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Abstract Hydroxyapatite (HA) is one of the most impor-
tant bioceramic materials used in medical implants. The
structure of HA coatings is closely related to their manu-
facturing process. In the present study, HA coatings were
deposited on Ti-6Al-4V substrate by micro-plasma spray-
ing. Results show that three distinct HA coatings could be
obtained by changing the spraying power from 0.5 to
1.0 kW and spraying stand-off distance from 60 to
110 mm: (1) high crystallinity (93.3%) coatings with por-
ous structure, (2) high crystallinity coatings (86%) with
columnar structure, (3) higher amorphous calcium phos-
phate (ACP, 50%) coatings with dense structure. The in-
flight particles melting state and splat topography was
analyzed to better understand the formation mechanism of
three distinct HA coatings. Results show that HA coatings
sprayed at low spraying power and short stand-off distance
exhibit high crystallinity and porosity is attributed to the
presence of partially melted particles. High crystallinity
HA coatings with (002) crystallographic texture could be
deposited due to the complete melting of the in-flight
particles and low cooling rate of the disk shape splats under
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higher spraying power and shorter SOD. However, spla-
shed shape splats with relative high cooling can be pro-
vided by increasing SOD, which leads to the formation of
ACP.
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Introduction

Hydroxyapatite (HA) is one of the most important bioce-
ramic materials used in a medical implants because it has
excellent biocompatibility and osteoconductivity, allowing
bone cells to grow on its surface (Ref 1-3). It has been used
successfully in biomedical implant material for many
years, such as tooth, knee and hip replacement. However,
HA has poor bending strength and fracture toughness and is
therefore unsuitable for use in implants under shear load-
ing. For this reason, HA is deposited on metal material,
such as titanium, magnesium, and stainless steel, which can
provide higher strength and fracture toughness. Various
methods have been used in the production of HA coatings,
such as thermal spraying techniques (Ref 4-6), chemical
vapor deposition (CVD) technique (Ref 7, 8), physical
vapor deposition (PVD) (Ref 9-15), electrophoretic depo-
sition (EPD) technique (Ref 16-20), sol—gel technique (Ref
21, 22), and so forth. Among the various deposition tech-
niques, the thermal spraying process, especially atmo-
spheric plasma spraying (APS) (Ref 4-6), vacuum plasma
spraying (Ref 23-25) and high velocity oxy-fuel (HVOF)
spraying (Ref 26-28), is the most popular method to deposit
HA coating. Due to the advantages that include high
coating adhesion and high deposition efficiency, plasma
spraying has been widely used to deposit HA coatings on
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metallic implants surface (Ref 29, 30). However, it was
reported that the high temperature of plasma jet could lead
to decomposition phases, such as tricalcium phosphate
(TCP) and amorphous calcium phosphates (ACP). Crys-
talline HA is very stable in the physiological fluids, but the
TCP and the ACP have higher dissolution rates, and the
dissolution of those phases is harmful for the long-term
reliability of the implants (Ref 31). Therefore, being highly
crystallinity and phase pure is pursued for the long-term
stability of HA coating. Compared with traditional plasma
spraying, micro-plasma spraying requires much less power
(1-4 kW) and can be used to prepare HA coatings with
higher degree of crystallinity (> 90%). Moreover, MPS can
produce HA coating with high (002) crystallographic tex-
ture (Ref 32-34). As we know, HA crystals both in verte-
brate bones and in tooth enamel surface are highly oriented
in the direction of their c-axis. This orientation has been
proved to contribute to the chemical stability of HA coating
in vivo (Ref 33). Moreover, such oriented HA coating
might be useful in dentistry and orthopedics. The HA
coating with (002) crystallographic texture deposited by
MPS has been reported (Ref 32-34). However, the forma-
tion mechanism of crystallographic texture at (002) is still
not clear. The influences of MPS parameters on the in-
flight particles, splat morphology, microstructure, and
phase composition of HA coatings are far from being fully
understood. Phase composition and microstructure of the
sprayed coatings depends upon the melting state of in-flight
particles and the morphology of impinging splats. Mean-
while, the melting state of in-flight particles and the mor-
phology of impinging splats are determined by the spray
parameters. Therefore, a study on the influence of MPS
parameters on the in-flight particle properties and splat
types is beneficial for a good understanding of the forma-
tion mechanism of crystallographic texture in HA coating.
A systematic study on the effect of spray parameter on
properties of the HA coatings has important scientific
significance and practical value.

