mechanical
properties of HA/CP-Ti by nanoindentation test, where
some unusual phenomena were also found around the
residual indentation impression.

The impact of thermal spray parameters, such as pre-
heating temperature, spray distance, feedstock morphol-
ogy and particles size, angle of spraying, and particle
velocity on mechanical properties of HA-coated implant
are available in literature [26-28]. The coatings in the
present work possess amorphous phases along with de-
composed constituent [29]. Up to now, no research has
comprehensively documented the effectiveness of the
inhomogeneous mixture of various compounds on the
nanoindentation properties of the thermally sprayed HA
coatings. Thus, this work more specifically addresses
the effect of phase constituents (i.e. polycrystalline and
amorphous phases) on mechanical properties including
hardness and elastic modulus of HA coating.

II. Materials and methods

2.1. Preparation of HA coating

The CP-Ti substrate was prepared by grinding SiC
abrasive paper of 320 grit size at a speed of 300 rpm
for 1 min. After that, fine grinding was performed on
an MD-Largo surface for 4 min with DiaPro Allegro
(Struers) as the lubricant for faster, more cost-efficient
and much easier materialographic sample preparation.
The final polishing was then conducted using 0.04 um
colloidal silica on a MD-Chem cloth for 5 min. Prior
to thermal spray coating, HA powder (CAM implants,
Netherlands) was sieved to a particle size of 20—40 um.

The sieved powder was passed through into a powder
feeder (Metco 3MP, Sulzer Metco, Wohlen, Switzer-
land) and then into a flame spray torch (Metco 5P, Sulzer
Metco, Wohlen, Switzerland) operated with acetylene
and oxygen, with air as the carrier gas at a flow rate of
50 g/min. The acetylene and oxygen pressures were 103
and 200 kPa, respectively. The polished CP-Ti substrate
was placed 15cm from the torch and the HA powder
was sprayed onto the 300 °C preheated substrate sur-
face. Half of the treated specimen was mounted in epoxy
resin (Aka-Resin & Aka-Cure, Denmark) to make sup-
port throughout the cross-sectional cutting and metal-
lographic preparation to obtain smooth sample surfaces
for the nanoindentation experiments. Fine grinding was
performed with SiC abrasive papers of decreasing grit
size (800, 1200 and 2400 grit) and polishing included
a 3 micron diamond suspension on a Largo surface fol-
lowed by a 0.05um colloidal silica on an OPS cloth.
Hereon, the spraying parameters were regulated to at-
tain maximum coating constancy and homogeneity on
the basis of literature and previous pilot studies [30-32].
Figure 1 shows a schematic illustration of the thermal
spraying process used in the present research.

2.2. Coating characterization

The phase compositions of feedstock powder and HA
coating were determined using an X-ray diffractometer
(Philips PW1800) with Cu-Kea radiation at 40kV and
30mA over a 26 range between 10° and 80° with the
step size of 0.02° and a fine slit. The surface morphol-
ogy of the as-sprayed coatings was examined with a
scanning electron microscopy (XL30 Philips). Energy-

1. Acetylene 4, Flame 7. Substrate

2. Powder & Carrier Gas 5. Spray Stream

3. Oxygen

6. Coating

Particle size: 2040 (um)
Flow rate: 50 g min!
Distance from torch: 15 (cm)

/ Substrate temperature: 300 °C

Figure 1. Schematic illustration of the thermal spraying
process used in the present research
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dispersive X-ray spectrometry (EDS) outfitted with the
SEM was used to determine the chemical composition
of the specimens. The surface roughness parameters,
R, (arithmetic average) and R; (maximum height of
the profile) were measured using an XP-2 High Reso-
Iution Surface Profilometer, Ambios Technology, Inc.,
CA, USA. Mechanical properties of the HA coatings
were determined by a nano-based indentation system
(Ultra Micro-Indentation System, UMIS-2000, CSIRO,
Australia) with a calibrated Berkovich indenter (three-
sided pyramidal) (Synton, Switzerland). Herein, a series
of indentations were made on the cross-sectional sur-
faces of the samples using a peak load of 50 mN, where
UMIS software based on the Oliver-Pharr method was
employed to determine Young’s modulus (£) and hard-
ness (H). It is necessary to mention that all nanoinden-
tation experiments commenced after a thermal soak of
the instrument, minimum for 1h, so the thermal drift
was deemed to be almost negligible (<0.05nms™") be-
fore each test.

