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Cobalt chromium alloys constitutes the base of one important group of biometallic with

excellent mechanical properties. However, due to its non-bioactive and non-antimicrobial

surface, cobalt chromium alloys are vulnerable to wear corrosive attack and bacterial infec-

tion.  Hence, coating cobalt chromium alloys surface with superior biomaterials is the best

proven techniques. In this work, nanostructure silver adopted titanium dioxide coating

was  deposited on cobalt chromium alloys using air plasma spray (APS) and high velocity

oxy-fuel (HVOF) techniques. Nanostructure TiO2–Ag coating demonstrated superior hard-

ness, wear resistance and lower coefficient of friction when compared to bare CoCr alloys.

Reduced plastic deformation detected by microstructural analysis indicate that the inter-

ference of nano-structure coating in metallic matrix help lower the wear rate of the sample.

Meanwhile, low porosity of the coating produced by HVOF technique shown a better wear
resistance result than APS technique.

© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the

Y-NC
CC  B

1.  Introduction

Biomedical implants are used in human body to repair or alter
natural human parts [1]. Because of their excellent mechanical
properties and acceptable biocompatibility, metallic mate-
rials are widely employed as prosthetic devices. Among
them, cobalt chromium alloys is the most popular perma-
nent implant material for lower limb application [2]. It is

frequently use as an alternative of titanium due to compa-
rable low cost with higher hardness and tensile strength [3].
However, under dynamic human body fluid and repeating load
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over a long period, this metal suffers fretting corrosion and
generates significant concentration of wear ion to the sur-
rounding cell and disseminated throughout the body [4]. With
the enhanced early survival of total arthroplasty, long-term
implant performance and resistance to wear have been identi-
fied as newly-visible challenges [5]. Wear debris-led osteolysis
and loosening have therefore been given a ticket as a medium-
to long-term concern.

To overcome this problem, the implant should have high
wear resistance surface to ensure successful implant-bone
adhesion without any interference reaction. Numerous stud-
ies have been conducted to modified CoCr alloy surface in

order to improve mechanical properties and biocompatibil-
ity of the implant [6]. One of the most effective techniques
is to coat the implant surface with protective bioactive
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into the size of 20 mm × 10 mm × 5 mm,  and then mechani-
Fig. 1 – FESEM images of feedstock coating powder used

aterial layer [7]. Various types of coating materials have been
eveloped on metallic implant surface, but ceramics shown a
etter osteoconductivity and excellent mechanical properties,
uch as calcium phosphate based materials, titanium alloys,
nd silica based glasses [8–10]. Titanium alloys especially tita-
ium dioxide (TiO2) have been given great attention because it
athers few superior properties as a thin film coating. In addi-
ion of its good corrosive wear resistance, it is also good in
nhanced osteoblast adhesion, proliferation and differentia-
ion [11]. Coating CoCr alloy implant with bioactive ceramics of
iO2 could be a best way to incorporates superior mechanical
roperties of CoCr alloy with highly biocompatible surfaces.

However, TiO2 coating alone is insufficient to prevent pros-
heses surface from bacterial infection. In order to prevent

icrobial infection in orthopaedic, combination with antibac-
erial materials is necessary. Silver and its complexes have
een found as efficient agent for antibacterial purposes for
enturies [12]. Compare to other metals, silver has an advan-
age of biocompatible with human body and significantly
ensitive for microorganisms [13]. Recently, due to high speci-
city and large specific surface area (SSA), nanoscale size
f metallic materials has attracted great attention as they
ffer better surrounding responses [14]. In vitro studies proved
hat nanosized ceramics coating enhance mechanical proper-
ies, improve cell proliferation and show better antibacterial
roperties, over coatings from corresponding conventional

owders [15,16].

Thus, this study is aimed to deposit nanostructure titanium
ioxide-silver on CoCr alloy by using both air plasma spray and
agglomerated nanostructure TiO2, (B) nanostructure Ag.

high velocity oxy-fuel coating method. The morphology and
performance of the coated sample were evaluated.

