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Abstract: CoCr alloy is mostly used as biomaterial implant. However, it still has several
weaknesses. Therefore, it is necessary to modify the surface to improve its biocompability. This
research is a preliminary study on CoCr coated with Hydroxyapatite (HA)/Zirconium Dioxide (ZrO,)
using Thermal Flame Spray method. 5 % - 20 % ZrO, was mixed with HA. Besides improving the
biocompatibility, ZrO; is believed to be able to enhance the antibacterial properties. Characterization
test was performed using FE-SEM. The coating was analyzed for corrosion rate, surface roughness
and antibacterial activity. Adding ZrO» to HA has been proven to be able to improve corrosion rate.
Combination of 80HA-20ZrO, is the most effective bioceramic mixture, producing lowest corrosion
rate of 0.213 mm/year in HBSS media. This is due to the increased reactivity value and better
passivation reaction than CoCr without coating. Antibacterial activity test revealed that the coating
could form inhibitory area around the sample meaning that the coating can provide bacterial
resistance for the implant.

Keywords: biomaterial; CoCr alloys; hydroxyapatite; zirconium dioxide; thermal flame spray,

corrosion rate

1. Introduction

Biomaterial should have resistance to corrosion, fatigue,
wear, abrasion, and low surface hardness V. Several types
of metal meet the requirements to be used as biomaterial,
including SUS 316L, Ti CP Grade 1-4, and CoCr 2%). Co-
Cr alloy is widely used to make prostheses such as
orthopedic devices, dental and cardiovascular implants 4
®, However, there are still some problems regarding the
use of the alloy, such as wear-included osteolysis,
modulus differences between bone and implants, metal
ions release due to bio tribo corrosion 7. The alloy
contains more than 20 % of Cr mass which is able to
improve the corrosion resistance by forming a passive
layer which is mostly contained of oxide ¥. Co-Cr alloy
has high compatibility and good mechanical
characteristics. However, it has low bioactivity that causes
weak bone bonds *!9. To improve the bioactivity,
chemical modification process is needed on the alloy
surface 'V,

Interaction of an implant with living tissue is indicated
by its bioactivity characteristic. The characteristic is

important to observe and should be avoided because it is
prone to bacterial infection 2. Infection is the most severe
form of complication and destroys biomaterial function ',
Improvement of biocompatibility of metallic-orthopedic
prothesis can be done by covering the prothesis using
other materials with better properties such as bio ceramic
coatings ?, e.g., inert ceramics to cover metal prothesis.
The term inert is used for materials in the body which do
not cause poisoning, thus avoiding infection. In the body,
these materials stimulate tissue production to cover and
protect the prothesis 'Y. Several types of bio inert ceramics
that can be used are titanium dioxide (TiO2), zinc oxide
(ZnO), hydroxyapatite (HA) and zirconium dioxide
(ZI‘Oz) 15,16).

HA coating is considered to be an appropriate approach
to solve the problem !”. HA acts as a barrier against the
release of metal ions from the substrate in biological
environment '®. HA has chemical and biological material
which is similar to human bone. The result of HA coating
can improve the growth of bone cells to increase the
interaction between the implant and the surrounding tissue
(this is called osseointegrassion) '?. However, HA coating
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degrades over time due to its brittle nature and lack of
sufficient mechanical and physical properties to withstand
long-term performance (e.g., lower fracture toughness and
lower tensile strength) 2%. Compared to several other
coatings, ZrO» can be a viable candidate for the purpose
because of its biocompatibility, chemical inertness,
mechanical strength, thermal stability, wear and corrosion
resistance, also the value of Young’s modulus which is
almost the same as stainless steel 2. ZrO, has hydrophilic
properties that are able to protect the substrate from the
attachment of bacteria to its surface to provide protection
against bacteria 2?. Interfacial corrosion of the substrate
layer may occur and result in poor mechanical strength
and coating adhesion 2%, Therefore, selecting coating
method is very important to get coating that can improve
the biocompatibility. Thermal spray can be one of the
good choices.

Several common methods used in metal coating are
APS (arc plasma spray), HVOF (high velocity oxygen
fuel) and flame spray. Flame spray is used more because
it is more economical . However, flame spray coating
on Co-Cr causes porosity 2. This is caused by the lack of
fusion between the sprayed particles and the produced gas
expansion during the spraying 2”?®. Besides that,
deposition process at high temperatures, oxidized
atmospheric environment and a high cooling rate also
cause porosity 239, Adding ZrO, to HA is conducted to
get lower porosity. In this study, the Co-Cr alloy material
was coated with a mixture of HA-ZrO, using the flame
spray coating method with different contents. The effect
of HA/ZrO; particles on corrosion rate in Co-Cr coating
was studied using electrochemical test. The coating
formed was characterized using SEM and other testing.