II1I. Results and discussion

3.1. Phase analysis

Figure 2 shows the XRD patterns of a reference amor-
phous calcium phosphate (ACP) coating, the feedstock
HA powder and thermally sprayed HA coating. From
Fig. 2a, a broad peak assigned to an amorphous phase is
observed in the XRD profile of the stress-relieved ACP
[33]. On the other hand, the crystalline structure in the
feedstock HA powder demonstrates well-defined peaks
in the X-ray diffraction pattern, where the typical lattice

fringes with d parameters of 0.344, 0.281, 0.277,0.272,
0.263, 0.226, 0.194, 0.184, and 0.172nm are ascribed
to (002), (211), (112), (300), (202), (310), (222), (213),
and (004) planes of HA (JCPDS #09-0432), respectively
(Fig. 2b).

As shown in Fig. 2c, the diffraction profile of the as-
sprayed HA coating demonstrates broad peaks at 31.7°,
49.4°, and 53.1°. This suggests that the as-deposited HA
coating possesses an inhomogeneous mixture of poly-
crystalline and amorphous phases along with the for-
mation of the decomposed constituents including two
main diffraction peaks corresponding to (200) and (040)
planes of TTCP (#025-1137) with monoclinic struc-
ture, the (170) crystal plane of @-TCP (#09-0348) with
orthorhombic structure and a minor peak attributed to
(200) plane of CaO (#037-1497). The lattice constants
(a- and c-axis) and unit cell volume (V) of the as-
sprayed HA coating are illustrated in Fig. 2d,e,f. Based
on the obtained data, the lattice parameters of the stan-
dard HA (JCPDS #09-0432) along the a- and c-axis are
9.418 and 6.884 A, respectively, whereas these values
decreased to 9.404 and 6.881 A for the as-sprayed HA
coating (Fig. 2d,e). Accordingly, the unit cell volume
decreased from 528.8 A3 for the standard to 527.0 A3
for the as-sprayed HA coating, which is consistent with
XRD peaks shifting toward higher angles (Fig. 2f). In
this case, a dramatic decrease in the cell volume could
be attributed to the substitution of PO43 ~ with CO32*
groups in the HA lattice owing to the smaller ionic ra-
dius of the carbonate (1.78 A) than of the phosphate
(2.38 A) [34]. To appraise the lattice mismatch, the in-
plane (g,) and out-of-plane (&) strains were measured
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Figure 2. XRD patterns of: a) a reference ACP coating, b) the feedstock HA powder [33] and c) thermally sprayed HA coating,
as well as the a- and c-lattice constants (d,e) and unit cell volume, V (f) of the HA coating
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Figure 3. Typical top- (a) and cross-sectional (b) SEM micrographs, as well as the EDS line scan analysis (c) of the as-sprayed
HA coating on CP-Ti substrate

by contrasting the lattice parameters of the HA coating
with the lattice parameters of unstrained HA [35]:
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The in-plane and out-of-plane strains of the as-
sprayed HA coating are —0.001 and —0.0004, respec-
tively, where the negative values of the strains point out
the compressive strain in the coating. This result shows
that there is just minor lattice disparity as the PO43*

groups are replaced by the CO32‘.
3.2. Surface properties and EDS analysis

Figure 3 shows the typical top- and cross-sectional
SEM micrographs as well as the EDS line scan analysis
of the as-sprayed HA coating on CP-Ti substrate. SEM
image (Fig. 3a) confirms that the as-sprayed HA coating
exhibit some partly melted particles on the surface of
flattened droplets.