2.  Experimental  procedure

2.1.  Experimental  materials

The sprayable feedstock of 99.9% agglomerated nanostruc-
tured titanium oxide (TiO2) and 99.9% silver (Ag) nanopowder
were purchased from Inframat Advance Materials, Inc. Fig. 1A
shows the nanostructured TiO2 feedstock. It is observed that
each feedstock particle of TiO2 is formed by an agglomeration
of various individual nanosized particles of TiO2. The nano-
sized TiO2 particles are seed-shaped with diameter around
50–100 nm,  while the particle size distribution of the feed-
stock is within 5–50 �m.  Fig. 1B shows the distribution of Ag
nanopowder with diameter ranging from 40 to 90 nm.

2.2.  Preparation  of  specimens

ASTM F1537 standard bulk of cobalt chromium alloy (CoCr
alloy) was used in this study, with the alloying elements of
63 wt% Co, 28 wt% Cr, 6 wt% Mo, 1 wt% Si, 1 wt% Mn, and
minimum amount of Fe, C, and Ni. The samples were cut
cally ground and polished using silicon carbide abrasive paper
down to 4000 grit. Then, the specimens were extensively
cleaned with acetone in the ultrasonic bath for not less than
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Table 1 – APS and HVOF parameters.

APS parametersa HVOF parametersb

Electric current (A) 300 O2 flowrate (l/min)
Powder feed rate (g/min) 20 Fuel flowrate (l/min)
Carrier gas flowrate (l/min) 40 Air flowrate (l/min)
Primary gas pressure – Ar (psi) 80 Carrier gas N2 (l/min)
Secondary gas pressure – H2 (psi) 50 Spray distance (mm)
Spray distance (mm) 80 Coating layer
Coating layer 5

the coating layer were detected, as indicated in Fig. 2. Con-
a SG-100 Plasma Torch.
b Diamond Jet Gun.

15 min. The specimens were blasted using aluminium oxide
to get about 4.5–5.0 �m of average roughness. Finally, coating
was deposited on the substrate by using SG-100 Plasma Torch
(Praxair) and Diamond Jet Gun (Sulzer Metco). Table 1 shows
the coating parameter for both APS and HVOF coating process.

2.3.  Microstructure  and  phase  characterization

Zeiss field emission scanning electron microscopy (FESEM)
equipped with energy dispersive spectroscopy (EDS) was used
to characterize the morphology and elemental analysis of
coated specimens. X-ray diffraction (XRD, Siemens-D5000,
Germany) with Cu K� radiation (� = 1.5405 Å) generated at
35 kV and 25 mA  was used to investigate the phase constitutes
in as-fabricated coatings. The coatings were directly measured
under XRD without polishing. Surface roughness evaluation
was carried out by using Mitutoyo SurfTest roughness tester
(Mitutoyo, Japan). Porosity of the coating were measured using

Dewinter Material Plus software from SEM images of the coat-
ing’s cross section from different locations. At least five images
per sample were analyzed.

Fig. 2 – XRD pattern for feedstock powder, APS spra
2 0 1 9;8(2):2290–2299

2.4.  Mechanical  and  wear  performance

The hardness of the coating was evaluated by means of con-
ventional tests employing a Shimadzu Vickers Micro-hardness
under indentation load of 4.903 N.  Pull-off adhesion test
was carried out utilizing Defelsko positest AT (ASTM-D4541),
where the dollies, 10 mm in diameter, were used. The fric-
tion and wear analysis of coating layer were conducted on a
pin on disc tester (DUCOM TR-20-M-106) at room temperature
(ASTM G99-05) [17]. The equipment allows to have a sliding
contact between the 20 × 10 mm area of coating surface and
the SS304 disc at a constant rotation speed of 250 r/min, a con-
stant radius of 100 mm,  and a constant normal load of 1 kg
for total distance of 2000 m under dry conditions. A load cell
located at the end of specimens arm holder allows to mea-
sure the friction force. The friction force, wear, and time were
stored automatically by using data acquisition system. After
each wear test, the mass loss of the sample was measured
using precision weight balance up to an accuracy of 10−4 g. The
observation of the worn surface was performed using an opti-
cal microscope (OM) and spectroscopy emission microscope
(SEM). The wear rates were evaluated in terms of volume loss,
while the coefficient of friction was determined by dividing
the frictional force by normal load.