2. Material and Method

2.1 Substrate Preparation

The CoCr substrate (ASTM F75) was provided by
Suzhou Chuan Mao Metal Material, China. It was in the
form of cylinder with diameter of § mm and length of §
mm. Hole making was done by drilling EDM drill with a
size of 2 mm on central part of the substrate. The
composition of the sample was 0.10 Si, 0.10 Mn, 29.7 Cr,
0.2 Ni 5.85 Mo, and 0.025 Fe (wt. %).

2.2 Preparation of Coating Powder

The coating powder used was the mixture of HA/ZrO,
with variations shown in Table 1. The sizes of
hydroxyapatite were 30 - 80 pm. Zirconium Dioxide used
in the study was obtained from Xi’an Benher Biotech Co,
Ltd. with particle size average of 0.7 pum. The
Composition variations of coating material are shown in
detailed in Table 1. The composition variations were 95%
HA/5% ZrO; (1), 90% HA/10% ZrO, (I1I), and 80%
HA/20% ZrO, (III). Powder mixing was done by
weighing each type of powder and putting the mixture in
a jar. Next, it was shaken for about 5 minutes.

Table 1. The composition of coating variable

Code HA (%wt) ZrO; (Y%wt)
I 95 5
11 90 10
111 80 20

2.3 The process of Thermal Flame Spray

The surface of CoCr was roughened by applying grit
blasting test process using aluminum oxide (Al,O3), then
cleaned using ultrasonic cleaner with acetone solution for
2 minutes. The coating process used a Metallization
MK74-C Flame Spray Gun. 304SS wire with a diameter
of 1.5 mm was used to clamp the sample and acted as a
shaft to rotate the sample. The specimen clamping wire
was rotated at a speed of 60 rpm using a modified electric
drill. The spraying was performed with fuel flow rate of 4
LPM, oxygen flowrate of 6 LPM, air pressure of 2 bar,
spraying distance of 75 mm and spraying angle of 90°.

2.4 SEM Morphology

The characterization process is carried out by making
cross-section cut of the specimen that has been mounted
on resin, cut and polished to a mirror finish. Then, FE-
SEM-EDS Jeol JIB-4610F was used. Next, Image J
software was used to calculate porosity value. The average
values of the total surface area of the sample and the total
area of porosity were calculated. The coating thickness
test was analyzed with the help of Image J software. Data
of thickness were collected from 10 different areas to get
the average value. The characterization of the element
distribution was carried out using Oxford Instruments X-
Max EDS with AZtecLive Spectrum Analysis software.

2.5 Surface Roughness Tester

The test was performed using Mitutoyo SJ 201 tool.
The specimen was placed on V-Block. Stylus surface
roughness tested was paired with height gauge so that the
tip of stylus touched the specimen surface.

2.6 Corrosion Test

100 ml Hank’s balance salt solution (HBSS) was
prepared and then heated until it reached body
temperature of 34°C-36°C. Then, corrosion rate testing
tool of Autolab PGSTAT 204N and NOVA 1.11 were
prepared. The test was done with scan rate of 0.005 v/s at
the open circuit at range of = 2.5 V. The test used 3-
electrode principle with the coated CoCr specimen as the
working electrode, Pt as the reference electrode, and
Ag/AgCl KCI 3M reference electrode.

2.7 Antibacterial Test

Antibacterial test was conducted to know the
antibacterial properties of the coating. The process was
done by making bacterial suspension of one inoculating
loop. The rejuvenated bacteria were put into test tube
containing physiological NaCl solution (Otsuka), then
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incubated for 24 hours at temperature of 37° C. The
turbidity was made equivalent to 0.5 McFarland. The
suspension turbidity was compared by placing a standard
McFarland tube and a bacterial culture tube in front of
black-lined white paper. Furthermore, a swab of the test
bacterial suspension which had been equalized with a
standard solution of 0.5 McFarland was streaked on the
entire surface of the NA medium in a petri dish. Three
wells were made on the NA medium which was inoculated
with the test bacteria using tip holes. On each petri dish
and in each hole, 150 pL of test solution was added. The
petri dish was incubated for 24 hours at temperature of 37°
C. After the incubation was completed, the inhibition zone
was observed and measured using a ruler. The inhibitory
strength was grouped based on its diameter as in Table 2.