In the present research, HA coatings were deposited by
MPS. The effects of change in spray power and stand-off
distance on HA coatings are emphasized, respectively. In
order to better understand the formation mechanism of HA
coatings under different spray parameters, the in-flight
particles and splats were examined as well.

Materials and Methods

Hydroxyapatite powder (Medicoat, Switzerland) was
employed as the raw powders for depositing the coatings.
Ti-6Al-4V plates of @15 mm x 2.5 mm were used as the
substrate. The substrate surface was grit blasted to roughen
and clean the surface before deposition.
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The HA coatings were sprayed by a micro-plasma
spraying (WDP-1, China). A schematic diagram of micro-
plasma spraying torch is shown in Fig. 1. The spray
parameters for MPS are shown in Table 1. The corre-
sponding in-flight particles were collected by liquid nitro-
gen. The in-flight particle velocity at different SOD was
measured with the Accuraspray G3C (Tecnar, Canada).
The Ti-6Al-4V substrates were ground with 400-2500 SiC
paper and mirror finished with 2.5, 1 pm diamond abrasive
paste before splats deposition. The polished substrates were
cleaned in ultrasonic bath with ethyl alcohol and then dried
in the air before spraying. From previous studies (Ref 35),
a shielding plate was placed 10 mm in front of the sub-
strate, and several holes of 1 mm in diameter were drilled
on the plate to filter off individual splats (Fig. 1).

The morphologies of initial powders, in-flight particles,
splats and coatings were observed by scanning electron
microscopy (SEM, Hitachi, Japan), with acceleration
voltage of 10 kV. The polished and polished-etched cross
section of coatings was prepared before observation. Cross
section of the collected powders was also ground and
polished for the observation under SEM. All samples were
coated with a thin gold film using gold ion sputtering
system to make them electrically conductive prior to SEM
observation. Coating porosity was estimated by using the
Imagel analysis software. The melting degree of in-flight
particles was calculated following the approach by Khor
et al. (Ref 26). Surface roughness of HA coatings were
measured using a roughness sensor. The phase composition
of raw powder and as-sprayed coatings was qualitatively
determined through x-ray diffraction (XRD, Bruker, Ger-
many). The operating conditions were 40 kV and 30 mA
using Cu Ko radiation source. The scattering angle ranges
(20) from 20° to 60° with a step size of 0.02°. The crys-
tallographic texture was measured by the surface x-ray
diffractometer (Bruker, Germany) with a four-circle
goniometer, using Cu Ko radiation at 35 kV and 30 mA.
X-ray pole figures were collected for the (002), (211) and
(112) reflections of HA by varying the polar angle from 0°
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Fig. 1 Schematic diagram of micro-plasma spraying torch



J Therm Spray Tech (2018) 27:667-679

669

Table 1 Micro-plasma spraying parameters

Sample P1 P2 P3
Current, A 20 40 40
Voltage, V 25 25 25
Flow rate of Argon, L/min 1.3 1.3 1.3
Spraying stand-off distance, mm 60 60 110

to 85° and the azimuthal angle from 0° to 360° with step
increment of 5° and a scan time of 80 s per step. The
intensity is expressed in units of multiples of random dis-
tribution (MRD). The infrared thermometer (Smart sensor,
China) was utilized to test the substrate temperature.