3.  Results  and  discussion

3.1.  Coating  characterization

Differences of chemical phases between the initial powder and
sequently, the tetragonal phase transformation of TiO2 often
occurs during high-temperature service process conditions,
which results in a significant density drop of up to 8% [18].

yed and HVOF sprayed nanostructure TiO2–Ag.
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Fig. 3 – FESEM image together with elemental mapping of nanostructure TiO2–Ag coating on CoCr alloy; (A) APS sprayed, (B)
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VOF sprayed.

he density reduction could generate thermal stresses and
ventually result in degradation and failure of the coatings
19]. According to XRD patterns shown, rutile TiO2 phase was
resent in both the as-sprayed coatings while low peak of
natase phase was detected only in HVOF coating. The for-
ation of rutile phase is due to the high gas temperature

uring deposition process [20], which high plasma temper-
ture of APS process was fully transformed anatase phase
nto rutile, while it was partially transformed in HVOF sprayed
oating. On the other hand, no significant chemical reaction
nd degradation detected between the two elements of the
prayed powders (TiO2 and Ag). These pattern corresponded
o the anatase phase of TiO2 (JCPDS Card No. 21-1272), rutile
hase of TiO2 (JCPDS Card No. 21-1276), and Ag (JCPDS Card

o. 04-0783).

EDX mapping analysis in Fig. 3 reveals that coating
owder was differently melted for both coating technique.
More  melted splats can be seen in APS sprayed compare
to HVOF sprayed nanostructure TiO2–Ag. In addition, both
coatings exhibited different silver distribution, where sil-
ver was splotchy distributed in APS coating while uniformly
distributed in HVOF coating. It is widely known that the
intermolecular force procedure of thermally sprayed silver
particles is isolated and their attraction to each other ter-
minated before the impingement on substrate surface. The
cohering process in APS coating technique can be treated as
impact of melted particle upon solid surface. Considering the
composite coating formation succeed, it can be assumed that
the velocity of the particle at the end of the impact approaches
zero, particularly, no rebounding took place.

Reduced amount of the micro-cracks is observed in HVOF

coatings, where unmelted particles play roles in stop the
growth of nano-cracks, which help to prevent the formation
of micro-cracks. Fig. 4 shows the cross section of the coating
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ting on CoCr alloy; (A) APS sprayed, (B) HVOF sprayed.

Table 2 – Properties of APS and HVOF sprayed
nanostructure TiO2–Ag coating on CoCr alloy.

Properties APS coating HVOF coating

Microhardness (Hv) 500.0 528.0
Adhesion strength (MPa) 20.84 23.38
Porosity (%) 9.0 8.1
Fig. 4 – Cross-section of nanostructure TiO2–Ag coa

samples. The interface between coating and substrate exhibits
less oxide and no visible delamination and cracks. The HVOF
coating shown a slightly larger thickness per spray layer than
that of the APS coating. This can be partially attributed to the
relatively higher feed rate of HVOF coating process.

For both coatings techniques, there is no obvious strati-
fication and big pores found. It is possible to discover that
the nanostructure TiO2–Ag coating microstructure is rela-
tively denser and homogeneous. The average porosity of the
coatings measured from was found to be below 10%, which
are almost in agreement with the findings of Dwi Bayuwati
[20]. This finding shows that particles with high tempera-
ture and jet speed would create adequate splat formation
after the contact on the substrate, which results in isotropic
“bulklike” microstructure and high density. However, much
more porosities can be found in the APS sprayed nanos-
tructure TiO2–Ag coating than those in the HVOF sprayed
coating.

3.2.  Microhardness

Table 2 concluded the properties of APS and HVOF sprayed
nanostructure TiO2–Ag coatings. As expected, the porosity
values has a strong relationship with microhardness of the

coatings. The microhardness was discovered to be high as the
porosity level is low. The higher hardness of the HVOF coating
compared to the APS coating can be attributed to the high par-
ticle velocity, the low porosity with dense coating. This kind
Roughness (�m) 4.51 5.35
Thickness/layer (�m) 29.58 31.95

of microhardness is in consistent with previous investigations
[21], although slightly lower than plasma spray TiO2 coating
reported by Forghani et al. [22]. It was expected that addi-
tion of Ag in the coating reduce their mechanical strength.
It was reported that mechanical performance of alloy will be
increased by small additions of 0.5 up to 1 wt.% of Ag [23], how-
ever, further increase of Ag content will reduce the strength
due to the inherent incompatibility between the particles and
the alloy matrix during deformation [24].

