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Figure 53: Acoustic emission and COF with respect to the applied normal load for
UHMWPE reinforced with 1.5wt% CNT
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Figure 54: UHMWPE reinforced with 1.5wt% CNT - SEM image of scratch

43 Phase 3 - Optimization and characterization of hybrid
nanocomposite UHMWPE reinforced with CNT and HA Coating

4.3.1 Dispersion of HA in UHMWPE reinforced with 1.5wt% CNT matrix

Figure 55 shows the SEM images of 3wt% HA reinforced with UHMWPE and 1.5%
CNT. It can be observed that the HA plates have been disentangled and evenly

distributed in the UHMWPE matrix along with the CNT’s.
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Figure 55: SEM images of UHMWPE reinforced with 1.5 % CNT and 3% HA

However, when the percentage of HA is increased from 3wt% to 5wt%, agglomerated
HA plates were spotted as shown in figure 56. The poor dispersal of 5wt% HA in to the
UHMWPE and 1.5%CNT matrix could result in diminishing the mechanical properties of
the coating.
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Figure 56: SEM images of UHMWPE reinforced with 1.5 % CNT and 5% HA

4.3.2 Hardness measurements of hybrid nanocomposite coating

Figure 57 shows the change in hardness and penetration depth for different compositions

of HA added to UHMWRPE reinforced with 1.5wt% CNT. A 22.1% increase in the

92



hardness value and a 9% decrease in penetration depth is observed for Owt%HA to

3wt%HA.

The hardness and penetration depth were calculated from the average of 20 different

indentations made at different locations on the sample.
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Figure 57: Hardness & Penetration depth Vs composition for U+1.5% CNT+X%
HA

4.3.3 Tribological characterization of UHMWPE reinforced with 1.5wt%
CNT and different wt% HA

Hydroxyapatite was integrated into the UHMWPE reinforced with 1.5%CNT matrix to
improve the bioactivity and osteocoductivity of the coating. Furthermore studies show an
improvement in mechanical properties upon addition of HA in UHMWPE matrix [90,

91].

Table 15 shows the different composition used for optimization. The load and number of
cycles were kept constant throughout the test at 12N and 100,000 cycles respectively.
Figure 58 shows the COF graphs along with the wear track and EDX analysis and figure

59 shows the average wear life for all compositions.
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Table 15: Wear life test for UHMWPE reinforced with 1.5wt% CNT and different
wt% HA for 100,000 Cycles

Test # Sample Composition Applied Load | No.of Cycles Result
1 U+ 1.5% CNT 12N 100,000 Test did Not Fail
2 U+ 1.5%CNT +0.5% HA 12N 100,000 Test did Not Fail
3 U+15%CNT + 1.5% HA 12N 100,000 Test did Not Fail
4 U+15%CNT + 3% HA 12N 100,000 Test did Not Fail
5 U+1.5%CNT + 5% HA 12N 100,000 Test Failed
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Figure 58: Typical COF graphs, SEM images of wear track and EDX analysis for
Hybrid nanocomposite coatings, recorded after a wear test conducted at at FN=
12N, V= 0.1m/s 100,000 cycles
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Figure 59: Average wear life of UHMWPE reinforced with 1.5wt% CNT and
different wt% of HA for 100,000 cycles

Four compositions, UHMWPE reinforced with 1.5wt% CNT and the addition of 0.5wt%
HA, 1.5wt% HA and 3wt% HA, completed the 100,000 cycle test without failure as,
however increasing the percentage of HA to 5wt% from 3wt% resulted in failure of
coating at ~ 34,000 cycles, due to agglomeration and pile up of HA plates as discussed in

section 4.3.1.

Figure 60 shows the 3-D and 2-D optical profiles of the track along with the ball images.
From the 2D plot It is observed that the profile depth decreases with the increase of HA

content, this is clearly illustrated in figure 61.
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Figure 60: 3-D and 2-D Optical profiles and counterface ball images after the wear
test conducted on UHMWPE hybrid nanocomposite coating, recorded at F,=12N
and v =0.1m/s for 100,000 cycles
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Figure 61: Depth comparison for Hybrid nanocomposite coating (100,000 cycles)
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The same compositions were further tested at 250,000 cycles, with all the other
parameters unchanged as shown in table 16. SEM image of the wear track along with
EDX analysis and the COF graphs are depicted in figure 62 and figure 63 shows the

average wear life for 250,000 cycles.

