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Abstract Measurement of residual stress in plasma-
sprayed coating is of key importance to optimize their
microstructure and mechanical properties. In this study, the
x-ray diffraction analysis was carried out using the sin’y
method to evaluate the residual stress distribution of
hydroxyapatite (HAp) coatings produced on titanium sub-
strate by atmospheric plasma spraying (APS) and vacuum
plasma spraying (VPS). The sin’ method measured
strains at different tilt 1/ and rotating ¢ angles around the
specimen surface normal. A non-uniform and inhomoge-
neous stress distribution was present in the both coatings.
The measured strain &y, is plotted versus sin®y, showing a
nonlinear (elliptical) behavior, which indicates the pres-
ence of inhomogeneous triaxial stress distributions within
coating, due to the crystalline anisotropy, inhomogeneous
cooling rate or solidification of the molten particles. The
normal stress values within both HAp coatings produced
were found to be tensile in nature, but the values of tensile
stresses are significantly higher in APS coating than those
values obtained for VPS coating.
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Introduction

Hydroxyapatite (HAp) has been widely considered as the
most common coating material on the metallic implants to
enhance the long-term osseointegration and improve the
bioactivity behavior of the metallic surfaces (Ref 1, 2).
Because of the similar structural and chemical composition
to the bone, HAp can be rapidly integrated into the body
issue and improve the bone-to-implant contact (Ref 3).
Among the commercial coating deposition techniques,
plasma spraying is the most widely used technique for the
deposition of HAp due to its high deposition rate, relative
ease of operation and low cost (Ref 4). In addition, the
major advantage of this process is the ability to deposit
coatings onto substrates without significant heat input and
varying the microstructure of substrates (Ref 5).
Generally, the durability of thermal spray coating and its
adherence to the substrate depend strongly on their
microstructure and residual stress present within the coatings
(Ref 6, 7). Residual stress often appears in the HAp coatings
which were deposited by plasma spraying due to the mis-
match of its thermal expansion coefficient (CTE) with the
metallic substrate. Thermal stresses can be formed during
the spraying process and the following cooling period which
can affect the mechanical stabilities, spalling characteristics
and fatigue strength of the coated specimens (Ref 8-10).
Hence, evaluation of the nature and distribution of internal
residual stress (tensile or compressive) produced during
deposition is a crucial aspect. Knowledge of the residual
stress profiles within coating allows optimizing the spraying
techniques, and this effect must be examined more closely.
Measurement of residual stress present in plasma-
sprayed HAp coatings has been the subject of some
investigations (Ref 11-14). In these investigations, the
residual stress is often measured by assuming in-plane
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stress state and therefore the stress components and shear
stress are often ignored. It should be considered that the
homogeneous stress considered so far is an idealization and
is only suitable for materials which do not have a complex
stress field. Due to the rapid solidification nature of the
thermal spray process, the microstructures of the coating
produced by this process have essentially anisotropic and
non-equilibrium structures including oxide, metastable and
amorphous phases (Ref 15). Significant values of residual
shear stresses are likely to be created within these coatings
due to heterogeneous nature of plasma-sprayed coatings.
Nevertheless, studies relating to the inhomogeneous dis-
tribution in the residual stress profile have been very lim-
ited. For this reason, it is important to identify the full
internal stress components within the coating and examine
the existence of shear stresses and quantify them to avoid
appreciable errors in the calculated values of the principal
stresses. Residual stress is one of the most important
parameters that affect adhesion of the coating to the sub-
strate, and as such, it is a good practice to analyze them.
Coating delamination can be resulted from spallation at the
coating/substrate interface due to the high tensile stresses.
It is well known that the coatings produced in vacuum have
lower stresses that one produced in atmosphere. Therefore,
two types of the APS and VPS coatings were selected to
analyze to verify the reliability of method used in this study
to measure of triaxial HAp coatings.