The enhanced microhardness of the coatings deposited by
APS and HVOF also can be associated to the improved splats
formation and bonding, in other word, a role of the degree of
melting and velocity of the droplets during deposition course.
In addition, it has been revealed that TiO2 coating layers com-
prised of two phases, and the resultant microhardness value

of the coating layer delicately varies based on the fraction
phases. Previous studies on the properties of resultant phases
in TiO2 ceramic [25] has shown that the microhardness of
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Fig. 5 – Wear behaviour of the coated and uncoated samples in the function of time.
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Fig. 6 – Frictional force of the coated and

he anatase and rutile, respectively. Consequently, the resul-
ant microhardness in a present of anatase peak intensity is
avourably higher, and this correlation of the microhardness
alue with the phase ratio confirm the possible phase revolu-
ion during the deposition process.

.3.  Adhesion  strength

he adhesion strengths results of more  than 20 MPa were
chieved for both thermal spray coatings obtained in this
tudy, which was summarized in Table 2. The HVOF
prayed nanostructure TiO2–Ag coating exhibited an adhe-
ion strength 10% higher than the adhesion strength of the
PS coating. It has been reported in the literature that HVOF

oatings tend to exhibit higher adhesion strength results than
hose of APS coatings [26]. Lower porosity level attained by
he HVOF coating when compared with APS coating are prob-
bly the factor attributed to the higher values of adhesion
coated samples in the function of time.

strength. In addition, macroscopic and microscopic thermal
stress that resulted from different in thermal expansion coef-
ficient between the coating powder and substrate surface, and
deposition of high temperature splats onto cold substrate also
contribute to weaken the adhesion strength. Due to close ther-
mal  expansion coefficient between ceramic TiO2 and CoCr
alloy, hence would not trigger the formation of significant
macroscopic thermal stress. However, microscopic stresses
occur within the high temperature sprayed particles onto a
cold substrate, with the higher thermal, the larger the quench-
ing stresses. This explain that the residual stress arises in APS
process is probably higher than in HVOF process with similar
feedstock particles. It is important to point out that both adhe-
sion strength of thermal sprayed TiO2 coatings is lower than
those reported in literature [27]. This weaker strength could be
attributed to the addition of Ag, where apparently no chemical

reaction developed between Ag and TiO2, and low mechanical
properties of Ag.
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Fig. 7 – Average wear loss and surface roughness for APS TiO2–Ag coated, HVOF TiO2–Ag coated and uncoated CoCr alloy

sample after pin-on-disc test.

3.4.  Wear  and  friction  behaviour

As shown in Fig. 5, under dry conditions, the wear rate of
APS and HVOF sprayed nanostructure TiO2–Ag coatings is
lower than bare CoCr alloy sample. This phenomena was
attributed by hard nano-scale reinforcements embedded in
nanostructure TiO2–Ag thin film, which help to prevent the
direct contact between substrate material and counterpart
material. It explained the effect of hardness on the wear
behaviour of the material. The wear rate of the coatings was
highly accelerate for the first 2 min  of sliding time and then
steadily increase after that. This is believed that it happened
due to the run-in. In this period, during the contact between
the rough surface of nanostructure TiO2–Ag composite coating
and the hard SS304 disc, there was a strong tendency to asper-
ity breaking. Thus an extensive initial wear occur by breaking
of the asperity peaks, which then smoothing the coatings sur-
face. In comparison to the sliding time of first 2 min, for the
rest of sliding time, the surface texture of the contact zone
turned smoother due to the shift from run-in period to the
stable-wear period.

