JMEPEG (2024) 33:7689-7702
https://doi.org/10.1007/s11665-024-09534-z

©ASM International
1059-9495/$19.00

®

Check for
updates

ORIGINAL RESEARCH ARTICLE

Influence of Residual Stress on Mechanical and Tribology

Behaviors of Calcium-Phosphate Coating
on Commercially Pure Titanium via Integrated

Electrospinning and Rapid Heating and Cooling Process

Khashayar Saei Hamedani, Minoo Yadi, and Hamid Esfahani

Submitted: 22 May 2023 / Revised: 10 March 2024 / Accepted: 28 March 2024 / Published online: 8 May 2024

This study focuses on the role of residual stress in the tribological behavior of calcium-phosphate (CaP)
coating on titanium (Ti) substrate. The CaP coating was applied using an integrated electrospinning and
rapid heating and cooling (EMRHC) process. The residual stress over half and full done EMRHC process
was measured by x-ray method. The substrate and coatings were characterized using a field emission
scanning electron microscope equipped with the energy-dispersive spectroscope, Vicker’s microhardness,
atomic force microscopy, and x-ray diffractometer techniques. It was found that the preliminary hydrox-
yapatite on the Ti substrate was exchanged with o-TCP, CaO, TiO,, CaTiO3, and TisP; over the EMRHC
process. The results also showed that the tensile + 591 + 89 and compressive — 189 & 42 MPa residual
stress remained on the surface over the half and full done EMRHC process, respectively. The hardness,
Young module, and ultimate tensile strength of both samples were enhanced significantly by the EMRHC
process. The tribology of samples was comprehensibly evaluated in a dry and simulated body fluid solution.
The CaP coating prepared by the fullEMRHC process showed the lowest wear rates in comparison with
the others due to the compressive residual stress. The coefficient of friction of CPTi coated by EMRHC was
significantly reduced when exposed to the SBF solution. Our findings revealed that EMRHC is a promising

method to fabricate the Ti implant with higher mechanical properties.
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1. Introduction

Titanium and its alloys are widely used in human orthopedic
implants because of their biocompatibility, low elastic modulus,
and the high strength-per-weight ratio (Ref 1, 2). However,
titanium has a limited ability to induce and integrate with the
alive bone resulting in implant loosening and implant failure
(Ref 3-5). Also, titanium is susceptible to corrosion in the
human body which impedes its clinical application (Ref 6).
Furthermore, the poor wear resistance and a high coefficient of
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friction of titanium are the major weakness that needs solve
before implantation (Ref 7).

The wear debris causes inflammatory and immunological
responses (Ref 8). Moreover, serious problems may be occurred
with releasing the debris from the titanium implants such as
blood clotting, death of surrounding tissues, and moving giant
cells into debris disrupting the host tissue (Ref 9, 10).
Therefore, an excellent wear resistance coating on the titanium
surface, on the one hand, and a coating with an appropriate
topography, on the other hand, is necessary because the worn
debris may be accumulated by the textures of the coating, and
thus, the wear rate decreases (Ref 11). It is worth mentioning
that the mismatched Young’s modulus of the coating results in
the symptoms as those issued by poor wear resistance (Ref 8).

Surface modification by the hard components (e.g., carbides,
nitrides, borides) may be useful to improve the hardness and
wear resistance of titanium (Ref 7); however, they cannot
enhance the bioactivity of the surface. Therefore, to overcome
the mentioned problems, a bioactive and protective coating
should be applied on the titanium surface (Ref 12-14). Several
methods have been developed to deposit the bioactive coatings
on the titanium substrate such as pulsed laser deposition (Ref
15), sputter deposition (Ref 16), plasma spray (Ref 17),
electrophoretic (Ref 18), suspension spray (Ref 19), sol-gel
(Ref 20), thermal spray (Ref 21), laser treatment (Ref 22), and
ion beam deposition (Ref 23).

