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Abstract

Titanium alloys have been widely used in biomedical applications, especially for
orthopedic implants. Despite its excellent mechanical properties, the chance of
corrosion and ion leakage from the alloy cannot be avoided. Corrosion and ion
leakage could cause systemic irritation and inflammatory effects inside the
human body. Thus, a surface coating is required for preventing corrosion. In this
study, a graphene oxide-based nanocomposite coating fabricated by sol-gel dip-
coating technique is applied as the coating layer. Three types of sample
specimens with different amounts of graphene oxide (GO) (2, 3, and 4 mg) based
nanocomposites are prepared as NC-1, NC-2 and NC-3. Analyses by SEM, EDX,
and XRD are performed on the specimen surface to make sure the formation of
the nanocomposites coating layer on the titanium alloy base. Then, a tensile test
is carried out to obtain the stress-strain relationship. Using the stress-strain curve,
change in the tangent modulus value (the slope of stress-strain curve) per strain
increment is carefully observed and analysed to determine the rupture strength of
the coating layer. It was found that the coating layer breaks during the elastic
region of the titanium alloys. The coating layer indicated breaking/ruptured after
reaching 0.84% strain with the stress values of 473, 460 and 461 MPa of the
coating layer for the samples with 2, 3, and 4 mg GO, respectively. In other
words, a higher GO content may modify the rupture strength of the coating layer
although it does not give a drastic change.

Keywords: Graphene oxide coating, Orthopedic implant, Rupture strength, Tensile
test, Titanium alloy.
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1. Introduction

For the past decades, titanium alloys have become one of the most favourite
materials for biomedical purposes. It is estimated that 20-30% of the biomedical
devices are made of titanium and its alloys because it provides excellent mechanical
properties and biocompatibility [1]. Moreover, titanium alloys also have a high
strength-to-weight ratio, which is important for orthopedic implants [2].

Despite the excellent biocompatibility property, some concerns are raised about
the release of metallic ions into human cellular tissues [3]. The chemical reaction
between the metal ions from the implant material with cellular tissues could cause
a significant immune response. Hence, it might affect the functionality of the
implant device. Moreover, the osseointegration of the implant material is also
important. Thus, a non-corrosive material inside the human body is demanded. To
overcome these issues, surface treatment on the implant material is implemented as
reported in these references [4, 5]. Numerous approaches have been reported to
modify the surface characteristics of the titanium alloy mechanically and
chemically, such as acid treatment, machining, and coating [6].

Corrosion is one of the major problems in metal alloys and metal oxide
materials [7-9]. Focusing on the chemical passivation and corrosion resistance of
the alloy, it is important to protect the surface of the alloy. Indeed, it can protect
alloys from cellular tissues and its biological environment. This can be achieved by
adding a coating layer on the surface with materials that have chemically inert
materials [10]. Various existing coating methods can be utilized in biomedical
fields depending on their purpose and applications. Coating methods and
techniques for biomedical applications can be performed by dip coating, spray
coating, spin coating, electrodeposition, chemical vapor deposition (CVD), plasma
polymerizations, physical vapor deposition, gas-discharge plasma process,
electrophoretic deposition (EPD), etc.

Sol-gel dip-coating method is an easy technique that can be utilized for coating
various types of metal. It is considered an easy method because it can be performed
using a simple setup without requiring any special environmental condition [11].
This easy and cost-effective setup makes this method become one of the most
favourite ways of coating orthopedic implants for gel-based coating. Moreover,
other advantages of this method are high homogeneity and purity, low processing
temperature, and reduced thickness. This coating method involves a liquid “sol”
that contains a silica suspension particle which turns a solid into “gel.” Another
possible suspension particle can be obtained from chitosan for a more
biocompatible “gel.” In performing sol-gel dip coating, several important factors
that should be considered to achieve a good result are the geometry of the insertion,
viscosity of the solution, dwell time, withdrawal, and drying [12].