On the other hand, a slow down  in wear rate of the coat-
ings after certain time of sliding also could be attributed to
the formation of plastically deformed TiO2–Ag nanoparticles,
separated from matrix due to abrasion, sheering, breakage, or
peening-over, on the disc and coating surface. For this situa-
tion, the shearing stress which generates resistance to motion,
act as solid lubricants between two sliding surfaces. As asper-
ities were broken off, it leads in spattering and patching of
nanostructure TiO2–Ag debris on some parts of the sliding
wear track, which can be speculated that it was responsible for
decreasing the wear rate of samples. According to Zhu et al.
[28], wear is influenced by the loss flux of the depletion particle

and the worn particle detached in between the sliding sur-
faces is favourable in wear system. The high formation rate of
detached coating material in two sliding surfaces will reduce
the wear rate, in condition that the detached particles stay in
the contact area. Due to its high microhardness and tough-
ness, the TiO2 coating is hardly delaminated under the shear
stress, which means that the formation rate of detached mate-
rial is low. Rather than release as flakes, the stucked detached
material transforms to a displacement layer under the cyclic
flow, evidenced by the wear versus time graph shown, where
the slightly decrease in wear rate is observed. Thus, the wear
behaviour in sliding surfaces is sensitively affected by the ejec-
tion of detached material.

Fig. 6 shows the frictional force of the coated and uncoated
samples sliding against SS304 disc. It can be observed that
HVOF sprayed coating sample possesses the lowest frictional
force (0.57–0.94), while APS sprayed coating and uncoated
samples have a slightly higher frictional force (1.22–1.85 and
0.51–1.78) than HVOF sprayed coating. These frictional force
and wear characteristic are identical to the microstructure as
well as porosity and mechanical properties of the coatings.
Specifically, lots of micro-cracks and pores between deposited
partially molten particles in APS sprayed coating, contribute
to noticeable reduction of toughness, which more  simply
removed during abrasion and sheering; while, the low micro-
hardness can induce much deeper furrows to be produced on
the sliding surfaces under the similar wear test conditions,
which can increase the frictional force of two sliding parts [29].
Differ from APS sprayed coating, denser deposited partially
molten particles in HVOF sprayed coating are more  difficultly
delaminated during pin-on-disc tests, in contrast, the higher
microhardness of the coating layer can prevent the formation
of furrows, thus contribute to lower frictional force. The much
severe  delamination of coating particles and deeper furrows
cause greater severe fatigue and abrasive wear for APS sprayed
coatings, resulting in higher wear rates. It can be said that

the microstructure and mechanical behaviour of thermally
deposited coatings play a greater role in control their wear
resistance.



j m a t e r r e s t e c h n o l . 2 0 1 9;8(2):2290–2299 2297

F , (B) H

a
n
T
a
t
b
b
a
o
m
p

ig. 8 – SEM images of wear track of (A) APS TiO2–Ag coated

Although there is a slight increase in frictional force for APS
nd HVOF sprayed coatings at early stage, due to high rough-
ess of the coating surface, but it still can be consider stable.
his stability could be attribute to the plastically deformed
sperity peaks, which help to enhance smoothness between
wo sliding surface. On the other hand, the frictional force of
are CoCr alloy was started with lowest value, which probably
ecause of polished surface of the sample. In the meantime,

s the frictional force increased it was resulting in the increase
f surface roughness. This mechanism could be explained
ore  by the wear loss and surface roughness of the sam-

les after pin-on-disc wear test as shown in Fig. 7. It indicates
VOF TiO2–Ag coated and (C) uncoated CoCr alloy sample.

that the roughness of the coated samples were reduced down
to 2.681 �m for APS sprayed coating and 1.919 �m for HVOF
sprayed coating, while the roughness of uncoated sample was
increased to 3.241 �m.  Besides that, HVOF  sprayed coating
shown lowest wear loss, followed by APS sprayed coating and
bare CoCr alloy. The wear loss and surface roughness results
are in favour of frictional force and wear data of the samples.

This wear behaviour of the coatings could be explained

with respect to the scanning electron micrographs images
of worn surfaces. The SEM of the worn coating surface and
uncoated surface after 200 m of contact distance are shown
in Fig. 8(A)–(C) respectively. Various zone and wear tracks are
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Table 3 – Surface EDS analysis of bare, plasma sprayed and HVOF sprayed CoCr alloys before and after wear test.