The aim of this investigation is to evaluate the residual
stress distribution as a tensor within the HAp coating
deposited on titanium by air plasma spraying (APS) and
vacuum plasma spraying (VPS) and to compare their
residual stress distributions. In this context, x-ray diffrac-
tion was employed as a powerful tool for measurement of
the internal stresses of these coatings. The advantage of the
x-ray diffraction method is its non-destructive character
and the possibility of macro- and micro-stress analysis in
multiphase and anisotropic materials. Because of high
absorption of x-ray radiation, this method was applied to
study residual stresses to the depth of few um below the
surface of sample (Fig. 1). To compensate the potential
errors from different grain orientations and increase the
accuracy of the calculated stress, a series of scans are
performed to locate at least six independent strain mea-
surements by changing the tilt angle i (psi) and rotating
angle ¢ (phi) to determine the full mechanical stress tensor
of all crystalline phases. The measurement was conse-
quently taken at positive and negative tilt angles \s to study
the shear stresses on the surface. The method can measure
components of the stress tensor, i.e., multiaxial stresses,
including normal and shear stresses (Ref 16). Determina-
tion of the full stress tensor is briefly described and the
effects of changing various parameters for producing the
HAp coatings and the relationship between microstructure
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Fig. 1 Schematic of the XRD technique for measurement of residual
stresses (i is the angle between the lattice plane normal and the
sample surface normal)

and residual stresses can be examined, giving insights into
possible approaches for controlling residual stress levels
and enhancing the mechanical properties and consequently
durability of the coating.

Stress Tensor Determination by sin’y Method

In principle, the sin®y method can be used to determine full-
tensor surface stresses non-destructively in the presence of
large subsurface stress gradients. This method is based upon
determining changes in crystallographic lattice parameter by
measuring of characteristic diffraction peak shifts. The
internal stress state in a 3D solid body is represented by
three normal stresses and six shear stresses. By considering
the state of equilibrium, the stress matrix is symmetric and
each pair of shear stresses is equal. This reduces the stress
components in the matrix from nine to six independent
stresses. The stress tensor in a material can be written as:

g1 Tz T3
o= | T21 02 7123 (Eq 1)

T13 T23 033

where 711, 05, and g33 are normal stresses; 712, 713, T21» 123
713 and 7,3 are the shear stresses. The residual stress tensor
components ¢; of the coating can be calculated by using
the elasticity theory via Hooke’s law for anisotropic
materials and general equation for the triaxial case as:

sg = Sijszfj (Eq 2)
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(Eq 3)
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where sfgfé and d,y are strain and inter-planar spacing of

hk 1 in the direction of (¢, V), respectively; d is the
unstrained inter-planar spacing; v and E are Poisson’s ratio
and elastic modulus of the coating. The full mechanical
stress tensor composed of normal and shear components of
the thin coatings can be determined by sin®y method with
the combination of the tilt angle between the lattice plane
normal N and the sample surface normal between the
specimen surface normal and the diffraction vector, i, with
the rotation angle about its surface normal, ¢ (see Fig. 2).
The shifted peaks in the XRD graph are related to the
lattice constants changes due to stress in the coating. The
complete stress components can be calculated by sets of
measurements with positive and negative psi tilts, for three
directions (e.g., phi angles 0, 45, 90°). The variation of
inter-planar spacing for a reflection in the positive and
negative angles (£ y orientation) should be measured to
determine if shear stresses are present. The measurement
repeated with a sufficient number (6 — 8 Psi tilts for each
direction) of measuring points versus sin*y. High y ranges
minimize the errors in the normal stresses due to stress
gradients in the sample.

Obviously, the strain &y, (measured by peak shift)
depends on the angles ¢ and y of the measuring vector.
Thus, the shape of the ¢y, curve is an indication of the type
of stress state that exists within the diffracting volume
independent of the type of the material. The components of
the mechanical stress tensor can be extracted from slopes
of lines, fitted to the lattice-strain data in sin®y-plots and
the values of the (h k 1)-dependent elastic constants. Gen-
erally, four basic types of distribution the measured strains
&) VErsus sin®yy can be found, as illustrated in Fig. 3. In
the case of linear variation of &y, versus sinzlp, the varia-
tion in inter-planar spacing is seen to be the same for both
tilt directions (&  orientations) and no shear components
exist in the coating. If shear stresses acting in the planes
perpendicular to the specimen surface are present, they will

Fig. 2 Schematic of the stress ellipsoid, which illustrates the basis of
the sin®y technique
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be manifested by splitting in the &y, versus sin®y plot. In
this case, the plot is split into two branches of opposite
curvature for ¥ >0 and ¥y <0 and gives an elliptical
function (Fig. 3). The ¢, versus sin®yy function can also be
much more complicated, and curved plots are attributed to
the presence of strong stress gradient along the surface
normal of the coating. In the case of crystallographic tex-
ture, the ¢y, versus siny plot exhibits an elliptical
behavior (Ref 16).