Table 2. Classification of clear zone response

Inhibiting response Diameter of clear zones

No Response <5mm
Medium 5—-10 mm
Strong 10— 20 mm
Very Strong > 20 mm
3. Results

3.1 The Analysis of Coating Porosity

Morphology observation in Figure 1 (a-c) shows that
the three coatings are not homogeneous and look cracked.
The middle part in each figure (Figure la — ¢) shows the
results of segmentation of porosity color and the
background color. The lower part in each figure (1a — ¢)
displays the result of porosity analysis process.

Porosity

| L} mn
Coatings

Fig. 1: Porosity analysis using particle analyze feature in
Image] software (a) I (b) II (c) I1I and (d) coating porosity

Figure 1 conveys that there are 210 porosity spots
obtained from the porosity analysis on Coating I. Figure
(b) shows that there are 241 porosity spots derived from

porosity analysis on Coating II. Displayed in Figure (c),
there are 196 porosity spots gained from porosity analysis
on Coating III. The results of porosity analysis can be seen
in Figure 1 (d). It shows that the highest percentage
(13.38%) is found in coating I, while the coating III has
the lowest porosity (10.83%).

3.2 The Surface Roughness Test and Coating
Thickness Analysis

Thickness (im)
s a3 0w

Fig. 2: Coating thickness measurement on cross section cut:
(a) I, (b) 11, (c) III (d) thickness and coating surface roughness

Figure 2 (a-c) details the result of coating thickness
measurement on cross section cut on Coating I, II, and I11.
Yellow line in Figure 2a is the thickness of Coating I
varying between 12.400 to 21.58 um. Figure 2b shows
that thickness of Coating II is higher ranging from 25.400
to 30.200 pm. Figure 2c is Coating III with thickness
ranging from 20.200 to 33.300 pm. Comparison of
average thickness of Coating I, II, and III can be seen in
Figure 2d. It reveals that the coating has the lowest
average thickness of 16.26 pm. Coating II has much
higher average thickness than coating I, but lower than the
average thickness of Coating I1I (27.61 pm).

The result of roughness test can be seen in Figure 2d
which shows that Composition III has the highest
roughness (Ra) of 4.963 um. The lowest roughness of
4.591um is produced by Composition I. In uncoated CoCr,
the average roughness value is 0.944 pm.

3.3 Observation of Elements Distribution

Figure 3 is the analysis of elements distribution in
Coating 1, II, and III. The most even element distribution
is in specimen code I11.
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I

7 a1

Fig. 3: Porosity analysis using particle analyze feature in
ImageJ software (a) I (b) II (c) III and (d) coating porosity

3.4 Electrochemical Test

The curves of potentiodynamic polarization can be seen
in Figure 4. The corrosion parameters are shown in Table
3.
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S
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s 2 4 o1 2
E (V vs. Ag/AgCl)

Fig. 4: The curves of potentiodynamic polarization in HBSS

medium

Table 3. Corrosion parameters using Tafel Extrapolation method

. Corrosion
Coatings Ba 'Bc Ecorr, Icorr Ratel
(V/dec) | (V/dec) V) (A/cm?) (mm/year)
Blank 0.09 0.13 -0.72 | 2.21 X103 1.82
1 0.1 0.06 -0.78 | 4.11 X 106 0.34
I 0.03 0.05 -0.86 | 3.36 X 10 0.28
111 0.02 0.02 -0.87 | 2.59 X 10°¢ 0.21

Table 3 details that the lowest corrosion rate (0.21
mm/year) is found in the coating with composition of
mixture III. The highest corrosion rate (0.34 mm/year ) is
in the coating with composition of mixture 1. As a
comparison, corrosion test was conducted on blank
coating with corrosion rate of 1.82 mm/year.

3.5 Antibacterial Activity

The result of inhibition zone diameter is shown in
Figure 5 (c) dan (d). It is revealed that the coating has
antibacterial properties on both types of bacteria.
Inhibition zone produced is getting bigger along with the
ZrO; addition to the coating. Thus, it can be assumed that
there is a directly proportional relationship between the
addition of ZrO, and the result of inhibition zone. Seen
from the test result, the inhibition zone diameter is larger
in gram negative bacteria than in gram positive bacteria.