Catauro et al. [12] reported that the coating thickness of the coating is directly
dependent on the viscosity and withdrawal speed. In the experiment, three different
samples were coated with graphene oxide-based nanocomposite material at
different withdrawal speeds and gelation times. The results appear to be, at the same
operating temperature, high dwelling speed requires low viscosity of gel meanwhile
slower speed requires more viscous gel to achieve a uniform and homogeneous
coating. Moreover, work by Javadi et al. [13] suggested that increasing immersion
time could achieve more precipitated coating particles on the titanium alloy.
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The improvement of biocompatibility and mechanical properties of the coating
layer is essential, evaluation of the rupture strength of the coating is important to
determine its safety. The coating should not be delaminated or broken while it is
implanted inside the human body. The elastic modulus of graphene oxide-based
nanocomposite material has been reported to be varied depending on the graphene
oxide [14]. However, the loading condition from the test does not represent the
actual load for a similar material when it becomes a coating layer. For this reason,
a reliable technique in measuring the rupture strength of the coating is required.

Graphene is a material with a thin sheet-shaped structure composed of carbon
atoms with sp2 bonds with a crystal lattice shape that resembles a honeycomb shape
[15]. It has recently attracted much attention due to its fascinating physical,
chemical, optics, and mechanical properties [16, 17]. Graphene and graphene oxide
(GO) exhibit excellent mechanical properties with good biocompatibility and are
very promising as functional biomaterials. Meanwhile, chitosan is also known as a
natural biopolymer that is antibacterial, biocompatible, non-toxic, edible,
biodegradable and has good mechanical properties, thus making it a popular choice
for bone tissue engineering. Moreover, calcium carbonate (CaCOgs), a
biocompatible natural mineral, is one of the most frequent and inexpensive
inorganic fillers used in manufacturing, technology, and a variety of other
disciplines. With technical advancements, calcium carbonate is now used not just
as fillers but also as biocompatible materials with the advantage of being easily
adaptable in the human body.

In this work, a base material made of titanium alloy (Ti-6Al-4V) was coated
by bio-nanocomposites coating materials of GO/CaCOs-Chitosan (NC). Then, an
investigation on the rupture strength of the coating layer by conducting tensile
test experiments were carried out. Observation on the stress-strain relationship
was done, and the change in tangent modulus (the slope of stress-strain curve)
per strain increment was analysed. As the result, the strain value at which the
coating layer is broken was successfully identified, and the rupture strength can
be determined.

2. Research Methodology
2.1. Material and chemicals

For the GO synthesis, graphite powder, sulfuric acid (H2SQO,), sodium nitrate
(NaNQg), potassium permanganate (KMnQ,), hydrogen peroxide (H20;), and
hydrochloric acid (HCI) were all purchased from Merck. For the nanocomposites,
Calcium Carbonate (CaCQOs;) and acetic acid (CH3;COOH) were purchased from
Merck while chitosan was purchased from Sigma Aldrich. All the chemicals were
of analytical grade and used without any purification.

2.2. Samples preparation

The nanocomposites (NC) coated samples are divided into three groups, the first
group which is called NC-1 are the samples with 2 mg GO contents, the second
group is NC-2 with 3 mg GO contents, and the third group is NC-3 with 4 mg GO
contents. Three coated samples were prepared for each group. The details of the
fabrication process are discussed in the following sub-sections.
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2.2.1. Synthesis of graphene oxide (GO) and biofilm solution

Synthesis of GO was performed according to modified Hummer’s method [18, 19].
0.5 g of graphite powder was oxidized with 23.33 mL of H,SOs (96%), 0.5 g
NaNOs and 2.5 g of KMnO4. The first stage of the oxidation process was
maintained at a temperature below 20°C for 2 hours. The solution was then stirred
for 20 hours at 40°C until the colour of the solution become chocolate brown. After
the solution become pasta, 41.67 mL of H,O was added to the solution to stop the
oxidation process.