Samples Mass fraction, %

Co Cr Mo Ti O Ag

Bare Before 51.80 29.04  19.16 – – –
After 43.96 47.15 5.04 – 3.86 –

Plasma
sprayed

Before – – – 60.80 36.78 2.42
After – 2.77 – 50.60 37.26 2.77

r

HVOF
sprayed

Before 0.36 1.16 

After 4.14 1.74 

observed in the image.  Some prows were formed on the coat-
ings worn surface while some regions were protruded. The
sliding tracks of worn surface on APS and HVOF coatings had
a dark texture and scratches parallel to the direction of motion
were observed, which are well correspond to abrasive wear as
it was also detected on bare CoCr alloys. Due to repeatedly
high contact stresses and frictional heating over the surface,
discontinuity of the patches and generation of fine spheri-
cal particles detected. There were some dispersed particles
throughout the worn surface of nanostructure TiO2–Ag com-
posite coating. The high magnification SEM images reveals a
large amount of plastic deformation occurred on the worn sur-
face of bare CoCr alloys, indicated by microcracks and wears
debris (Fig. 8C). Meanwhile, the amount of plastic deformation
and scuffing wear were reduced for both the APS and HVOF
sprayed coating. The reduction of plastic deformation corre-
sponding to APS and HVOF sprayed coating was associated to
the strengthening tune up effect resulted from compact nano-
structure that interfered the dislocations movements in the
metallic matrix of the composite coatings.

It shows that the surface of the HVOF sprayed nanostruc-
ture TiO2–Ag has smaller wear scar without cracks than that
of APS coating, while both coatings show the less damage suf-
fered. There was no presence of any other elements detected
by EDS analysis, as shown in Table 3. The reason why the HVOF
sprayed coating presents better performance in a pin-on-disc
wear test compare to APS sprayed coating can be clarified by
its mechanical properties. In comparison to the APS sprayed
coating, the HVOF sprayed coating is harder and lower poros-
ity, and the detachment of coating particles is slower. Thus,
wear characteristic is strongly depend on the both material’s
mechanical properties and microstructure. For bare CoCr alloy
sample, the scar is deeper and clearly visible, while the worn
debris produced is bigger than those in coated samples. These
phenomena is attributed to the nanoscale of the TiO2–Ag par-
ticles in both coated samples. The deliminated particles from
its matrix due to wear mechanism is in nanosize, which min-
imize the effect of debris on two interacting surface. This is
very beneficial in tribological system based application.

4.  Conclusion

In this work, TiO2–Ag nanocomposite coatings with high hard-

ness and wear resistance compared with bare CoCr alloys
have been successfully obtained by thermally deposited of
nanostructured TiO2 dispersed particles with Ag. The follow-
ing conclusions can be drawn from the present investigation:
– 59.13 36.55 2.80
– 56.35 33.85 2.88

- XRD characterization of the coatings revealed the phase
changes from the primary TiO2 powder’s phase composi-
tion, while no chemical reaction occurred between TiO2 and
Ag. Rutile TiO2 phase was fully transformed into anatase in
APS coating while partially transformed in HVOF  coating.
Hence, it is believed that differences of microstructure and
properties of the engineered coatings observed in this work
were strongly associated to the differences in the degree of
particle melting and velocity.

- By comparatively it was found that HVOF sprayed TiO2–Ag
nanocomposite coating showed a better microhardness
and adhesion strength compare to APS sprayed TiO2–Ag
nanocomposite coating, however, the values obtained were
lower than those generally found in the literature for
thermally sprayed TiO2 coatings, which suggest that the
addition of Ag affect the properties of coatings.

- The frictional force of nanostructure TiO2–Ag coating is
smaller for both APS and HVOF sprayed as compared with
bare CoCr alloy, proving an enhancement of wear resistance.

- The dimension of the wear track and number of wear crack
corresponding to HVOF sprayed TiO–Ag composite coating
is lesser than that of the APS sprayed. Wear performance
of the coating is highly affected by its microhardness and
porosity.
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