The surface modification of titanium to improve the wear
resistance via the mentioned method has the disadvantages such
as being too thin to stand with the loads, deformation of the
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workpiece, and long processing time (Ref 7). In recent years,
different coating methods have been employed to create the
bioactive coating, namely the electrospinning method. With the
electrospinning process, a hybrid polymer-ceramic coating with
a variety of compositions at the nanoscale can be obtained (Ref
24). Hydroxyapatite (HA) as the main mineral in vertebrate
bone and tooth tissues (Ref 25) can be easily deposited on the
metallic and ceramic substrates by the electrospinning method
(Ref 26). The brittleness, low flexural and mechanical proper-
ties, and low bonding with titanium substrate tend to limit the
use of single-phase HA (Ref 4). The reinforcement process has
been suggested to improve the mechanical characteristics of
HA coatings on the titanium substrate (Ref 27). However, the
reinforcing agents (e.g., A,Os, ZrO,, CNT, and TiO,) also are
exposed to problems issued by releasing debris (Ref 28). We
need a process that first of all, maintains biocompatibility, and
then enhances the chemical bonding of the HA with the
titanium substrate. The heating process is the most effective
parameter affecting the crystallization, microstructure, and
mechanical properties of the HA (Ref 4). In this study, we
applied the rapid heating and cooling process on the deposited
HA nanoparticles (NPs) on the commercially pure titanium
(CPTi) via the electrospinning method. In our previous work
(Ref 29), we presented the successful corrosion resistance,
bioactivity, and cytocompatibility of electrospinning and rapid
heating and cooling (EMRHC) coatings on the CPTi. However,
we believe that internal stress might have existed in the
titanium substrate over the EMRHC process which influences
the adhesion and subsequently the wear resistance of coatings.
In fact, it is difficult of producing a coating without residual
stress (Ref 30). The tensile residual stress vertically to the
direction of the coating can apart the coating from the substrate
(Ref 31). Chang et al. (Ref 32) found that the residual stress of
a steel substrate might be reduced with a decrease in the grain
size of the TiN film, it cannot completely be vanished.
Nimkerdphol et al. (Ref 33) observed the compressive residual
stress in the heat-treated HA coatings on the CPTi substrate.
They reported that the melting of CaP particles was responsible
for the distribution of stress around the particles of coating.
The residual stress may be inherently induced in the rapid
heating and cooling process because of the different thermal
properties of the ceramic coatings and metallic substrate. Also,
the complicated chemical relations between HA and Ti affect
the residual stress (Ref 34). The temperature of the substrate,
the thickness of the coating, the diversity of ceramic com-
pounds in the coating, and the rate of cooling are the main
factors that affect the residual stress (Ref 35). The tensile
residual stress causes to initiate cracks, while the compressive
residual stresses cause to delay the crack initiation (Ref 36).
To date, several research works have been conducted on the
development of HA coating on titanium substrate, and inves-
tigation on their residual stresses (Ref 37). In our previous
experiences with the laser treatment (Ref 22), we found that the
HA NPs embedded inside the polyvinylidene (PVP) fibrous
mats can be decomposed via the laser treatment, and by
regulating the laser traveling speed and laser beam diameter, the
heat input value is changed, and therefore, the diversity of
amounts and types of o- Caz(POy),, CaTiO;, CasP,0,,
CagH,(PO4)s.5H,O phases can be achieved on the CPTi
substrate. In fact, the EMRHC process is a simple process that
employs the rapid heating up and cooling down steps in heat
treatment methods like laser treatment, but it does not need
expensive and complex equipment. This study has considerable
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efforts to explore the residual stress developed during the novel
EMRHC method applied at half done (H-EMRHC) and full
done (F-EMRHC) process. Among the methods, the x-ray
diffraction method as a nondestructive method was applied to
find the complete in-plane stress distribution (Ref 34). Further-
more, the mechanical and wear properties of EMRHC coatings
were studied with regard to residual stress. Also, the wear
properties of EMRHC coatings in the simulated body fluid
(SBF) were studied as one essential requirement for an
orthopedic implant.

2. Materials and Methods

2.1 Sample Preparation by EMRHC Process

The commercially pure titanium (CPTi-Grade 2) as the
substrate was purchased. The surface of the samples
(0.1 x 1 x 2 cm’) was prepared by sandpaper No.2000,
polished, and then cleaned with ethanol to remove any
potential contaminants. HA nanoparticles (NPs) were synthe-
sized via the wet chemical precipitation method (Ref 38). The
EMRHC process was carried out in two steps, involving
electrospun masking and heat treatment. In the first step, the
electrospinning solution was prepared by blending HA NPs
with polyvinylidene (PVP (CgHoNO),, Merck 107443) in
ethanol, with a mass ratio of 0.17 (wWt.%/wt.%). A stainless-
steel needle, 20 kV DC high voltage, 15 cm distance from the
surface of the specimen to the needle, and 0.2 mL h™' feeding
rate were applied to create the electrospun mask on the CPTi
samples. In the second step, the masked samples were heat-
treated in an air atmospheric furnace. The sample was soaked at
400 °C for 5 min, then cooled rapidly in the air atmosphere to
achieve the H-EMRHC coating. This process was repeated at
700 °C to achieve the F-EMRHC coating. A typical photo of
the CPTi specimen before and after the F-EMRHC process is
shown in Fig. 1(a).