The final stage of the oxidation process of graphite was adding 133.33 mL of
HO into the solution until the colour become yellow. To remove the oxidation
residue, an oxidized graphite solution was washed using 2 M of HCI and H,O (DI
water). Washed product was then centrifuged to precipitate the graphite oxide and
then the precipitated product was dried inside an oven at 80°C for 16 hours. Finally,
the dried graphite oxide was exfoliated in DI water via ultrasonication for 2 hours
to get the graphene oxide.

The process of biofilm fabrication started from immersing GO into 10 mL of
DI water and sonicated for 30 minutes to dissolve the graphene oxide. Acetic acid
glacial 2 mL was added to the solution to maintain the pH of the solution near 2-3
and the solution was stirred for 30 minutes for optimizations. The purpose of adding
acetic acid into the solution is to optimize the solubility of the chitosan [20]. To
improve the osseointegration of the implant, 0.01 g CaCO; was added to the
solution. Finally, to form a viscous solution, 0.5 g chitosan (low molecular weight)
purchased from Sigma-Aldrich was used in this experiment. The advantage of
using chitosan is due to its functional properties as an antibacterial, non-toxic, and
biodegradable bioactive polymer.

2.2.2. Sol-gel dip coating

The base substrate of Titanium Alloy (Ti-6Al-4V) wire with a diameter of 3 mm
and length of 11 cm was cleansed by soaking it inside acetone and ethanol for 5
minutes. The purpose of this cleaning process was to dissolve and remove the
organic materials on the surface of the wire. The alloy was then dipped inside the
viscous biofilm solution respectively with an insertion speed of 1.25 mm/minutes
using locally manufactured dip coating machine. The alloy was then fully
immersed inside the biofilm solution for 30 seconds to make the coating layer on
the surface of the alloy uniform. After the alloy was fully coated, the coated sample
was then pulled up with a withdrawal speed of 2.5 mm/s. Finally, the coated sample
was dried inside the furnace at a temperature of 60°C for 1 hour.

2.3. Surface characterizations

The surface morphology of the coating layer and their chemical composition was
investigated by employing scanning electron microscopy and energy dispersive X-
ray (SEM and EDX) using the JEOL JSM6390A instrument. The crystalline
structure of GO and GO/CaCO3-Chitosan nanocomposites were investigated by X-
ray diffraction (XRD) with Cu-Ka radiation (A = 1.5406 A) measured from 0 to 90°
using Smartlab Rigaku X-ray diffraction instrument. Detailed information for
analysing SEM and XRD is reported in elsewhere [21, 22].
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2.4, Tensile test

The evaluation of rupture strength of the coating layer was done by performing a
uniaxial quasi-static tensile test. The tensile test was performed using a 313 Family
Universal Test Machine with Digital Controller. The environmental condition of
the test is at room temperature and atmospheric pressure. During the test, samples
were loaded axially as shown in Fig. 1. The tensile test was performed in loading-
unloading mechanisms at a controlled rate of 2.1 mm/s. Each sample was tested by
5 times loading-unloading processes to observe the changing of elastic modulus in
the elastic and plastic regions. The coated dimension of the coated samples was
measured by using Vernier calliper and Micrometre screw gauge (see Table 1).

The stress-strain curve was obtained after processing the load vs position data
from the data acquisition system of the machine. The stress value was obtained by
dividing the applied load with the initial cross-sectional area of the specimen. While
the strain was obtained from the relationship of the displacement and the initial
length. The slope vs strain curve was plotted to analyse the change of tangent
modulus in each loading-unloading process [23]. The slope data was obtained by
applying the slope formula in Eq. (1), as follows:

Y2=V1
X2—X1

m = 1)
where m is the slope of the curve, y,, y, are the stress data and x,, x, are the strain
data from the curve. To reduce the fluctuation due to noise, the slope was plotted
every 3 increments of data. After plotting the slope-strain curve, the determination
of the elastic modulus was done from the peak value. The peak region from the
curve indicates the highest effective elastic modulus of the sample before it finally
drops entering the yielding stage. The elastic modulus from the 15 to 5" loading
curves was then compared to determine the strength of the coating.