Results and Discussions
In-Flight Particles Characteristics

In-flight particles were investigated for the different spray
parameter to better understand the HA coating formation
mechanism in MPS. The surface morphology of raw
powders and in-flight particles is shown in Fig. 2. The SEM
image in Fig. 2(a) shows that the raw powders exhibit a
spherical shape. Higher magnification image (Fig. 2b)
shows that the HA raw powder is composed of nanoscaled
rod. However, the in-flight particles morphology is very
different from raw powders (Fig. 2c). There are three dif-
ferent morphologies observed: (1) Spherical particle with
submicron grains (Fig. 2d). The possible cause of this
phenomenon is that the original nanoscaled rod undergone
molten or semi-molten in plasma jet and subsequently
solidified or fused together. (2) Spherical particle with
nanoscaled rod (Fig. 2e). The aspect ratio of nanoscaled
rod was increased during spray process. There are two
possible reasons for this result: the first is that the particles
have undergone a lower degree of melting and the nanos-
caled rod growth during spraying. The other reason for this
phenomenon is that the in-flight particles may solidify
before deposition due to the low plasma temperature at low
spraying power or long SOD, and the crystallization was
un-directional. (3) Spherical particle with smooth surface
(Fig. 2f). This means that the surface of these particles was
melted during spraying.

The in-flight particles size distribution is shown in
Fig. 3. It can be seen that the powders sprayed with dif-
ferent parameters reveal different particle size distribution.
The raw powders having a particles size in the range of
20-65 pm, contains 75.0 vol.% coarser particles (> 35 pm)
and 25.0 vol.% small particles (20-35 um). Compared with
particle size distribution of raw powders, in-flight particles

made by P1 condition are dominated by coarser particles
(> 35 um, 76.0 vol.%) (Fig. 3b). The in-flight particles
sprayed using P2 condition contain 51.5 vol.% small
particles (20-35 pum) (Fig. 3c). However, a direct compar-
ison of in-flight particles size sprayed with P3 condition,
indicating that size distribution is shifted toward lower
values. These particles contain more small particles (20-
35 um, 75.9 vol.%) and very fine particles (< 20 pm,
7.6 vol.%). This result indicates that the in-flight particle
size distribution depends on the choice of spray parameter.
That in-flight particles modify their size distribution may
result from the vaporization of particles surface and the
disintegration of particles during spraying process. How-
ever, the in-flight temperature of HA particles is below
3500 K. It indicates that the in-flight particles were melted
on the surface. There is no volatilization of P,Os (Ref 36),
which suggested that the in-flight particles modify their
size distribution. This may result from the disintegration of
particles during the spraying process. A higher heat input to
the particles leads to better melting state of particles, which
induced the particle disintegration with smaller particles.
Figure 4 shows that the average particle velocity with
different SOD. It seems that the particle velocity was
slightly decreased with the longer SOD. It was assumed
that the accelerated velocity of in-flight particles is
constant, the flight time of particles can be described as:
tay = 2 L/v. The average velocity of in-flight particles in P2
condition is 75.4 m/s, which is a little higher than 73.1 m/s
in P3 condition. The flight time of in-flight particles was
approximately 1.61 and 3.01 ms, respectively. Therefore,
increasing the SOD led to the dwell time increasing and
thus increased the disintegration tendency of particles.
Moreover, the size distribution results confirm that more
HA particles are melted at high spraying power and long
spraying SOD (Fig. 3d).

The melting state of the in-flight particles can be con-
firmed through observing the morphology of polished cross
section, which is shown in Fig. 5. The in-flight particles
were collected with parameter P1, slightly 23 vol.% of the
particles are completely melted and 77 vol.% of these
particles are in partially melted state (Fig. 5a, b). In con-
trast, for the P2 condition, 91 vol.% of the particles are in a
completely melted state. In these particles, the partially
melted particles are rarely observed (Fig. 5c, d). In addi-
tion, in-flight particles made by P3 condition are dominated
by completely melted particles ( 95 vol.%; Fig. Se, f).

The final melting state of the in-flight particles is related
to the spray parameter. The presence of a large number of
partially melted particles in P1 condition, due to the lower
spraying power is insufficient to melt the in-flight particles
inside the plasma flame. On one hand, as the spraying
power increases, the input heat increases, and therefore the
heat that transfers from the plasma flame to the particles is
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Fig. 2 Surface morphology of particles: (a, b) raw powders, (c) free in-flight particles, (d) spherical particle with submicron grains, (e) spherical
particle with nanoscaled rod, and (f) spherical particle with smooth surface

sufficient to melt the particles. As a result, the particles that
were collected using P2 condition contain a large number
of ( 90%) completely melted particle. On the other hand,
when the SOD increased from 60 to 110 mm, the dwell
time of particles in plasma increased, therefore, there are
more particles completely melting.