2.2 Characterization

The morphology was studied using a scanning electron
microscope (SEM, JEOL-JSM 840 A, Japan) and a field
emission scanning electron microscope (FESEM, T-scan
MIRA3 equipped with EDS analyzer). To measure the sizes,
ImageJ (ImageJ 1.38x, NIH, Bethesda, MD, USA) was
employed. Phase detection was performed by x-ray diffrac-
tometer (XRD; device model; Philips PW1730 by ka Cu,
A = 0.154 nm). X’Pert HighScore Plus software (ver. 2.2b,
2.2.2) was also applied for further investigation. The surface
topography of samples was evaluated by an atomic force
microscope (AFM). Surface roughness values were assessed by
the Nanosurf Mobile S software. The wettability was studied by
monitoring the water contact angle (WCA) of a water droplet
during 120 s of contact. The average values and standard
deviation were calculated with three repetitions of the tests to
ensure reproducibility. To evaluate the quality of the adhesion
of the coating, a Rockwell-C adhesion test developed by the
Union of German Engineers (Verein Deutscher Ingenieure,
VDI) (Ref 39) was used. To do this, a load of 980 Kgf for 30
seconds was applied, and then the effect of the indenter was
compared to classification HF1 to HF6 according to the level of
cracking and coating delamination around the indent. The
Microhardness Vickers tester with a load of 25 g f' was used to
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Fig. 1. (a) A photo of the CPTi specimen before and after the F-EMRHC process, and (b) schematic presentation for size of the tensile test

specimen.

measure the hardness of the samples. To evaluate the mechan-
ical properties, the pure and modified CPTi samples were
prepared based on the size and dimension as presented in
Fig. 1(b). The tensile test was performed by a device model
SANTAM 5 T with the following parameters: measuring length
36 mm and crosshead speed 2 mm min~'. To ensure the
reputability, each sample was analyzed three times, and the
average was reported. To evaluate the wear behavior, the pure
and modified CPTi samples were provided (0.1 x 1 x 2 cm?®)
and tested in dry and wet conditions. For dry condition, the
wear evaluation was carried out by the pin-on-disk method
according to the guidelines of the ASTM G99 standard. The pin
was made from stainless-steel 52,100. The normal force (F,) of
5N in the friction mode was applied. The rate (r) of 0.02 m s~
was used. The total covered distance was set at 100 m. The
friction coefficient (COF) was monitored by a load cell attached
to the computer, and weight loss was measured by a high-
accuracy balance. The samples were carefully washed with
acetone before weighing. To measure the depth of wear, the
cross view dimension of the track was analyzed by a surface
profilometer (Nano Pajouhan Raga Co. 50.10. S). For the wet
condition, first, the SBF solution was provided according to the
procedure described by Kokubo (Ref 40). The pin-on-disk wear
mode was performed in 50 mL of the fresh SBF solution. The
other wear parameters (force, distance, and rate) and measure-
ment methods were as same as those mentioned above. The
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debris released from the samples in both conditions was
collected for the microstructure analysis.

2.3 Residual Stress Measurement

The residual stress generated by the EMRHC process was
precisely evaluated by means of the XRD-sinz(t//) technique
(Ref 41). To do this, the samples (0.1 x 1 x 2 cm®) coated by
the EMRHC process without further treatment were analyzed
by the XRD device. The XRD device model; Philips PW1730
by kot Cu, A = 0.154 nm was applied to several scanning by x-
ray on the normal surface at yy = 0 °. The linear regression
analyzing the dug — sin’(), the residual stress (o) was
achieved. The X’Pert HighScore Plus software (ver. 2.2b,
2.2.2) was applied to calculate the dy,; and sin®(\) for a known
26.

3. Results and Discussion

3.1 Morphology and Phase Study of the EMRHG Coatings

EMRHC process is capable to modify the metallic surface
for use in biomedical applications (Ref 29). The surface
microstructures of pure CPTi and EMRHC-coated CPTi are
presented in Fig. 2. With applying the electrospun PVP/HA
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Fig. 2. SEM images of surface of (a) CPTi, (b) electrospun PVP/HA mask on the CPTi, (¢) H-EMRHC-coated CPTi, and (d) F-EMRHC-
coated CPTi, and cross view SEM images of half (e) and full done (f) EMRHC-coated CPTi.

mask, the morphology of the CPTi surface was changed
drastically. During the heat treatment step, the electrospun mask
was subjected to the removal of ethanol, acetate, nitrate, PVP,
the reaction of coating with CPTi substrate, as well as the
formation of the crystalline HA particles. To understand the
potential of heat input on mentioned developments, the thermal
process was performed at two temperatures, 400 and 700 °C for
5 minutes. In our previous study (Ref 29), we found that the
heat treatment at 400 °C tends to the incomplete chemical
reaction between Ti and CaP top coatings, and in contrast, at
700 °C the full reactions were tack placed. Figure 2(c) and (d)
demonstrates the microstructure of H-EMRHC and F-EMRHC
coatings. The changes in the nanofibrous morphology are due
to the breakdown of PVP. In other words, the rate of breakdown
and the rate of crystallization are two key factors that affect the
structure and morphology of the coating. The heating process
results in the formation of ceramic aggregates due to the
breakdown of organic materials and the crystallization and
formation of various CaP compounds (Ref 42). The SEM
images of EMRHC-coated CPTi demonstrated that these two
specimens differ morphologically from each other. By H-
EMRHC coating, the particles with a broad distribution size
and non-homogeneous distribution were observed, whereas, by
F-EMRHC coating, the morphology of ceramic aggregates
appeared more continuously with the homogeneous structure
on the CPTi surface. It was also found that the thickness of the
coating created by the F-EMRHC process (~ 6.8 um) was
higher than the H-EMRHC coating ((~ 4.2 um).