TESTRESQURCES
DATA LOGGING PC
LOAD CELL +
B
. T
TE‘NML_E SPECIMEN _
GRIPS _____“_\
Fig. 1. Schematics of tensile test.
Table 1. Coated samples dimensions
Diameter (mm) Length (cm)
Description Before coating After coating

NC-1 NC-2 NC-3 NC-1 NC-2 NC-3 NC1 NC-2 NC-3

Sample 1 3.16 315 314 316 317 317 1180 1189 12.02
Sample 2 3.12 314 315 315 316 317 1185 11.78 11.84
Sample 3 3.13 314 315 317 316 318 1174 1174 11.76
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3. Results and Discussion
3.1. Characterizations of GO and nanocomposite layer (NC-s)

The surface characterizations of the GO sample were done by performing SEM
and EDX (see Figs. 2 and 3 for SEM and EDX, respectively). Figure 2(a) shows
the scanned image of GO at magnifications of 20,000 times. The image expresses
the typical surface arrangement of the typical graphene layer. The exfoliation of
the graphite layers by the sonication process forms the porous three-dimensional
layer of graphene oxide. The sheets of wrinkled areas in the SEM results show
the characteristics of GO which are fitted with the results of our previous
study [17]. Referring to the EDX analysis shown in Fig. 3(a), the chemical
composition of the GO samples was recorded containing carbon 77.7 % of mass,
oxygen 22.3 % of mass, with no impurities detected which indicated that the GO
had high purity.

As for the NC samples, the magnification of the image was taken at 3000x as
shown in Figs. 2(b), (c), (d). The majority of the structure for all GO variations
form a smooth structure since the main component of the composite is chitosan.
For NC-1, the structure appears to be a smooth surface with several defects in it.
Meanwhile, for NC-2, there are also defects inside the structure with a smooth
surface surrounding it.

Finally, for 4 mg GO content (NC-3), the presence of CaCOs is obviously
seen from the stone-like structure. The presence of GO in NC-3 also appears in
the form of exfoliated layers on the composite polymer. The chemical
composition of each NC-s was investigated by EDX analysis, the typical EDX
analysis is shown in Figs. 3(b), (c), (d). From the result for NC-1, it shows that
the majority of the compound are occupied by carbon (63.18% of mass) and
oxygen (35.34% of mass), followed by calcium (1.48% of mass). Meanwhile, for
NC-2, the main chemical composition is also occupied by carbon (66.76% of
mass) and oxygen (32.74% of mass), followed by calcium (0.50% of mass).
Finally, for NC-3, the main component of the composite is still occupied by
carbon (65.13% of mass) and oxygen (32.87% of mass) with a larger amount of
calcium (2.01% of mass). These chemical compositions prove that the samples
contain GO and CaCOs.

3.2. XRD analysis

Figure 4 shows the result of the XRD pattern for GO and NC-s samples. The typical
peak of diffraction angle for GO falls at 26 = 9.9° [16, 17]. While the typical peak
of diffraction angle for chitosan falls at 26 = 20.7° respectively [24]. Apparently,
the XRD result for NC-s samples exhibits a broad peak between at 26 = 14.7° and
20.8°. This result indicated that the only interactions between the GO and chitosan
were only physical interactions (inter-and intra-molecular hydrogen bonding,
peptide bonding). The proven interaction of GO in hanocomposites is depicted by
the shifting of the GO peak to the higher degree of 26 = ~ 15°. Moreover, the XRD
pattern also exhibits a sharp peak at 20 = 44.5° indicating the feature of CaCQOj3
crystal inside the composite. This result convinces that the synthesis of
nanocomposites is formed successfully.
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Fig. 2. SEM images for (a) GO, (b) NC-1 (c) NC-2 (d) NC-3.