Experimental Details

As-received commercial HAp powder material (medipure
20-15/006) with crystal sizes of about 15 to 45 um was
provided by Medicoat Company in France to produce both
APS and VPS coatings. This powder is adapted for high
bond strength coatings and thermal spray technology and
comply with standards ASTM 1185 and 1088; ISO 13779.
Commercial pure (cp) titanium grade 4 flat specimens, @
5 x 50 x 0.5 mm?> , provided by ARA-T Advance GmbH,
Germany, are used as the substrates. Plasma-sprayed HAp
coatings must ideally be applied to a grit-blasted roughened
surface which provides more surface area for adhesion.
Therefore, the surface of the substrates was sandblasted
with alumina grit of size 200 um with compressed air
pressure of 5 bar. The specimens were hold in the block
heater and preheated prior to deposit of the coating to
temperature 400 °C. The substrates were heated while their
top surface was spray-coated to improve the coating
adhesion and reduce the unfavorable residual stress during
cooling. Two groups of coatings were prepared and
atmospheric plasma spraying (APS) was performed in
ambient air and vacuum plasma spray (VPS), which plasma
jet exhausts into a chamber at below atmosphere pressure
of 100 mbar. These processes were performed at DLR
(Institute of Technical Thermodynamics, Aerospace Cen-
ter, Stuttgart, Germany). Extensive preliminary work was
conducted to optimize the spray parameters and to obtain
the same thickness of coatings in both processes. The spray
distance was mainly optimized to obtain the adhered
coatings with low residual stresses. Low pressure of VPS
process produces significant expansion of the isotherms
and velocity of the plasma jet, due to the increases in mean
free path between the ions and electrons in plasma.
Therefore, a spray distance of 80 mm with an injector
diameter of 1.8 mm was used for APS coatings, whereas
the spray distance is extended to 160 mm with an injector
diameter of 3 mm for VPS coatings. Furthermore, for APS
coatings, a lower power with only argon gas was used, and
for VPS coatings, a higher power was used with helium
added to argon. The optimized process parameters are
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Fig. 3 Basic types of possible
£y, VS. sin’y functions (Ref 16)
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Table 1 Spray parameters to produce HAp coatings used in this study

0.5 075 1

0.25

Process parameters

APS specimen

VPS specimen

Equipment Triplex Pro210, Oerlikon Metco, Switzerland F6 Brenner, GTV GmbH, Germany
Plasma gas Ar/He, slpm 40/- 42/20

Spray distance, mm 80 160

Injector diameter, mm 1.8 3

Spraying current, A 500 650

Gun moving speed, mm/s 400 400

Spraying voltage, V 95 48

Electric power, kW 47.5 31

listed in Table 1. A coating of about 50-60 um was
achieved for the both processes.

The elastic behavior of the plasma-sprayed coatings can
be different from the elastic behavior of bulk material,
owing to their microstructure and reduced dimensionality
due to presence of the cracks and porosities in the coating.
Hence, the elastic modulus of the HAp coatings, required
in stress analysis, was measured by nanoindentation tech-
nique using a nanoindenter (Anton Paar, TTX NHT, Ger-
many). For nanoindentation measurements, the coated
samples were metallographically polished using 0.06 um
Al,O5 powder for 1 h followed by ultrasonic cleaning in
acetone. A typical experiment of controlled loading and
unloading by a Berkovich diamond nanoindenter (load
range 0-80 mN) was performed on the coating surface. The
conditions of the measurement are as follows: at a room
temperature (25 °C) and at a relative humidity around
45%. The typical load/displacement curves were used to
calculate the elastic modulus of the coatings.