The EDS analysis was applied to the EMRHC-coated
samples to determine the nature of the coating. The determi-
nation of P and Ca peaks, as shown in Fig. 3(a) and (b),
confirms the existence of a calcium-phosphate compound on
the surface of CPTi. The Ti and O peaks were also observed,
and the absence of other elements confirmed the purity of the
coating. Moreover, by calculating the atomic percent of
elements, it cannot be unequivocally stated that a stoichiometric

7692—Volume 33(15) August 2024

HA with an atomic Ca/P ratio of 1.67 was formed, as the HA
coating has undergone phase changes due to thermal process-
ing, resulting in phase transformations. Hence, a phase study by
XRD analysis was carried out to understand the phase changes
during the heat treatment.

The PVP, HA, and Ti are the reactants of the EMRHC
process in which the PVP/HA makes the electrospun mask, and
Ti creates the substrate. The reactants are exchanged by the
products over the heat treatment. The PVP is eliminated at 250-
300 °C; therefore, it cannot be considered as the reactants in H-
EMRHC and F-EMRHC coatings. The XRD pattern of CPTi
and HA NPs as the main reactants is presented in Fig. 4(a). The
purity and stoichiometry of HA NPs were confirmed by strong
matching with the standard card JCDPS 01-086-1199. The
XRD patterns of H-EMRHC and F-EMRHC coatings have
been given in the 20 range of 23-34 ° to compare the
consumption of the source with preliminary reactants. It was
observed that the amount and crystallinity of HA were reduced
by applying the EMRHC process at the higher temperature
indicating that more reactions take place between Ti and HA.
Briefly, the HA decomposed to Cas3(PO,), (a-TCP) and CaO
according to Eq 1, the H,O and CO, off-gas could oxide the Ti
substrate (Eq 2), and then the CaO and TiO, reacted to form the
CaTiO; (CTO) based on Eq 3; in addition, the phosphor atoms
created beside the CTO could create the TisP3 (Eq 4-5).

Cayo(PO,)¢(OH), — 3Ca;3(PO,), + CaO + H,0yy, (Eq 1)
Ti) + 2H;0(,)/2C0, | — TiOy) + 2Hy(/2COf,)  (Eq 2)
TiOy + CaOyy) — CaTiOy ) (Eq 3)
Ca3(PO,), + 0.50, + 3Ti — 3CaTiO; + 2P (Eq 4)
5Ti+ 3P — TisP; (Eq 5)
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Fig. 3. EDS spectra corresponding to the surface of (a) H-EMRHC-coated CPTi, and (b) F-EMRHC-coated CPTi.
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Fig. 4. XRD patterns of HA NPs, CPTi, H-EMRHC, and F-EMRHC coatings in the range of 20 = 23-34 ° to identify the HA source
consumption (a). GIXRD patterns of H-EMRHC coating and F-EMRHC coating comparison with (b) and without (c) XRD pattern of CPTi in

the range of 20 = 35-45 ° to identify the formation of the products.

The GIXRD patterns of EMRHC coatings in the range of 26
range of 35-45 © were compared with the XRD pattern of CPTi
to identify the produced phases on top of the CPTi (Fig. 4b). It
was found that drastic changes have occurred on the surface of
the CPTi over the EMRHC process. To identify the products,
the GIXRD patterns of H and F-EMRHC coatings were
compared together (Fig. 4c). It was confirmed that the a-TCP
(00-029-0359), CaO (01-082-1691), TiO, (01-072-1148), CTO
(01-075-2099), and TisP; (00-045-0888) are the main products
of EMRHC process. According to the intensity fraction of
TiO,, it was elucidated that the heat treatment at the higher
temperature caused more consumption of TiO, and further
production of CTO, TisP3, and o-TCP.

3.2 Characterization of EMRHC Coatings

The morphology studies showed that the ceramic products
created the aggregates on the CPTi homogenously attached to
the substrate whereas heterogeneously bonded with the Ti. To
understand the topography and its effect on the mechanical and
wear properties, the CPTi and EMRHC-coated samples were
determined by AFM. The topography of the surfaces as shown
in Fig. 5 compares the half and full done EMRHC coatings on
the CPTi with the surface of untreated CPTi. Also, the
roughness parameters (R,) and (R,) based on the AFM images
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were determined as the amount given in Table 1. The
topography of titanium implants has a significant role in
biomedical applications especially for cell proliferation and
attachment (Ref 43). The results showed that the roughness of
the CPTi surface was changed with applying the EMRHC
process. The surface roughness was increased after the H-
EMRHC process. Both R, as an average of a set of individual
measurements of surface peaks and valleys, also R, as the root
mean square average of the profile height deviations from the
mean line, recorded within the evaluation length, revealed that
the F-EMRHC coating caused a more smooth surface. As can
be seen in AFM micrographs, H-EMRHC coating had more
peaks and valleys, which can act as stress concentrators and
lead to accelerated wear due to the formation of microcracks
and surface fatigue (Ref 44). On the other hand, it is expected
that F-EMRHC coating with a smoother surface will have
fewer stress concentrators and a more uniform distribution of
stresses, resulting in improved wear resistance. Furthermore,
surface topography can have a significant impact on wettability.