Similar observations were also reported in previous
study [13]. It is found that dimensions of the feedstock
HA powder can affect the melting characteristics within
the thermal spraying process, where coarser particles
undergo a lesser degree of melting compared to smaller
particles. For instance, HA particles with sizes above
~55 um were observed to stay crystalline and demon-
strated slight or no melting throughout thermal spray-
ing. On the other hand, while HA particles with sizes
ranging between 30-55 um were partly melted and com-
prised of combinations of amorphous and crystalline
phases. In addition, HA particles less than ~30 um were
completely melted and consisted of a large fraction of
ACP and small amount of CaO [36].

From Fig. 3a, some micro-cracks and open pores with
the average size of around 0.8 um are developed on the
surface of the splats. Here, a residual tensile stress is
unavoidable within the splats owing to the lower coeffi-
cient of thermal expansion of the CP-Ti (8.6 x 10" K1)
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than HA (16.0 x 107° K", which would impact on the
crack formation within the splat during the final step
of solidification. On the other hand, among the decom-
posed components, the presence of high amounts of
CaO in the coating makes adverse effects because hy-
dration reactions happening throughout storage or af-
ter implantation transform calcium oxide into calcium
hydroxide with ~50% volume increasing, causing sig-
nificant internal strains and cracks [13]. Moreover, the
small micro-pores are generated due to the isolated
pores within the feedstock HA powder. These small gas
bubbles would coalesce to form a large bubble within
the droplet in accordance with the dynamics of gas bub-
ble within liquid [37].

The cross-sectional SEM micrograph of the HA coat-
ing in Fig. 3b shows good bonding between the ce-
ramic coating and metallic substrate. From this figure,
the as-sprayed HA coating exhibits an average thick-
ness of 70 + 4 um, measured at 5 positions on a pol-
ished cross-section and then averaged. Due to the inher-
ent brittleness of the HA material, the microcracks were
formed during the polishing procedure. From the cross-
sectional SEM image in Fig. 3b, the spreading of amor-
phous phases and by-products is inhomogeneous. This
structure contains three domains with different contrast,
including 1) light grey, ii) grey and iii) dark, which rep-
resent polycrystalline phase, amorphous phase (I) and
amorphous phase (II), respectively. The formation of
these various admixtures and metastable phases is due
to the very high processing temperature, which results
in incongruent melting together with an incomplete de-
hydroxylation of HA, and a negligible decomposition
of other phases, followed by a fast solidification [13].
This is consistent with the XRD profiles, indicating that
an inhomogeneous mixture of polycrystalline and amor-
phous phases is formed during thermal spraying of HA
on the preheated CP-Ti substrate. The existence of such
inhomogeneous structure can provide different proper-
ties than the initial bulk materials [38]. It is reported
that the impact of the metastable and amorphous phases
presence on the coating features depends on their posi-
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Figure 4. Surface roughness profiles for the as-sprayed HA coatings on the untreated (a) and preheated CP-Ti substrate (b) as
well as surface roughness parameters, R, and R; (c)

tion. For instance, being positioned in the surface layer,
such phases endorse growth of bone tissues because of
a higher bioresorption, whereas close to the interface of
coating-substrate, a rapid dissolution of these phases re-
sults in the adhesive strength falling and peeling off the
deposits prior to the bone tissue generation [13].

From the EDS line scan analysis in Fig. 3c, the oxy-
gen content is uniform throughout the thickness direc-
tion from the coating surface to the Ti—-HA interface,
which is consistent with the desired HA composition.
On the contrary, Ca and P contents slowly reduce at
7 um from the interface. This suggests that the presence
of O is vital to the development of the HA coating. It
is important to stress that the presence of Ti in the de-
posit verifies its diffusion within the coating owing to
the preheating of the CP-Ti substrate before the coating
process.