3.3. Tensile test result
3.3.1. The tensile test result of a blank sample

The stress-strain curve of the blank sample (Titanium Alloy wire) is shown in Fig. 5.
The elastic modulus was calculated from the slope of a linear portion of the elastic
region in the graph. The elastic modulus of the blank Titanium Alloy sample is 65.90
GPa and the yield strength is 1015.78 MPa. The blank sample breaks after 0.1 strain
with an ultimate tensile strength of 1139.42 MPa. These values will be used as the
reference of the mechanical properties of the titanium alloy wire (Ti-6Al-4V).

3.3.2. Stress vs. strain of coated samples

In the elastic region, the typical stress-strain and slope-strain curves of NC-1 sample
in the elastic region are shown in Fig. 6. The curve from the first loading tends to
exhibit a lower slope compared to the following 2™ to 5™ loading curves.

The changing slope between the first loading curve and the 2" to 5™ loading
curves is clearly seen in the plot. Moreover, the slope value of the first loading tends
to lower down after reaching a certain strain, while the slope values of the 2™ to 5
loading curves show almost similar characteristics and values.

The elastic modulus value from each loading curves was determined from the
peak value of the slope-strain curve. In Fig. 6, the peak value of slope from the first
loading curve is found to be 58.00 GPa. The slope then increases by 10%, becoming
around 64 GPa in the 2" to 5" loading curves.

Similar phenomena were also observed in NC-2 and NC-3 samples, in which
the 1% loading curve always showed lower slope value compared with the following
2" to 5" loading curves. Figure 7 plots the typical first loading curve of samples
NC-1, 2, and 3.
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Fig. 3. Typical EDX analysis (a) GO, (b) NC-1, (c) NC-2 (d) NC-3.
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Fig. 7. Typical first loading stress-strain curves of samples NC-1, 2, and 3 .

Table 2. Elastic modulus of coated samples.

Description Elastic modulus (GPa)
NC-1
Curves Samplel Sample2 Sample3

1st Loading 58.00 58.79 48.93
2nd Loading 64.64 63.17 55.77
3rd Loading 64.66 62.58 55.57
4th Loading 64.60 62.53 55.14
5th Loading 64.53 62.54 55.15
NC-2

1st Loading 59.24 53.07 51.83
2nd Loading 61.57 65.19 57.71
3rd Loading 61.47 64.84 57.21
4th Loading 61.36 63.89 56.96
5th Loading 61.41 63.53 56.96
NC-3

1st Loading 59.24 53.07 51.83
2nd Loading 61.57 65.19 57.71
3rd Loading 61.47 64.84 57.21
4th Loading 61.36 63.89 56.96
5th Loading 61.41 63.53 56.96

Table 2 summarizes the elastic modulus values of every sample obtained from
every loading curve. The 1% loading curve always shows lower value of slope
(elastic modulus) compared with the 2" to 5™ loading curves. Moreover, the slope
values of the 2" to 5" loading curves tend to not change, and they are also similar
to the elastic modulus value of the blank sample (65.9 GPa). This phenomenon is
likely to occur due to the effective deformation of the overall structure (coating +
base alloy) of the sample, which indicate that the coating layer on the samples has
been broken during the first loading in the elastic region. Hence, the slope of the
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2" to 5" loading curves do not show any difference and have a close value to the
blank sample (non-coated).

In the plastic region, to make sure that the coating layer was ruptured during the
elastic region, the stress-strain and slope-strain curves until the plastic region are
plotted in Fig. 8. The loading-unloading processes were conducted only 2 times
considering the plastic deformation of the sample. From the stress-strain and the
slope-strain curves, it is confirmed that the two slopes in the plastic region exhibit
similar characteristics and values as shown in Table 3. The 1% loading shows a value
which is similar with other 1% loading curves in Table 2, which is around 58 GPa.
Meanwhile, the 2" and 3™ loading curves show a close value with the blank sample.
Referring to Table 3, the elastic moduli (slope value) from the 2" and 3" loading
curves are around 61 GPa. This strongly indicates that the coating was ruptured
during the elastic region. Therefore, the next analysis is to observe any drastic change
in slope in elastic region to determine the rupture strength value of each sample.
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Fig. 8. The slope vs. strain and stress vs. strain curve for NC-1 after yielding.