Splat Characteristics

Figure 6 shows the morphology of splats deposited by
different spray parameters. The splat diameter results
variation, which was evaluated from the splat morphology,
is summarized in Fig. 7(a), (b), and (c). The average splat
diameters are plotted in Fig. 6(d). The results clearly reveal
the significant differences in average shapes and mor-
phologies of the splats under different spray parameters.
Splats prepared by Pl condition consist of 77 vol.%
hemispherical shape splats and 23 vol.% disk shape splats
(Fig. 6a). The typical range of splat diameter is from 28 to
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57 um. On the contrary, splats deposited onto the substrate
by P2 condition display disk shape with some irregularity
at the rim (Fig. 6b). The fraction of disk shape splat
approached 100 vol.%. The diameter of the splats is in the
range of 31-105 pm. Whereas, the splats deposited under
P3 condition exhibit splashed shape (Fig. 6¢). The fraction
of splashed shape splats is near 43 vol.%. The diameter of
the splat is in the range of 60-145 um. In addition, 37 vol.
% hemispherical shape splats of 25-38 pm diameter and
20 vol.% smaller disk shape splats (39-50 pm), which are
generally formed by small particles, can also be seen
(Fig. 3c). The average splat diameters are plotted in Fig. 7
(d).

The different splat morphologies are formed under dif-
ferent spray parameters with the results shown in Fig. 6.
The influencing factor can be found in the melting degree
of the individual particles and the substrate temperature. At
the P1 condition, there are a large number of particles that
are in partially melted state. These particles flatten to
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substrate are not able to spread out and thus exhibiting
hemispherical shape. Meanwhile, some completely melted
particles impinge on the substrate and show disk shape. In
this study, MPS provides a concentrate plasma torch and
stable laminar plasma flow, which results in a steady
stable plasma flow impinging upon the substrate (Ref 37).

The plasma jet diameter is 2-3 mm and sprayed spot size is
5-7 mm. It means that the plasma jet is concentrated on the
substrate. In shorter SOD, the heat from the plasma jet
increased, which increased the substrate temperature. For
these reasons, the local temperature of substrate can reach
up to 200 °C. Completely melted particles that deposited
onto heated substrate are able to spread out and developed
into predominantly disk shape splats or limited splashing at
its rim. However, as the SOD increased from 60 to
110 mm, the substrate is further from the plasma jet, and
the temperature of substrate is greatly decreased (40 °C),
which lead to the splat on the polished substrate changed
from disk shape to splashed shape. For instance, smaller
particles cool down more quickly during flight, which
resulted in the formation of hemispherical shape splats and
smaller disk shape splats.

Coatings Characteristics

Figure 8 shows the XRD patterns of the HA coatings
sprayed at different parameters. The XRD spectrum of raw
powder shows that all diffraction peaks and relative
intensities are assigned to standard HA powder pattern
(JCPDS 09-0432) and the raw powder exhibits random
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Fig. 5 SEM morphology of the cross section of in-flight particles: (a, b) P1, (c, d) P2, and (e, f) P3