The wetting properties of a solid surface play a crucial role
in various applications inside or expose to the aqueous
environment (Ref 45). This property may influence other
surface properties, including corrosion and wear resistance.
Several factors such as surface roughness, chemical composi-
tion, and microstructure significantly affect the wetting behav-

Volume 33(15) August 2024—7693



Topography - Scan forward

Topography - Scan forward
_—

‘TWW range Potynomial & 477nm

Topography - Scan forward

Topography - Scan forward

307n
-277n

X*87ym

Potynomial & 534nm
Potynomial ft 477rm

Y*8.73m

Topography - Scan forward

Topography - Scan forward

Topography - Scan forward

71 Bom
910nm

Mean &

-92.70m Pb?yno‘mlal ft

-910rm

]
Topography range

Oym X 3.65ym - Opm

8.7ym Oym X 6.39ym

Fig. 5. AFM results of surface profile of (a) CPTi, (b) H-EMRHC coated, and (c) F-EMRHC coated on CPTi.

Table 1 Surface roughness of CPTi surface and obtained surface after EMRHC process

Before EMRHC process

After EMRHC process

Roughness parameter CPTi H-EMRHC F-EMRHC
Ra 277 41.8 289
Rq 34.5 53.0 334

ior of surfaces (Ref 46). It is worth mentioning that designing
tissue engineering substrates with a controlled balance of
hydrophilic and hydrophobic surface properties is essential for
promoting cell adhesion, proliferation, and differentiation while
maintaining proper biological function (Ref 47). Figure 6
shows the variation of WCA of a droplet on the CPTi and
EMRHC-coated samples during 120 s. The results depicted
that the water affinity of all surfaces was hydrophilic, also the
WCA decreased over time for all the samples. Furthermore, the
EMRHC process caused improved water affinity for biomedical
applications because of increasing of the hydrophilicity. It was
also found that the variation of WCA on EMRHC coatings was

7694—Volume 33(15) August 2024

more stable than CPTi due to the nanotopography formed on
top of the surface. The optical images of a water droplet at the
beginning and end of the test on the surface of samples are
presented in Fig. 6(b). Therefore, it can be predicted that the
wear behavior of CPTi in a wet condition will be changed with
applying the EMRHC coating.

In addition, the hardness of the top coating has a significant
role in the tribology behavior of CPTi implants, because it is
representative of particle bonding and adhesion to the substrate
(Ref 48). Hence, the hardness of the surfaces of the samples
was tested as the results given in Fig. 7(a). As a result of the H-
EMRHC process, the surface hardness of the CPTi was

Journal of Materials Engineering and Performance
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increased about twice times. The F-EMRHC process increased
the surface hardness value drastically compared with the H-
EMRHC process. It seems to us the hybrid PVP/HA fibers
could fully be melted splats and cover the surface, and products
could diffuse to a longer distance from the top surface leading
to the formation of strong bonds between the particles and
substrate. The adhesion strength of the EMRHC coatings was
examined by the Rockwell-C indentation test. According to the
optical images of the indentation area, as shown in Fig. 7(b),
the absence of any visible cracking or scaling in the region
surrounding the indentation site was observed for both samples.
Therefore, it can be said that the adhesion quality exhibited the
HF1 level of the relevant standard. It suggests that the EMRHC
coating is capable of withstanding significant stress and strain
without compromising its structural integrity.

3.3 Residual Stress of EMRHC Coatings

The residual stress of coatings plays a significant role in
wear properties (Ref 49). Since the major causes of mechanical
failure are recognized by the residual stress, the residual stress
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generated by the EMRHC process was precisely evaluated by
means of the XRD-sin’(}) technique. The principal equation
for measuring the XRD-sin’(‘P) is as following (Ref 31, 34,
41);

1+
dn = K z

where dy is d-spacing of (hkl) plans under stress, d, is the d-
spacing of (hkl) plans without stress, v and E are the Poisson’s
ratio and Young’s modulus to the (hkl) orientation of the CPTi,
respectively. ¢ is the plane stress regarding the perpendicular
two stress components. V is the off-axis angle with respect to
the normal surface of the sample. It should be added to
calculate the stress residual of EMRHC coatings, the elastic
isotropy in the individual crystallites has been assumed. Also,
to find the elastic isotropic plane (hkl) with respect to the
individual crystallites of CPTi was selected. To do this, several
x-ray scanning was performed on the normal surface at yy = 0 °.
The plane (103) with respect to the 20 = 116.025-119.975 °
was detected for the H-EMRHC coating, and plane (210) with

v

)mz(lp)} ado + do (Eq 6)

Volume 33(15) August 2024—7695



6300

6100 { () ¥=0.00°
5900 A
5700 -
5500 -

5300 A

Intensity

5100 A
4900

4700

4500

117.5 118 118.5 119 119.5

20 (degree)

116 116.5 117

1.3375

120

()

1.337 4

1.3365 -

d, (A)

1.336

0.02 0.04 0.06 0.08 0.10

sin®(y)

0.12

10000

9500 4 (b) =0.00°
9000 4
, 8500 1

8000 4

Intensity

7500 4

7000 4

6500 4

6000

69.05  69.1 69.15 692 6925 693

20 (degree)

68.9  68.95 69

2.02 1

Lan o)

.......