The choice of a diffraction peak selected for residual
stress measurement impacts significantly on the precision
of the method. The higher the diffraction angle, the greater
the precision. Then, several XRD measurements are taken
at high 2theta peak position diffraction angle of 139.3° and
diffraction plane (522) of the HAp at different psi tilts, and
several values of &y, are determined. The stress tensor can
be derived by three sets of measurements of strain at
@ = 0°, 45° 90°. The stress in coatings can then be cal-
culated from a plot with basic knowledge of the elastic
properties of the material. For each of the ¢ angles of 0°,
45° and 90°, 11 y (0, £ 18, & 26, &+ 33, + 39, + 45) tilts
were examined to achieve data. The penetration depth into
the sample surface should be sufficient for a stress tensor
measurement. Therefore, the longer wavelength (less
energetic) chromium Ko radiation was selected as x-ray
tube, which penetrates further into the HAp coating than
the more energetic copper Ka.. The K filter was also used
to remove the contribution of the K emission from the
x-ray source. It is made from an element whose atomic

@ Springer



1242

J Therm Spray Tech (2018) 27:1238-1250

Table 2 The x-ray diffraction conditions by sin*) method

Diffraction plane (h k 1) 522

Equipment Bruker D8 Advance
Diffraction angle, deg 139.3

Characteristic x-ray Cr-Ka

Kp filter Vanadium

Tube voltage, kV 30

Tube current, mA 50

number (Z) is one less that the anode material, for a
chromium anode x-ray tube the correct beta filter is vana-
dium (Table 2).

The three-point bending fatigue tests were carried out
using a servo-electric testing machine (SEL-MO010, Thelkin
GmbH, Switzerland) to apply cyclic stresses at room
temperature and frequency of 10 Hz. In this test, the flat
specimen is placed on two parallel supports with the
coating facing downward. The fatigue strength versus
number of cycles to failure (S—N curves) of both coated Ti
specimens were derived at a sinusoidal constant amplitude
(R=0).

Results
Elastic Modulus of HAp Coatings

Indentation tests along with three-point bend tests were
utilized for the determination of elastic modulus (E) of the
HAp coatings. The load/displacement experiments were
repeated on three independent locations of the surface of
each coating specimen. The value of elastic modulus was
extracted from the gradient of unloading curve using Oliver
and Pharr’s approach (Ref 17), S, according to the fol-
lowing equation:

dP 4A

s=""=/ZE, Eq 4
o (Eq 4)

L (=) (1=

R : i E

E 5 T (Eq 5)

where P is the applied load, 4 is the indentation depth, A is
the contact area, v is the Poisson’s ratio and the subscripts
r, s and i correspond to the reduced modulus of the system,
the sample and the diamond indenter.

The load/displacement curves of indentations of the
HAp coatings are shown in Fig. 4. The mean elastic
modulus, assuming a Poisson’s ratio of 0.28 (Ref 14) was
measured to be 32.9 £ 3.5 GPa and 63.1 £ 2.9 GPa for
HAp coating (APS) and HAp coating (VPS), respectively.
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Fig. 4 Load/displacement curves of HAp coating (APS) and HAp
coating (VPS)

Significantly higher levels of elastic modulus were
observed for HAp coatings deposited in vacuum relative to
HAp coating, when air plasma sprayed. The different
elastic properties of two produced coatings can be attrib-
uted to their different microstructural characteristics.
Elastic modulus of the plasma-sprayed coatings is highly
influenced by the composition, microstructure as well as
the crystallinity of the coatings. In the case of HAp ceramic
coatings produced in atmosphere, heat is continuously lost
by forced air convection and cold pockets are introduced
into the spray stream due to turbulence of plasma jet.
Micro-cracks can be generated at the interface or inner
particle at the time of impact due to the lack of plasticity.
The amorphous phases and oxide contamination can also
form from the liquid in addition to hydroxyapatite if it is
rapidly cooled. The porosity, micro-cracks and amorphous
phases on the microstructure of HAp lead to a decrease in
the elastic modulus of the bulk coating (Ref 18-20). In
contrast to APS, the high velocity and the short dwell time
of the particle in the plasma jet associated with VPS result
in crystallized coating with high density (Ref 21). Some
literature values of elastic modulus for HAp and the mea-
surement methods are listed in Table 3. The elastic mod-
ulus of thermal sprayed HAp coatings was reported to be
between 20 and 110 GPa (Ref 20, 22-24) which is much
lower than that of the bulk sintered HAp material (Ref
25, 26), due to the crack network in the coatings. One-to-
one comparison between the reported elastic modulus data
and the data measured in this study cannot be yield
directly, due to the various deposition method,
microstructure and the measurement methods of the elastic
modulus. Nevertheless, the present elastic modulus data are
well in agreement with the reported data. The results imply
a considerably improvement in low-pressure Hap-sprayed
coatings. This arises from higher particle velocities and an
absence of oxidation for VPS, which leads to the higher
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Table 3 Elastic modulus of HAg coating from various studies