crystal orientation (Fig. 8a). In contrast to HA raw pow-
ders, TTCP, a-TCP, B-TCP and ACP are observed in HA
coatings, and the phase CaO cannot be identified in the
patterns. It is noted that the phase composition of the P1
coating is similar to that of the raw powders (Fig. 8b). The
highest HA content amounts to over 93.3%. For coating
sprayed at P2, the highest HA content is over 86%.
Specifically, the (002) peak in the P2 coating appears
markedly higher than other HA peaks. Such XRD patterns
indicate that a recrystallization of the HA phase occurred
during the deposition, with a preferred orientation of (002)
crystallographic planes (Fig. 8c). XRD pole figures are
shown in Fig. 8(e). Different colors represent different
value of intensity. The pole figures for the P2 coating show
random distribution of HA (211) and (112) poles. The
strongest point of pole figures is at the center of (002) pole
figure. It can be seen from the x-ray pole figure that the
maximum intensities of (002) pole figure is 6.95. This
indicates that P2 coating shows (002) crystallographic
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texture. As the SOD increased from 60 to 110 mm, the
amorphous hump becomes significant (Fig. 8d). The
highest ACP content amounts to 50%, and the lowest HA
content is only 30%. In addition, the a-TCP of P1 coating
amounts to 3.2% (Fig. 8b). Compared with the P1 coating,
the highest o-TCP content in the P2 coating is over 14%
(Fig. 8c). For the P3 coating, the a-TCP increases to 20%
(Fig. 8d). Moreover, it is also noted that trace amounts of
TTCP are observed in the P1 coating (Fig. 8b).

In this study, at the P1 condition, the lower spraying
power is insufficient to melt all the HA powders during
spraying. Only the smaller powder particles were melted,
and the large particles were only partially melted (Fig. Sa,
b). However, the raw powders mainly consist of large size
particles (Fig. 3a), so that the morphology of the P1 coating
was dominated by partially melted particles (Fig. 5a, b).
The unmelted part within the in-flight particles remained in
the specimen. The presence of a greater amount of crys-
talline HA and a small amount of phase decomposition
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Fig. 6 Morphologies of HA splats for different parameters: (a) P1, (b) P2, and (c) P3
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Fig. 8 XRD pattern of as-sprayed HA coatings showing the influence of spray parameter on phase composition of resultant coatings: (a) raw
powder, (b) P1 coating, (c) P2 coating, (d) P3 coating, and (e) pole figures

(TTCP, o-TCP and B-TCP) within the partially melted
particle is beneficial to high crystallinity of final coating.
The cooling rate of splat (T) can be described as 7= A (T—
TS)/cppd2 (Ref 38), where T; is the surface temperature of
in-flight particles, 7 is the substrate temperature, A is
thermal conductivity, c, is the thermal capacity, d is the
splat thickness, and p refers to density of deposition
material. At the P2 condition, the increased content of a-
TCP was formed in the P2 coating, which indicates large
quantities of phase transformation during the spraying due
to more particles melting (Fig. Sc, d). The completely
melted particle deposited to substrate show disk shape
(Fig. 6b). The average thickness of disk shape splat is in the
range of 2-6 um, which is much higher than splashed shape
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splat ( 1 pm). The surface average temperature of in-flight
particles in P2 condition is 2385.04 K, a little higher than
2265.09 K in P3 condition. In addition, the heat input from
flame and the incoming droplets increased, which increased
the substrate temperature to 300 °C. However, the substrate
temperature greatly decreased to 100 °C as the heat accu-
mulation from the plasma flame was decreased under long
SOD. These parameter values are shown in Table 2. After
calculation, the cooling rates of the disk shape splat
deposited by P2 and splashed shape splat deposited by P3
coating approximately 1.01 x 10® and 1.69 x 10° K/s. It
has been reported that the {0 0 0 1} surface is of the lowest
surface energy among all orientations in crystalline HA
(Ref 35). From this point of view, HA films may tend to
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:ss;;ﬁtsziernZ£iZZ$ZLts of Parameters Value References
HA used in calculation Thermal conductivity (1), W/m-K 0.72 (283 K) Ref 36
2.16 (1352 K)

Thermal capacity (c,), J/Kg-K 766 (293-1300 K) Ref 39

Density (p), Kg/m® 3156 Ref 40

Surface temperature of in-flight particles (77)/P2, K 2385.04

Surface temperature of in-flight particles (77)/P3, K 2265.09

Substrate temperature (75)/P2, °C 300

Substrate temperature (75)/P3, °C 100

Splat thickness/P2, pm 2-6

Splat thickness/P3, pm <1

grow along the c-axis with a (002) orientation to minimize
the surface energy (Ref 41). For this reasons, low cooling
rate of P2 disk shape splats lead to HA grains along (002)
within P2 coating. Compared with disk shape splat, spla-
shed shape splat had a higher cooling rate. Moreover,
longer dwell time of in-flight particles in plasma flame
during P3 coating caused phase decomposition addition-
ally. These two factors lead to the higher ACP and TCP in
P3 coating.