Table 3. Elastic modulus of NC-1 in elastic and plastic regions.

Description Slope (GPa)
1%t curve (loading in elastic region) 57.90
2" curve (loading in plastic region) 61.46
3" curve (loading in plastic region) 61.25

3.4. Coating rupture strength

Based on the stress-strain and slope-strain curves of NC-1 sample in Fig. 6, it was
confirmed that the coating layer rupture during the elastic region. To determine the
value of rupture strength, the deviated slope value between the 1% and the 2" to 5%
loading was utilized. In this study, when the difference in slope reaches 10% gap,
the rupture strength is determined. As shown in Fig. 6, the rupture strength value
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for NC-1 specimen is to be around 473 MPa at 0.84% strain. By the same method,
it was found that the coating layer rupture strengths for NC-2 and NC-3 are 460
and 461 MPa, respectively. This difference might happen due to the graphene oxide
content. The dispersion rate of the graphene oxide inside the coating material
affects the material properties of the coating layer [18].

To summarize, the coating layer is likely to be ruptured in the elastic region after
reaching 0.84% strain. The 0.84% strain rupture point was determined by considering
the 10% percent difference in the slope-strain data between the 1% loading and the 2™
- 5" loading processes. Figure 9 summarizes the values of the rupture strength for
NC-1, 2, and 3 samples. Each sample shows a small deviation value.

= H =2 H

400 —
300

200

Rupture Strength (MPa)

100

NC‘—1 NC'—Z NC'-3
Fig. 9. Coating rupture strength of all samples.

From this finding, it appears that the three samples have a close value of rupture
strength. This indicates that the graphene oxide content does not significantly affect
the rupture strength of the coating layer. One possible cause might be the solubility
limit of the graphene oxide inside the biofilm solution. Moreover, the amount of
GO seems still too few compared with the CaCOj3 and chitosan. Hence, the benefit
of GO utilization in enhancing the coating material strength is not fully obtained.
For this, the ratio of GO concentration in the biofilm solution may need to be further
adjusted in the chemical composition.

4, Conclusion

In this study, investigation of the rupture strength of graphene oxide-based nano-
coating on titanium alloy (Ti-6Al-4V) was done successfully. The graphene oxide
nanocomposites-based coating fabricated by sol-gel dip-coating technique is
applied on the titanium allow wire as the coating layer. Three types of sample
specimens with different concentration of graphene oxide with 2, 3, and 4 mg-
based nanocomposites are prepared. The surface morphology and the chemical
composition of the coating layer were analysed using SEM, EDX, and X-Ray
diffractions showing that coating nanocomposites materials was formed
successfully. Subsequently, determination of the rupture strength of the coating
layer was done by tensile test. In the test, 5 times of loading and unloading processes
were done to observe the change in the tangent modulus (slope of stress-strain curve)
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per strain increment. The three samples exhibit similar characteristics that the 1%
loading curve showed lower elastic modulus value compared with the 2" to 5™
loading curves. By observing the change in tangent modulus values per strain
increment, it was revealed that after reaching 0.84% strain, the slope of the 1° stress-
strain curve tends to decrease, indicating the coating layer has been ruptured before
yielding point of the Titanium Alloy wire. The stress values at 0.84% for the samples
with NC-1, NC-2 and NC-3 are 473, 460, and 461 MPa, respectively, with relatively
small standard deviation. Therefore, the rupture strength of the coating layer could be
determined. In addition, this method can be used for measuring the rupture strength
of other kind of coating layer for orthopedic implants.
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