HAp types Elastic modulus, GPa

Method Value, GPa

Bulk HAp
Rao et al. (Ref 25) Synthetic HAp compact Ultrasonic interferometry 108
Van Dijk et al. (Ref 26) Sintered at 1250 °C Pulsed echo technique 117
HAp coaling
Yang et al. (Ref 20) APS Three-point bending 22.8
Gross et al. (Ref 22) APS Nanoindentation 48-110
Li et al. (Ref 23) (HVOF) process Three-point bending 24.8
Dey et al. (Ref 24) MPS-HAP Nanoindentation ~ 60-100
This study APS Nanoindentation/three-point bending ~ 33/~ 36.6
This study VPS Nanoindentation/three-point bending ~ 63/~ 68.2

APS, atmospheric plasma spraying; VPS, vacuum plasma spraying; HVOF, high-velocity oxy-fuel; MIPS, micro-plasma-sprayed coating

Fig. 5 Elastic modulus of HAp
coatings determined by the
three-point bending test

Force (F)

Deflection(d) n
|| Compressive i
Tensile

Length (L)

real contact area between lamellae of HAp coating. A
peculiar feature known as pop-in was detected in the load/
displacement curves of both HAp coatings. These pop-in
behaviors may be induced by the presence of the defects or
cracks in the coating (Ref 27).

Since the indentation test is primarily a local-phase-
dependent method, measurements of elastic modulus of the
entire HAp coatings were taken as well as using a standard
three-point bending test and rule-of-mixture approxima-
tion. The value of elastic modulus was calculated from the
relationship:

£ FL?
T 4bh3S’

where E is the Young’s modulus, F is the load, L is the
span between supports, b is the specimen width, 4 is the
specimen thickness and ¢ is the deflection at midspan. As
shown in Fig. 5, the average values of elastic modulus of
36.6 GPa for HAp (APS) coating and 68.2 GPa for HAp

(Eq 6)
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(VPS) coating were obtained, which are in the same range
of values determined by indentation tests.

Residual Stress Tensor by sin®\y Method

Two types of coating specimens, i.e., atmospheric plasma-
sprayed coating HAp (APS) and vacuum plasma-sprayed
coating HAp (VPS) on titanium, were examined separately
using the methodology outlined above. Plots of lattice
strain &y, Versus sinzlﬂ are shown for the (522) reflection of
the both coatings in Fig. 6(a) (APS coating) and
Fig. 6(b) (VPS coating) at three rotation angles: (a) at
@ =10°b) ¢ =45° and c) ¢ = 90°. The peak splitting is
observed in the both samples while measuring +  ori-
entation. This is due to the existence of a non-equiaxial
stress system, produced by shear stresses. Results were
corrected for Lorentz polarization and absorption as well as
a sloping background intensity. An algorithm is described
for fitting Pearson VII distribution functions to determine
the position of the K,; component, eliminating errors

@ Springer
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Fig. 6 Strain measurement of (a) HAp coating (APS, produced in atmosphere) and (b) HAp coating (VPS, produced in vacuum) in the middle of

specimen at positive and negative values of the angle

caused by defocusing of diffraction peaks of intermediate
breadth. The method has been demonstrated to provide a
more reliable method of determining lattice spacing in
residual stress measurement than the other methods of fit-
ting such as parabolic profiles by least squares regression
for diffraction peaks of intermediate breadth (Ref 28).
The values of stress components for approximately
11 um HAp coating deposited onto titanium can be
obtained based on plots of &, versus sin®yy and Eq 7. The
average penetration depth z is calculated by:
sin® 0 — sin® ¢
= usinfoosg (Eq7)
where [ is the linear absorption coefficient, 6 is the Bragg
angle of diffraction and ¥ is defined in Fig. 1. In addition
to the normal stress, shear stress exists in the direction of
the surface normal, and then, the positive and negative /-
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inclination data split into two distinct branches as shown in
Fig. 6(a) and (b). A significant splitting is observed in all
&y p VETSUS sin®yy plots. The stress tensors for two coatings
are summarized in Table 4. These findings indicated that
the surface of the HAp coatings showed an inhomogeneous
stress distribution. One reason for this is the low thermal
conductivity of the HAp material, which leads to a tem-
perature gradient along the sphere particle during thermal
spraying and formation of non-equilibrium phases during
cooling. Since temperature during thermal spraying is often
relatively high and stress levels can vary sharply with
depth, the plastic flow occurs preferentially at certain levels
within coating. When the molten particle impinges onto the
surface, it deforms and begins to spread outward. The
particles are then rapidly quenched due to heat transfer to
the substrate resulting in tensile stress in the coating,
commonly referred to as quenching stress. Furthermore, the
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residual stress states in the thermal sprayed coatings caused
also by the difference in the thermal expansion coefficient
and the elastic modulus of the coating material and sub-
strate material.