2,019

dy (A)

2.018 1

2.017 A

2.016

T v T T

0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07

sin’(y)

Fig. 8. The x-ray-20 graphs (\ = 0) of (a) plane (103) of H-EMRHC coating, and (b) plane (210) of F-EMRHC coating. The linear regression
between dj,y and sin’*(y) for (¢c) H-EMRHC and (d) F-EMRHC-coated CPTi to calculate the residual stress.

20 = 68.875-69.325 ° was recognized for the F-EMRHC
coating as the x-ray-20 graphs presented in Fig. 8(a) and (b).
It is worth mentioning that the calculation of the 20 position is
not a simple process and often it has systematic errors,
especially for a broad and asymmetric peak that has been
diffracted at a high 20 position. To achieve the precise d-
spacing, the Lorentz—Polarization factor was applied to the /-20
data (Ref 41, 50, 51). Hence, the error bars were considered via
calculating the ), and sin®(if) for a known 20. The & can be
achieved by the linear regression analyzing the dyq -sin(\y).
The linear fitting on dyq -sin’(\) data for H- and F-EMRHC
coatings is presented in Fig. 8(c) and (d). The results showed
that the residual stress was 591 + 89 and — 189 + 42 MPa
with respect to the H- and F-EMRHC coatings. The origin of
residual stress can be considered to the heating flow during the
EMRHC process. The tensile residual stress on the CPTi after
H-EMRHC processing is due to the inhomogeneous heating
and cooling of the surface. Our findings reveal that the inner Ti
metal received the further ceramic aggregate, the coating could
be cooled more slowly than H-EMRHC processing, and
subsequently the compressive stress was generated alongside
the F-EMRHC-coated CPTi (Ref 33). Our findings are in good
agreement with others. Singh et al. (Ref 52) also found that the
post heat treatment of coating is a helpful method to decrease
the residual stresses of HA coatings on titanium alloy-based
implants.
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Moreover, the thickness of the coating has a significant role
in residual stress implied in the coating—substrate (Ref 53).
Although a non-homogeneous heating flow was carried out
during F-EMRHC processing, the longer the diffusion pathway,
and the higher interactions between the preliminary HA source
and Ti caused to create the thicker products on the Ti substrate.
However, the stress concentration was decreased due to the
higher thickness, and therefore, it hindrances the microcracks
and delamination through in the F-EMRHC coating. Our
findings are in good agreement with others. Vereschaka et al.
(Ref 54) studied the residual stress issued by the variety of
thicknesses of nanolayer composite coatings. They also found
that the tensile stress was observed when the thickness was 2-
5.9 um, while it was transferred to compressive stress when the
thickness was 8.5 um. In addition to the thickness, the hardness
of the coatings is another variable that influences the residual
stress of the coating. The mechanism is a bit complicated. The
coating with a higher hardness has a higher elastic modulus and
probably an interface with a higher coherency exists on the
substrate; therefore, a higher residual stress (compressive
stress) is formed (Ref 55). As explained, the hard products of
the F-EMRHC process (e.g., TisP;, CaTiO3, CaO, and TiO,)
could diffuse to a longer distance from the top surface leading
to the formation of strong bonds between the particles and
substrate. Our findings are in good agreement with others. For
example, Bielawski et al. (Ref 56) recognized that the higher
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residual stress is observed by the coatings with the higher
hardness values. Finally, it can be added that the roughness of
the coating also affects the calculations. The higher roughness
strongly influences the measured residual stress (Ref 57).
According to the roughness values given in Table 1, the lower
error of residual stress was obtained for F-EMRHC coating
(15.0 %) in compassion with H-EMRHC (22.2 %) coating due
to the lower roughness values.