74 1 [_]Gram Positive 7 [[] Gram Negative

.E.s- 1 I E.s
I

55- 1 I ga
&4l 54
® °
E 34 £ 3
-y 8,
[=] [=]

14 1

0 ol

Blank I L} mn Blank 1 ] n
© Coatings @ Coatings

Fig. 5: Antibacterial test on coating (a) gram positive
bacteria to make it sterile (b) gram negative bacteria to make it
sterile (c) the results of antibacterial test on gram positive
bacteria (d) The results of antibacterial test on gram negative
bacteria.

4. Discussion

The result of porosity test of each coating is displayed
in Figure 4. Porosity value is getting lower along with the
addition of ZrO; in the coating mixture. This happens
because The speed of the particles will increase during the
spraying if the particle size is smaller V. When the particle
speed is getting higher during the spraying, the coating
quality will be better because it produces coating with
minimum oxidation and porosity 3. Porosity is necessary
because it provides a specific area for calcium phosphate
nucleation, increases bond strength, and reduces surface
failure 33. The porosity is higher at lower spraying
energies, where the semi-liquid particles are less
deformed. At higher spray energies, the liquid material
with high diffusivity will fill the asperities and gaps of the
previously deposited layer, leading to lower porosity 4.
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Porosity slightly increases along with the addition of ZrO,.

Therefore, it can be said that HA is the cause of porosity
deviation in the composite. Furthermore, it has been
analyzed that the porosity can be increased after the
addition of HA to the substrate due to difference in the
coefficient of thermal expansion between the substrate
and HA during sintering 3, although the presence of a
phase with lower ionic conductivity than HA such as ZrO,
as a reinforcement indicates that corrosion resistance will
increase 39. However, the presence of various elements in
the sample can cause galvanic effect which causes
corrosion resistance degrades. Curran et. al. > mentioned
that 5% ZrO, additive was applied to the HA grain
boundaries effectively, reducing porosity.

The roughness test revealed that there was difference in
surface roughness among the three coating although the
spraying parameters were the same. The characteristics of
the powder used on each coating were different. Adding
ZrO; into the mixture increased the surface roughness of
the coating. This is seen from the value of Ra (4.963 pum)
at the highest composition of 80HA-20ZrO, than the
composition on other coatings. Visible microcracks were
due to the combination of brittleness and plasticity of the
composite coating *®. The surface roughness of the
substrate caused the atoms to be tilted and exposed
diagonally to the surface, thereby increasing the porosity
of the coating 3%. Surface roughness has important role in
implant making. Higher surface roughness increases the
contact between the bone and the implant, but only over a
very narrow range of 1-1.5 um 49, Several studies show
that increasing surface roughness increases cell
attachment, proliferation, and differentiation *D. The other
study state that surface roughness reduces the cell function
and bond formation ?. The change in surface roughness
in 10 nm - 10 um has a little effect on the interfacial
mechanical characteristic, but significant effect on
biocompatibility because the range of dimension is at the
same level of magnitude with the cell size and biological
macromolecules size. As the surface roughness increases,
the adhesion and osteoblast proliferation ability increases,
which is beneficial for the attachment and osteoblast
proliferation when the surface roughness is high (Ra >1.5
um) 4,

From the analysis of coating element distribution, it is
confirmed that Specimen I has the lowest Zr content,
followed by Specimen II and Specimen III. The thickness
of Zr color represents the number of elements contained.
This is in line with the composition of mixture where the
Specimen III has composition of 20 % ZrO, which is more
than the Specimen I and III that only have 10 % and 5 %
ZrO,. The elements analysis revealed that all coating
had even mixture of ZrO, and HA. The coating looks
homogeneous with even distribution on overall surface.
The difference between the coating and the substrate is
clearly visible. Bioactivity test in Hank’s solution showed
that the HA powder was able to induce nucleation and
deposition of Ca and P with HA typical morphology **.

SEM-EDS results showed that HA/ZrO, after immersion
in Hank's solution underwent a typical structural change
in the process of apatite formation. The first change is the
growth of Ca-rich layer. The second structural change is
based on the interaction of the Ca-rich surface with
negative ions such as phosphate to form a Ca-poor layer.
Then, the layer crystallized and formed apatite. This
proses causes the change in ratio of Ca/P due to ions
exchange %¥. EDS analysis identified that zirconium
dioxide obtained consisted of Zr and O. Zr was uniformly
distributed with obvious granularity on the coating surface,
which  was  attributed to  ultrasound  during
electrodeposition leading to homogeneous distribution of
ZrO, in the matrix. O was evenly distributed on the
coating surface. Uniform distribution of elements leads to
the formation of a compact layer and consequently
improves mechanical properties 4°.