Surface morphology of HA coatings is shown in Fig. 9.
The morphology of P1 coating is dominated by partially
melted particles and some flatten splats (Fig. 9a, b). A large
number of pores (5%) are observed for P1 coating (Fig. 9a,
b). This surface morphology is consistent with the previous
in-flight particles results. The surface of the P2 coating is
dominated by well-flattened splats (Fig. 9b, c). In contrary
to P1 coating, P3 coating contains a lot of spherical par-
ticles and the quantity of pores increased (Fig. 9e, f). This
was supported by in-flight particles and splats results that
particles were collected using P3 condition show more fine
spherical particles and hemispherical shape splats. The
surface morphology of HA coatings shows a good corre-
lation to the particle melted state and the splat type. In
addition, cracks can also be observed in all coatings due to
the formation of stresses during spraying process. The final
coating is built by the numerous single splats, and the
coating morphologies are determined by the flattening of
splats. Partially melted particles were larger and just mel-
ted on the surface. These particles impact the substrate,
which leads to smaller splat diameter (Fig. 6a). As a result,
the overall result is a rougher coating (Ra = 11.30 um). P2
coating showed that the in-flight particles melted enough to
form a dense surface, the number of observed spherical
particles were less in comparison to P1 coating. Therefore,
the P2 coating exhibited smoother surface morphology and
lower roughness value (Ra = 5.63 pum). The average
diameter of the splats for the P2 and P3 is higher than that
in P1 condition. However, the P3 coating exhibited a rel-
atively rough surface morphology (Ra = 9.72 um) and high

porosity due to the small splat diameter of the smaller
particles (Fig. 7c).

The cross-sectional morphology of the coatings is
shown in Fig. 10. In the polished cross section of Pl
coating, a large number of pores ( 20%) are distributed
throughout the coating (Fig. 10a). This can be attributed to
the impingement of partially melted particles on the sub-
strate, which showed hemispherical shape (Fig. 6a) and
their embedding in the coating therefore leads to the for-
mation of a loose composed with high porosity. A smaller
diameter of the hemispherical splats increases and
decreases the contacts of touching each other, the amount
of pores increases. On the contrary, P2 ( 8% porosity) and
P3 (4% porosity) exhibit a dense structure without obvious
spherical particles, splats’ boundary and lamellar interfaces
(Fig. 10c, e). The particles are very well melted under the
P2 and P3 condition (Fig. 5c, d, e, and f). The closely
packed disk splats and splashed splats make the whole
coating to obtain a compact structure with dense structure.
Consequently, the porosity is directly influenced by the
particle splat shape. Chemically etched cross-sectional
morphology of P1 coating shows that there are a relatively
high number of partially melted particles (Fig. 10b). The
microstructure of this coating is not the characteristic
lamellar structure. It is noted that the HA grains located in
unmelted part are much larger than the size of those
nanoscaled rod in raw powder (Fig. 2b) and this indicates
the growth of the grains during spraying. This result is
consistent with the previous in-flight particles surface
morphology (Fig. 2e). The relative increased grain size
located in the unmelted part might not be favorable to
improve mechanical properties and bioactivity. However,
P2 coating after chemical etching shows typical lamellar
structure with columnar grains and it does not have any
partially melted particles (Fig. 10d). These columnar grains
grew along deposition direction, which corresponds to the
XRD results that showed a strong (002) crystallographic
texture (Fig. 8c). Because of the higher melting degree of
in-flight particles, the complete particles flatten and spreads
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Fig. 9 Surface morphology of the HA coatings: (a, b) P1 coating, (c, d) P2 coating, and (e, f) P3 coating