The residual stress of HAp coating has been measured in
some investigations. Sergo et al. (Ref 29) determined the
residual stress values in HAp coating on Ti6Al4 V to be
tensile (100 MPa) when deposited in air and compressive
(60 MPa) when deposited in a vacuum. They have also
concluded that the tensile stresses enhance dissolution and
compressive stresses impede dissolution of the coating.
Furthermore, Yang et al. (Ref 14) measured also the biaxial
stresses in the plasma-sprayed HAp coating in compressive
states.

The stress calculation results in this study demonstrated
the presence of triaxial stress in thermal sprayed HAp
coatings. The comparison of two coating samples in this
study indicated that the tensile normal stress distributions
are present on both HAp coatings while the coating pro-
duced in air showed higher tensile stress values. The shear
stress tensor component G5 is compressive in both coat-
ings, but it is higher for HAp coating produced in vacuum.
The published data of residual stress for the HAp coating
are given in Table 5. Compressive stress in the coating may
be beneficial for its mechanical properties, since it would
close the existing cracks and suppress crack propagation.

Table 4 Residual stress tensors of HAp (APS) and HAp (VPS)
coatings using sin?y method

Specimen Stress components Gj;, MPa

HAp (APS) 789+244 163130 —154+£35
163+13.0 134.0+£244 456+35
—154+35 456+£35 106.1+11.7

HAp (VPS) 149+28.2 120+26.1 -31.9£7.0
120+26.1 117.3£182 31.8+7.0
—-319+7.0 31.8+£7.0 662£227

Table 5 Residual stresses of HAp coating from various studies

The origin and growth of cracks is provoked by shear
stresses while the coated substrate is under external load-
ing. Cracking of a coating is possible when tensile stresses
develop. Figure 7 indicates distinctly micro-cracks dis-
tributed across the surface and cross section of HAp (APS)
coating that were not interconnected and likely caused due
to residual tensile stress, whereas the microstructure of
HAp (VPS) coating (Fig. 8) is dense with very fine micro-
cracks. HAp coating produced in vacuum exhibits a greater
uniformity and a relatively high density compared with an
air plasma-sprayed coating. Under tensile stress conditions,
through-thickness cracks may develop from preexisting
defects in the coating and these generate shear stress along
the interface which may result in fracture.

Plasma spraying is a highly complex deposition process
because of the interacting parameters particularly thermal
exchanges between the plasma zone, powder particles and
substrate. During plasma spraying process, powder parti-
cles were injected into the high-temperature plasma jet
(about 10,000-20,000 °C) undergoing an extremely high
heating rate. Within the plasma, the particles are then
heated and accelerated toward the substrate surface where
they deform into lamellae and subsequently solidify. Heat
transfer from a particle to the surrounding plasma gas and
the cooling rates during solidification plays an important
role in determining the properties of the solidified deposit.
Depending on the medium of plasma spraying process,
accelerated particles strikes the substrate at a fully molten
or partially molten state. Because of the low thermal con-
ductivity of the ceramic HAp, the particles are rather
slowly heated and thus impinge at the substrate in a par-
tially molten form comprising of a liquid shell and a solid
core at impact which affects the final characteristics of the
coating and the internal stresses after deposition. The
predominant factors are heat exchange of powder particles
in the plasma jet and particle—substrate interactions within
the plasma. Consequently, the different nature of the

HAp types Residual stress, MPa
Method Value, MPa

Sergo et al. (Ref 29) APS Raman piezo-spectroscopy + 100

Sergo et al. (Ref 29) VPS Raman piezo-spectroscopy — 80

Yang et al. (Ref 14) APS XRD Sil’lzl// method o =-52

0y = -2.5

This study APS XRD sin*y method 789 £244 163+13.0 —-154+35
163 £13.0 134.0+244 456+3.5
—1544+35 456+35 106.1+11.7