From the testing, it was known that there was an
increase in the coating thickness along with the addition
of ZrO; into the coating mixture. ZrO; has smaller size of
particle (600 um) than HA (30 pm). Generally, the surface
roughness increases with thickness due to the presence of
large channels remaining from a single splash in the
coating 4. As the particle size decreases, the coating
thickness will increase, because there is a decrease in the
indentation force as the particle size decreases *®. Higher
thickness usually parallels higher surface roughness.
These two factors support each other and oppose the
properties of the phosphate-containing coating. Thus,
sample of 80HA — 20ZrO; provides the highest corrosion
resistance.

Implant corrosion test in HBSS solution revealed the
results that all coatings are able to provide better corrosion
resistance than the uncoated CoCr. Adding ZrO; into
coating composition can improve the implant corrosion
resistance. This is known from Figure 4 and Table 3,
explaining that coating with Composition I has Tafel plot
which tends to shift to active direction and the lowest
corrosion rate than others with coating composition. ZrO»
forms thin ion layer that is able to protect from corrosion.
The corrosive substances cannot penetrate the oxide layer
on ZrO; to cause corrosion 22. Corrosion resistance gets
better with the improvement of biocompatibility of an
implant *). Adding ZrO, into coating can suppress
corrosion rate compared to coating that uses less ZrO,.
The lower HA or the higher ZrO2 in HA/ZrO; mixture,
the more active the value of Ecorr. Using the Tafel
extrapolation method, the anodic Tafel slope (Pa),
cathodic Tafel slope (Bb), corrosion current (icorr),
corrosion potential (Ecorr) and corrosion rate are
summarized in Table 3. As it is known, icorr can represent
the corrosion rate of metal surfaces 3?. The corrosion
current and corrosion rate of all HA/ZrO; layers are lower
than that of the blank substrate. This result indicates that
all HA/ZrO; coating is effective in preventing penetration
of electrolyte ions on the surface of metal substrate 5.
Corrosion rate increases along with the increase of coating
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porosity. Corrosion resistance is affected by crystallinity,
purity, residual stress and ion substitution in the layered
structure and apatite lattice °». The increased corrosion
rate in the HA rich layer, i.e. (HA-ZrO, coated sample)
may be due to (a) higher roughness, (b) presence of a
larger porosity area fraction and (c) higher HA content in
the coating . Sasaki and Burstein ¥ state that the
potential of steel pitting decreases because surface
roughness increases. This result is supported by another
study %, which shows that a greater roughness
corresponds to a lower hole potential (the potential at
which metastable holes begin to form on the surface).

After antibacterial activity test on HA-ZrO, coating, it
was found that the coating could form inhibitory area
around the sample. Bacterial inhibitory area in all samples
with coating has diameter of > 5 mm which means it has
moderate bacterial resistance response >, The size of the
inhibition zone formed varies depending on the anti-
bacterial ability of the coating against each type of test
bacteria. This indicates that there are bioactive
compounds in the coating which are able to inhibit the
growth of test bacteria *”. The biggest antibacterial
activity is shown by coating on Specimen I, while the
lowest antibacterial activity is found in coating on
Specimen III, on both gram-positive and gram-negative
bacteria.

5. Conclusion

Adding HA-ZrO, bio ceramic into the CoCr alloy
coating using flame thermal spray method has been
proven to improve the corrosion resistance of the material
in HBSS corrosive media. Addition of 80 % HA and 20 %
ZrO, provides the lowest corrosion rate which is 0.213
mm/year. The coating on substrate is able to prevent
electrolyte ions or electrons from entering the substrate
surface. The coating with varied composition of bio
ceramic produced varied thickness, porosity, and
roughness although conducted with the same spraying
parameter. This was due to different composition that
changed the characteristics of coating powder, thereby
causing different coating. The best composition is the
combination of 80 % HA — 20 % ZrO» because it produced
the lowest value of porosity and corrosion rate in HBSS
media. However, this result cannot be applied in wider
range of nanoparticles and additives. It is expected that the
basic understanding gained in this work will start further
exploration efforts to find new composite materials in the
manufacture of hydroxyapatite composite layers.
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