In general, the roughness of coating might be applied
as a measure of the particles melting degree. For exam-
ple, as the deposited particles reach a more fluid state
during the plasma flame they turn into less viscous. Ac-
cordingly, they can be expanded to a greater degree over
the undercoat, where a smoother layer is formed. On the
other hand, partly melted particles cannot squash simply
on the surface, leading to large fluctuations and rough
coatings [39]. Figure 4 displays the surface roughness
profiles for the as-sprayed HA coatings on the untreated
and preheated CP-Ti substrate as well as surface rough-
ness parameters (R, and R;).

As can be seen in Fig. 4, the HA coating on preheated
substrate possesses lower roughness compared to the
untreated sample. This behaviour can be caused by the
enhanced spreading of melted particles over the surface
[13]. The results of surface roughness measurements for
the HA coatings showed that the R, and R, values for the

193

untreated sample are 22.5 + 1.1 and 70.0 + 3.3 um, re-
spectively (Fig. 4c). These values reached 5.0 + 0.2 and
42.0 £ 2.1 um in the case of preheated CP-Ti substrate,
which is consistent with the previous findings that de-
posits with surface roughness values of R, = 7, 10 and
24 pm were produced by thermal spraying [39].

3.3. Nanoindentation assessment

Figure 5 shows schematic views of the deformed sur-
faces after tip removal, load-displacement curves and
residual impressions of indentation for elastic, plas-
tic and elastic-plastic indentations. The sense of load-
ing and unloading is shown by the arrows. In the case
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Figure 5. Schematic views of the deformed surfaces after tip

removal, load-displacement curves and residual impressions

of indentation for: a) elastic, b) plastic and c) elastic-plastic
indentations
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Figure 6. SEM micrographs of nanoindentations created
with a Berkovich indenter in a cross-section of HA/CP-Ti;
polycrystalline phase (a,b), amorphous phase (I) (c,d) and

amorphous phase (II) (e,f)

of fully elastic contact, the proportion of the loaded
displacement recoverable during unloading is 100%.
Therefore, no impression of the indentation is observed
after unloading as shown in Fig. 5a. In contrast, the
proportion of the loaded displacement recoverable dur-
ing unloading for fully plastic contact response is 0%,
where the maximum total surface deflection (6;) is
recorded for a given applied load P (Fig. 5b). In this
case, no deformation takes place until yield stress is at-
tained as plastic flow occurs. Besides, no recovery dur-
ing unloading is detected and the impression remains
unchanged. Typical load-displacement curve for elastic-
plastic behaviour is also presented in Fig. 5c, where 6g
is the recorded displacement following elastic recovery
of the surface flexure, which presents a measurement of
the plastic component of the surface response [40,41].
Nanoindentation has the ability to be used as a prob-
ing tool to characterize the alteration in mechanical be-
haviour through the coating thickness. The SEM micro-
graphs of nanoindentations created with a same indenter
(Berkovich indenter) in a cross-section of HA/CP-Ti are
shown in Fig. 6.

The SEM images in Figs. 6a and 6b reveal the pres-
ence of microcracks and deformations around the in-
dent. In addition, the HA coating shows little or no pile-
up at the edges of the indent in the crystalline part of
the coating. A deep penetration of the indenter in the
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crystalline part of the coating can be caused by being
in the vicinity of the amorphous phase and the pres-
ence of cracks [12]. From Figs. 6¢ and 6d, near the
contact zone, one can see that the amorphous phase (I)
region of the HA coating is downwards against the tip
of indenter which makes a sink-in on the rims. In the
amorphous phase (II) region, severe sink-in is observed
which confirms that this region of the HA coating has
higher strain-hardening ability than the other parts as the
surface surrounding the indenter has a great tendency to
sink-in (Figs. 6e and 6f). A similar behaviour was ob-
served by Mullins et al. [42] for cortical bone during
nanoindentation, but they have not described this phe-
nomenon.