This study VPS XRD sin®y method 149+282 120+26.1 —-319%x7.0
120£26.1 117.3+182 31.8+7.0
—3194+7.0 31.8+£7.0 6621227
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Micro-
cracks

Fig. 8 SEM picture of HAp coating produced in vacuum: (a) the surface (b), the cross section

internal structure within lamellae produced by rapid
solidification results in different material properties in two
produced coatings. The cooling rate of the splats is mainly
controlled by the quality of the contact with the substrate.
The critical parameters comprise the particle velocity and
temperature at impact, the oxidation of the particles, the
temperature gradient within the particle and the substrate
temperature. In the case of HAp ceramic coatings produced
in atmosphere, heat is continuously lost by forced air
convection during deposition and cooling down which lead
to the large temperature gradients within ceramic powder
particles. Due to lack of plasticity, micro-cracks can be
generated at the time of impact between brittle ceramic
portions of particles at the interface or inner particle. For
VPS system, the coating deposition process takes place in a
vacuum chamber which provides an inert atmosphere
under low pressure (Ref 30). Consequently, the plasma jet
velocity and particle impact velocity increase in vacuum,
and particles deform them further and cover a greater
surface area.

@ Springer

X-ray Analysis of HAp Coatings

X-ray diffraction data of the starting HAp powder and as-
deposited coatings were acquired by x-ray diffractometer
and using Cu-Ko radiation operated at 40 kV and 40 mA
(Fig. 9). The main peaks of hydroxyapatite with high
intensity still appeared in HAp coating deposited on Ti
substrate, which meant that microstructures of the coating
were mainly composed of HA phase. However, some
phases of tricalcium phosphate (a-TCP and B-TCP) and
calcium oxide (CaO) were also detected in HAp (APS)
coating as shown in Fig. 9(b). The formation of these
phases found in coatings can be easily explained by the
thermal stability of apatite resulted from the rapid cooling
rate of the spraying process. The decomposition of HAp
cannot be avoided during plasma spraying process under
such a high temperature.

During the plasma spraying process, the interaction of
plasma plume with the ambient atmosphere affects the
plasma/particle interaction and the microstructure of the
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Fig. 9 XRD patterns of (a) raw HAp powder (b) HAp coating (APS). (c) A comparison of HAp (APS) and HAp (VPS) coatings

coating. The high-temperature droplets were propelled to
and subsequently impacted on the substrate surface to
form coating. The heat would be quickly absorbed and
transferred through substrate, which resulted in rapid
solidification of the molten HAp droplets and formation
of amorphous phase on the substrate surface. As a result,
the crystallinity of the HAp coating decreases during
deposition process. Furthermore, the change in the phase
composition and introduction of residual stresses take
place in the HAp coatings due to the high temperature
involved in the process. A remarkable shift of XRD
pattern in HAp (VPS) is shown in Fig. 9(c), which meant
that the lattice constants are different in HAp coating
produced in vacuum compared with HAp coating pro-
duced in air. It can be related to the residual stresses
within the coating which induce change in inter-planar
spaces causing a shift in the diffraction pattern. By pre-
cise measurement of this shift, the change in the inter-
planar spacing can be evaluated and thus the strain within
the material deduced. Typically, only the shift in the peak
position between different \-tilts is needed for accurate

400
= HAp (APS) coated Ti |
= 350 e HAp (VPS) coated Ti ||
T
= N ‘\\.
= 300 . b v=10Hz
Q. - )
5 e N
@ =N : Fatigue limit
8 S .
& 250 SHi
B Fatigue limit
200
10* 10° 10° 107 10°

Number of cycles to failure

Fig. 10 S—-N comparative curves of HAp (APS)- and (VPS)-coated
Ti subjected to the bending loading

stress determination (Ref 16). The stress states can be
expected to be more inhomogeneous due to the high local
solidification stresses in the particles.