too much higher degree than in the case of P1 condition.
This high degree of flattening leads to the increase in the
splats diameter and reduction in lamellae thickness
(Fig. 7b, d), which developed non-splashed and predomi-
nantly disk shape splats or limited splashing at its rim
(Fig. 6b). These shape splats constitute layers in the coating
and these layers in turn create the lamellar structure of the
coating (Fig. 10d). The heat flux of the disk shape splats
was perpendicular to the substrate surface (Ref 42), hence
promoting the (002) crystal growth along deposition
direction during MPS. On the other hand, when the
spraying power increased, the substrate temperature was
improved. Under such condition, the splat solidification
occurred at a slow cooling rate, and the columnar grains
have enough time to grow along the direction of heat dis-
sipation. Indeed, higher substrate temperature is beneficial
to obtain disk shape splats, which provided a heat flow
perpendicular to the surface of the substrate. Meanwhile,
the heat input form plasma and successive splats provided a
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lower cooling rate. For these two reasons, the high
columnar crystalline HA preferred to grow within the P2
coating. Moreover, SEM observations clearly show that the
columnar grains did not go beyond the boundary of the HA
splats. It is considered that the ACP or TCP shell can be
formed from the bottom of splat when contacting the pre-
viously deposited splats. ACP or TCP may dissolve easily
in the dilute hydrochloric acid solution. On the contrary,
the columnar with high chemically stable remains in the
coating. Our results are consistent with the previous finding
(Ref 43). The columnar structure might have a beneficial
effect on biocompatibility osteogenic differentiation of
implants.

However, there are no obvious columnar grains in the
chemical etched cross section of the P3 coating (Fig. 10f).
The high-magnification SEM showed that a small number
of splats with columnar grains were present in P3 coating.
Two aspects are concerned with this phenomenon. On one
hand, there are more splashed shape splats observed
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Fig. 10 Cross-sectional morphology of HA coatings: (a) P1 coating, (b) P2 coating, (c) P3 coating, (d) chemically etched P1 coating,

(e) chemically etched P2 coating, and (f) chemically etched P3 coating

(Fig. 6¢); however, splashed shape splats are not observed
in the P2 coating (Fig. 10b). The cooling rate of splashed
shape splats is higher than that of the disk shape splats,
leading to the formation of ACP and TCP within HA
coating. The high cooling rate of splats is not beneficial to
the formation of columnar. On the other hand, in this
coating, a small number of droplets impinge on the sub-
strate without splashing (Fig. 6¢). These splats solidifica-
tion occurred at slow cooling rate and contributed to the
formation of columnar grains (Fig. 10d). Columnar grains
could not form in hemispherical shape splat under a uni-
directional heat flow before deposited. For these reasons,
the number of splats with columnar grains is significantly
reduced compared with P2 coating, which results in the
fact that the (002) crystallographic texture is not seen from
XRD analysis (Fig. 8d). Therefore, it is confirmed that the
splat morphology and the cooling rate would have a crucial
effect on the coating structure. The splat morphology is

influenced by melting state and substrate temperature. The
cooling rate is determined by the splat shape and the heat
input of plasma.

Conclusions

Bioactive HA coatings were deposited onto Ti-6Al-4V
substrates by MPS using different spray parameters. The
influence of spray parameters on the coating phase com-
position and microstructure was investigated. The in-flight
particles and single splats were collected to establish the
relationship between coating structure with the in-flight
particle melting state and splat types.
The following conclusions are obtained:

1. HA coatings sprayed at low spraying power and SOD
exhibit high crystallinity and porosity is attributed to
the presence of partially melted particles. High
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crystallinity HA coatings with (002) crystallographic
texture could be deposited due to the complete melting
of the in-flight particles and low cooling rate of the
disk shape splats under higher spraying power and
shorter SOD. However, splashed shape splats with
relative high cooling can be provided by increasing
SOD, which leads to the formation of ACP.

Orderly distributed columnar structure was formed in
HA coating deposited by MPS, correspond to an
extreme strong (002) crystallographic texture. The
formation of (002) crystallographic texture requires
two conditions: (1) the in-flight particles must be
completely melted before hitting to the substrate, (2)
the substrate must have higher temperature in order to
fabricated splat with disk shape after deformation.
MPS is feasible to deposit textured HA coating without
complex process. It may be possible applying to
optimize crystallographic texture of HA during plasma

spraying.
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