In general, pile-up and sink-in are the most important
phenomena during nanoindentation tests, which show
the deformation of specimen around the contact point.
These phenomena are connected to the nanoindentation
of elastic-plastic materials. In the pile-up phenomenon,
contact depth is always deeper than the total depth of in-
dentation, accordingly the projected area is always un-
derestimated. This underestimated area could overesti-
mate both hardness and reduced elastic modulus, with
a more noteworthy impact on hardness [32]. In con-
trast, the sink-in leads to contact area that is smaller
than the cross-sectional area. As these phenomena can
drastically affect the contact area and can cause impre-
cise calculations of the indented material, these defor-
mations have large impacts on the measurements of in-
dentation moduli. From the literature, highest pile-up
is commonly diagnosed on the supposition of elastic-
plastic materials, whereas highest sink-in takes place for
strain-hardening materials. It is found that different ma-
terials can be deformed in different modes in the near-
ness of the contact point [43]. Consequently, it can be
deduced that the observed deformations in different re-
gions of the HA coating are related only to intrinsic ma-
terial properties and cannot be derived from the applied
load. Figure 7 shows the load-displacement curves for
indentations into polycrystalline, amorphous (I) and (II)

60 T T

Single crystal Amorphous (I1)

50

40

30

Load, P/ mN

20

10

600
Displacement, h / nm

800 1000 1200 1400

Figure 7. The load-displacement curves for indentations into
polycrystalline, amorphous (I) and (II) regions of the HA
coating compared to single crystal HA
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regions of the HA coating compared to single crystal
HA. In addition, maximum depth, hardness and Young’s
modulus values of the polycrystalline, amorphous (I)
and (I) regions of the HA coating contrasted to the sin-
gle crystal HA are shown in Fig. 8. It is obvious that
the amorphous phases are effortlessly deformed as ex-
posed in the horizontal displacement at the peak load.
This shows that more creep occurs in the amorphous (I)
and (I) regions compared to the crystalline phase [12].

As can be seen, the polycrystalline region of the
HA coating is more resistant to indent and possesses
higher hardness (7.91 GPa) and lower penetration depth
(585 nm) than that of the single crystal HA (Figs. 8a and
8b). A dramatic decrease in the hardness value to 1.92
and 1.38 GPa is observed for the regions of the amor-
phous phases (I) and (I), respectively. The same trend is
also seen in Young’s modulus as shown in Fig. 8c, where
the E values decreased from 120.46 GPa in the poly-
crystalline region to 54.28 and 43.02 GPa for the amor-
phous phases (I) and (II), respectively. This feature can
be linked to the random distribution of defects within
the thermally sprayed coatings as one of the key factors
responsible for the anisotropy in mechanical properties
of the coating [37].

IV. Conclusions

A new approach on the nanoindentation characteri-
zation of the inhomogeneous mixture of various phase
structures in thermally sprayed HA coatings was devel-
oped. The XRD results showed that the as-deposited HA
coating contained an inhomogeneous mixture of poly-
crystalline and amorphous phases along with the forma-
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tion of the decomposed constituents. From the structural
assessment, the unit cell volume declined to 527.0 A3
for the as-sprayed HA coating. Besides, the in-plane
and out-of-plane strains of the as-sprayed HA coating
exhibited a minor lattice disparity compared to stan-
dard HA. From the SEM observations, the as-sprayed
HA coating had a mean thickness of 70 + 4 um, where
the distribution of by-products and amorphous phases
was inhomogeneous. The observed deformations in dif-
ferent regions of the HA coating were related only to
intrinsic material properties, where severe sink-in was
detected in the amorphous phase (IT) region. Based on
the nanoindentation behaviour, the polycrystalline re-
gion of the HA coating was more resistant to indent
and showed the highest hardness of 7.91 GPa and lowest
penetration depth of 585 nm. In addition, a significant
decrease in the hardness value was observed for the re-
gions of the amorphous phases. A same trend was also
noticed in Young’s modulus. It can be concluded that the
random distribution of defects within inhomogeneous
phase states had significant effects on the anisotropy
in mechanical behaviour of the thermally sprayed HA
coatings.

Acknowledgement: The authors would like to ac-
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