3.4 Effect of Residual stress on Tensile strength

The mechanical properties of titanium-based implants have
a severe impact on biomedical applications (Ref 58). Valuable
data can be obtained from the strain—stress curve to recognize
the role of EMRHC coatings. Figure 9 illustrates the tensile
behavior of CPTi and EMRHC-coated CPTi samples. The yield
strength, Young’s module, ultimate compressive strength
(UTS), and toughness were calculated, and the results are
given in Table 2. A significant increase in yield strength,
Young’s module, and UTS was observed for both EMRHC-
coated samples. In contrast, the toughness decreased because of
the brittle nature of the coatings, and lost some of their ability
to plastic deformation before the failure. The improvement of
mechanical properties can be explained by the roles of the CPTi
substrate and CaP coating created on the CPTi via the EMRHC
process. The heat treatment during EMRHC for modification of
the mechanical properties of CPTi grade 2 cannot be considered
due to the single-phase o structure of CPTi; in addition, the
grain growth cannot be occurred because of the very fast heat
treatment (Ref 59). Therefore, it can be elucidated that the
mechanical improvement by the EMRHC process is not due to
the role of the titanium substrate. In contrast, the rapid heating
and cooling via the EMRHC process, and also the formation of
CaP coating were responsible for remaining the stress and hard
ceramic coating on the CPTi. According to the results, the
highest mechanical properties can be considered for the F-
EMRHC coating. Since the thickness of the samples for the
tensile test and residual test by the XRD method was almost the
same, therefore there is a meaningful comparison between
mechanical behavior and residual stress explained above. The
compressive residual stress, thicker interaction zone, and higher
hardness are the main reasons for these achievements for F-
EMRHC coating.

3.5 Effect of Residual Stress on Wear Studies

The analysis of the frictional response curves allows for the
identification of distinct periods or regimes of friction and wear
properties. The variation of the coefficient of friction (COF) by
sliding over 100 m in the dry and SBF environments is plotted
in Fig. 10. The results indicated that the COF was changed at
several steps in the dry condition. At the first step of sliding, the
COF of CPTi was increased rapidly due to its ductile surface
(Ref 60), while the H-EMRHC-coated sample presented the
opposite behavior, and the F-EMRHC-coated sample displayed
almost the stable behavior. This is because the EMRHC coating
could provide a hard shield against the attack on the surface. A
slight decrease in the COF of H-EMRHC-coated samples was
possibly due to the third part formed on the worn track of the
sample which may act as a solid lubricant (Ref 60). The
compressive residual stress on the F-EMRHC-coated samples
prevented the ceramic phases such as o-TCP, CaO, TiO,, CTO,
and TisP; to release between the sliding surfaces. Swathing to
the next step occurred by a significant increase in the COF of
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Fig. 9. Stress—strain curve of CPTi and EMRHC-coated samples.

Table 2 Mechanical properties of CPTi and EMRHC-
coated samples

Yield strength UTS Young module Toughness

Sample code MPa MPa GPa MPa
CPTi 181.8 212.4 103.3 27.2
H-EMRHC 202.8 226.4 108.2 27.8
F-EMRHC 204.1 229.7 112.3 26.8

all samples which was caused by fragmentation and degrada-
tion of the third body, leading to an abrasive role (Ref 61).
Although the EMRHC process caused to jump of the COF at a
less distance of wear, the more stable COF was detected for the
EMRHC-coated samples. Furthermore, our findings confirmed
that the crystalline and hard phases with high integrity of
coating with Ti substrate can be obtained easily by the EMRHC
process. It is worth mentioning that the EMRHC-coated
samples depicted a lower COF compared to the CPTi when
those were worn in the SBF solution (Fig. 10b). All samples
presented almost a steady state in friction coefficient changes
during the continuous contact between the pin and sample
surface in the SBF solution. The average COF of the EMRHC-
coated samples was 0.144 and 0.163 with respect to the H- and
F-EMRHC coatings. The easier formation of the hydroxyl
bonds with the ceramic phases at the top more hydrophilic
surface of the EMRHC coatings, namely by o-TCP and CTO,
on one hand, and precipitation of bone-like apatite on the
bioactive surface of EMRHC coatings on another hand (Ref 29)
could act as the solid lubricants. It should be added that a wear
test in the SBF solution plays the real conditions for an implant
(Ref 54), so our results strongly suggest the EMRHC process to
improve the wear resistance of the CPTi implants.

To understand the wear mechanism and rate, the worn area
was studied by SEM images, and the weight loss was measured
over 100 m by sliding the steel pin on the samples. Figure 11
presents the micrographs of worn surfaces in the dry and in the
SBF solution. Upon analysis of the surfaces, it was exhibited
that the CPTi had a ductility manner in both dry and wet
conditions, which is indicative of a certain level of the shape
forming (Ref 62). Also, a more uniform microstructure was
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observed for the CPTi surfaces. It seems to us that the scratch-
like abrasion and adhesive were the main dominant wear
mechanism on the CPTi and EMRHC-coated samples in the dry
condition, respectively. In addition, the abrasion pattern
observed in the dry environment for the pure titanium sample
exhibits a bimodal distribution, whereas, in the EMRHC-coated
samples, the distribution was trimodal (Ref 60). It should be
noted that the mentioned mechanisms were almost observed for
the samples, but the adhesive abrasion on the EMRHC-coated
samples was performed a little more gently. It is because of the
ability of the EMRHC coatings to form the bone-like apatite
(Ref 29). The precipitations of bone-like apatite could act as
solid lubricants, and subsequently, a soft-adhesive surface was
observed.