@ Springer



1248

J Therm Spray Tech (2018) 27:1238-1250

Spalling v'- ¥

=
o
=
<
80
<
o
S
-
o
e
Q
<
-
O

coat

Ak

Crack propagation

Fig. 11 SEM surface micrograph of (a) HAp (APS)-coated Ti (b) HAp (VPS)-coated Ti after fatigue failure

Fatigue Test Results

Experimental results from the fatigue bending test are
shown in Fig. 10. Fatigue strength was considered as the
complete fracture of specimen or 107 load cycles (fatigue
limit). A significant decrease in fatigue life of the APS-
coated Ti can be noted in comparison with VPS-coated Ti.
Two red points are marked on the curves for the both
coated specimens at 107 cycles. These two points were
considered as the fatigue limit that were 240 MPa and
260 MPa for the APS- and VPS-coated Ti, respectively.
The improvement in fatigue strength of VPS-coated spec-
imens can be attributed to the lower tensile residual stresses
presented in HAp coating. Furthermore, it is important to
evaluate the coating adherence to the substrate after fatigue
failure. SEM micrographs of two coated specimens failed
at stress amplitude 280 MPa are shown in Fig. 11. A
spalling of the HAp occurred in APS coating under cyclic
loading (Fig. 11a), whereas the VPS coating remains
completely adhered to the substrate even after cracking
(Fig. 11b).

Conclusion

The strength and lifetime of the plasma-sprayed coatings
are significantly influenced by the microstructure of the
coating and residual stress field induced during coating
deposition. In the plasma spraying process, the coating and
the substrate materials undergo disparate thermal histories
giving rise to thermal stresses, in that one is being cooled
while the other is being heated (Ref 31). Since the thermal
diffusivity increases with increasing contact temperature,
preheating of the substrate leads to higher diffusive bond-
ing and thus higher physical adhesion of the coating to the
substrate. Oxygen-reactive substrate materials, such as Ti

@ Springer

and its alloys, can be preheated prior to spraying because of
their thermal stability. The properly substrate preheating
has significant influence on reduction in residual stress in
HAp coating during plasma spraying process (Ref 32).
Increasing the preheating temperature can obviously
decrease the temperature difference between coating and
substrate and, hence, the difference in coefficients of
thermal conductivity of HAp and Ti. Furthermore, heating
the substrate removes moisture and other volatile contam-
inants and slows the solidification rate of impinging par-
ticles allowing them to make better contact with the
substrate and consequently better coating adhesion. Pre-
heating produces an intermediate oxide sublayer on the
surface which can change its thermal contact resistance and
reduce the cracking of HAp coating.

The elastic modulus of HAp plasma-sprayed coatings
produced in air (APS) and vacuum (VPS) has investigated
by nanoindentation technique and three-point bending test.
The VPS-deposited coating exhibited higher elastic mod-
ulus values than the APS-deposited coatings. This can be
attributed to the presence of the pores, micro-cracks and
amorphous phases in addition to hydroxyapatite inside the
HAp coating deposited in atmosphere. Furthermore,
increasing the impact velocity of particles in vacuum can
generate high plastic deformed layer resulting in lower
oxidation, lower porosity and denser coating, compared
with atmospheric plasma spraying process. Residual
stresses in thermally sprayed coatings can be considered as
the sum of quenching stress arising from the contraction
during rapid cooling of individual spray particles, tensile
thermal stresses build up during the cooling process, as
well as a compressive peening stress is due to impact of
high-velocity spray particles. In the case of HAp plasma-
sprayed coating, most of the stress comes from tensile
stress originating from splat quenching and tensile thermal
stress due to higher thermal coefficient of the HAp
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(otpap = 11.5 x 107° K compared with that of the Ti
substrate (a7; = 8.9 x 107% K™") (Ref 13). Therefore, the
final stress state across the plasma-sprayed HAp coating is
expected to be tensile. The components of the internal
stresses in plasma-sprayed HAp coatings have measured by
the sin*yy method. This method allows measurement of the
local stresses down to the sub-micrometer scale within the
coating. A splitting behavior in the &4, versus sin®y plots
was observed due to the presence of shear stresses normal
to the surface. The stress components values showed that
the inhomogeneous normal stresses can be significant for
both APS and VPS coatings, and these are tensile in nature
for both HAp coatings. The fatigue results indicated an
improvement in fatigue life in VPS-coated specimens
compared with APS-coated specimens. The reason can be
higher tensile stress values presented in coating produced
in air which promotes multiple cracking of the coating
deposited in air, whereas lower tensile stress values within
HAp coating produced in vacuum may suppress the micro-
cracks and can be beneficial for fatigue durability.
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