Further investigation was also performed on the cross-
sectional area of the worn tracks. The cross-sectional area of
worn tracks in dry and in SBF conditions is presented in
Fig. 12. The results indicated that the depth of track for all
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samples was intensified via wearing in the SBF environment.
The weight loss and specifications of the worn track are
presented in Table 3. According to the depth of the track, it was
confirmed that not only the coating but also the titanium
substrate was worn. However, the results showed that the wear
resistance of CPTi was enhanced by applying the EMRHC
coatings in the dry condition which is attributed to the hard top
protective coatings. Also, it was noted that the mechanical
properties of CPTi were enhanced by applying the EMRHC
coatings. Therefore, after stabilizing the COF, the lower wear
rate could be evaluated for the EMRHC coatings. However,
complex behavior can be explained for the samples worn in the
SBF solution. The weight loss of the CPTi in the SBF solution
was the same in dry conditions, and the volume of worn tracks
in H- and F-EMRHC coatings was almost the same in SBF
conditions while the weight loss was different. This is because
of the bio-inert nature of titanium and its alloys (Ref 63). In
contrast, the bioactive EMRHC coatings caused the formation
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SBF solution tests.

Cross view profilometer of wear track of (a) CPTi, (b) H-EMRHC coated, and (c) F-EMRHC coated on CPTi in the dry and in the

Table 3 Coefficient of friction, weight loss, and geometry of worn track

COF

Sample code Wear environment Weight loss, mg Wear width*, mm Wear depth*, um Track volume, mm®
CPTi dry 0.3036 0.0078 1.63 19.17 0.015

in SBF 0.4306 0.0078 1.78 65.18 0.058
H-EMRHC dry 0.6075 0.0025 1.27 343 0.022

in SBF 0.1444 0.0098 1.68 82.2 0.069
F-EMRHC dry 0.5503 0.0025 1.08 18.2 0.010

in SBF 0.1635 0.0071 1.78 78.8 0.070

.
Average of measurements

of bone-like apatite during the wear test in the SBF solution,
and therefore in addition to the worn debris, the extra bone-like
apatite precipitations were measured. As explained above, the
higher bioactivity of F-EMRHC coating caused to precipitate of
further bone-like apatite, and therefore, they acted like solid
lubricants, and subsequently, a lower wear rate was observed.
In addition to the above, the compressive residual stress on the
F-EMRHC coating could arm the CPTi surface against the
force attack, and therefore, it enhanced the wear resistance.

To explore the nature of the debris, the microstructures of
the debris were investigated as FESEM images shown in
Fig. 13. The results exhibited the spherical particles for the
debris released from the CPTi, and polygonal particles for
EMRHC coatings worn in dry conditions. The polygonal
particles may be originated from a-TCP, CaO, TiO,, CTO, and
TisP3 components. In contrast, the clusters with a cauliflower-
like shape which is the nature of the apatite were also observed
beside the released particles (Ref 64). To ensure, the EDS
analysis was carried out to identify the chemical composition of
debris. The EDS spectra provided from the debris are presented
in Fig. 14. It was found that the titanium was the nature of
debris released from the CPTi in both conditions. The results
confirmed the presence of Ti, Ca, and P in debris released from
the EMRHC coatings attributing to the o-TCP, CaO, TiO,,
CTO, and TisP; components. Also, intensifying of Ca and P
elements in spectra of released debris from SBF solution
demonstrates the formation of bone-like apatite.
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4. Conclusions

The CPTi surface was modified by the EMRHC process.
The results indicated that the preliminary HA reacted with the
CPTi substrate, and therefore, o-TCP, CaO, TiO,, CTO, and
TisP3 were obtained over the EMRHC process. The roughness
of CPTi substrate increased by applying the EMRHC coatings.
It was found that the nanotopography was formed on the F-
EMRHC coating. The hardness of CPTi was 493 Hv, while it
was increased about two and three times with H- and F-
EMRHC process. All mechanical characteristics were enhanced
by applying the EMRHC process. Our studies revealed that the
tensile + 591 4+ 89 and compressive — 189 + 42 MPa resid-
ual stress remained on the surface over half and full done
EMRHC process, respectively. The COF of EMRHC coatings
in the dry conditions was raised at a lower sliding distance
compared to CPTi, while almost stable friction was observed.
In contrast, the COF value decreased significantly in the SBF
test. The weight loss in the dry conditions from the EMRHC
coatings was lower than CPTi; H-EMRHC coating presented a
higher value when it was exposed to the SBF solution. The SBF
created a harsher environment due to the precipitation of the
bone-like apatite particles on the EMRHC coatings. The debris
analysis revealed that bone-like apatite was also released in
addition to the main components of the EMRHC coatings.
Eventually, it can be concluded that the full done MRHC
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and in the SBF solution tests.

coating had the highest wear resistance and compressive
residual stress which can be strongly suggested for modification
of titanium-based implants.
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