Table 16: Wear life test for UHMWPE reinforced with 1.5wt% CNT and different
wt% HA for 250,000 Cycles

T;St Sample Composition Applied Load No. of Cycles Result
1 U+15%CNT 12N 250,000 Test Failed
2 U+ 1.5%CNT+ 0.5%HA 12N 250,000 Test did Not Fail
3 U+ 1L.5%CNT+ 1.5%HA 12N 250,000 Test did Not Fail
4 U+ 1.5%CNT+ 3%HA 12N 250,000 Test did Not Fail
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Figure 62: Typical COF graphs, SEM images of wear track and EDX analysis for
Hybrid nanocomposite coatings, recorded after a wear test conducted at at FN=
12N, V= 0.1m/s 250,000 cycles
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Figure 63: Average wear life of UHMWPE reinforced with 1.5wt% CNT and
different wt% of HA for 250,000 cycles

UHMWPE reinforced with 1.5wt% CNT failed at an average wear life of 170,000 cycles.
Whereas, the nanocomposite hybrid coating completed the 250,000 cycle test without
failure. The 3-D and 2-D profiles of a single test are shown in figure 64. The decrease in
profile depth with respect to the addition of HA was also observed for 250,000 cycles, for

comparison the track depth for all the three compositions of HA is plotted in figure 65.
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Figure 64: 3-D and 2-D Optical profiles and counterface ball images after the wear
test conducted on UHMWPE hybrid nanocomposite coating, recorded at F,=12N
and v =0.1m/s for 250,000 cycles
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Figure 65: Depth comparison for Hybrid nanocomposite coating for 250,000 cycles
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To evaluate and understand the individual performance of these three compositions i.e.
0.5wt%HA, 1.5wt%HA and 3wt% HA with UHMWPE and 1.5% CNT, the wear volume

was calculated as shown in table 17.

It is observed that there is a 75.7% and only a 39.2% increase in depth when the number
of cycles is increased from 100,000 cycles to 250,000 cycles for 0.5wt%HA and 3wt%
HA respectively. Furthermore, a 70.7% and 42% increase in wear volume is seen for
0.5Wt%HA and 3%HA upon increasing the number of cycles from 100,000 cycles to
250,000 cycles. Signifying the 3wt%HA as a more wear resistant coating compared to
0.5wt% and 1.5wt%. Figure 66 shows the increase in track depth for 3wt% HA

reinforced with UHMWPE and 1.5wt% CNT.

Table 17: Percentage increase of Depth and wear volume for 100,000 cycles and

250,000 cycles
100,000 Cycles 250,000 Cycles Depth | | vear
' y ' y b Volume
A\/g ) Wear Avg ) Wear
Depth VO'“TG Depth Volur?e %Increase | %lIncrease
(Hm) (mm) (Hm) (mm )
U+1.5CNT+
05HA 85.70 1.08 150.53 1.84 75.7 70.7
U+1.5CNT+
15HA 79.72 1.06 122.05 1.78 53.1 68.2
U+1.5CNT+
3HA 71.84 0.85 100.04 1.21 39.2 42
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Figure 66: Track depth of UHMWRPE reinforced with 1.5wt% CNT and 3wt% HA,
for 100,000 cycles and 250,000 Cycles
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4.3.4 Evaluation of scratch resistance for UHMWPE reinforced with 1.5wt%o
of CNT and 3wt% HA

The Hybrid nanocomposite coating, did not fail during scratch test, as shown in figures
67 and 68. Acoustic emission remains constant throughout the test indicating the indenter
not being able to penetrate the coating and reach the substrate, implying a very adhesive
coating, Fig 68 (A) shows the full length of the scratch and fig 68 (B) shows a location of

the scratch at ~ 28N normal load.
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Figure 67: Acoustic emission with respect to the applied normal load for UHMWPE
reinforced with 1.5wt% CNT and 3% HA
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Figure 68: UHMWPE reinforced with 1.5% CNT and 3% HA - SEM image of
scratch
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4.3.5 Tribological characterization of UHMWPE reinforced with 1.5wt%
CNT and 3wt% HA on Ti6Al4V and Ti20Nb13Zr

The optimized hybrid nanocomposite coating was further tested on two different

substrates, i.e. Ti6Al4V and TI20Nb13Zr, to study the effect of substrate on the coating.

Figure 69 shows the COF along with the wear track and EDX analysis on titanium alloys
and figure 70 and 71 shows the 3-D and 2-D profiles of wear track and Average wear life
of the test respectively. The same test parameters were used, and no certain substrate
effect was observed. The coating completed the 250,000 test without failure for all three

tests for each individual substrate.

Ti6AI4V Wear Track & EDX

COF=0.151

8000 16000 24000 32000
Time (s)

Ti20Nb13Zr

COF =0.155

ol
0 8000 16000 24000 32000

Figure 69: Typical COF graph, SEM images of wear track and EDX analysis of
hybrid nanocomposite coating deposited on Titanium alloys, recorded after a wear
test conducted at Fy= 12N and V= 0.1m/s for 250,000 cycles
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Figure 70: 3-D and 2-D Optical profiles and counterface ball images after the wear
test conducted on the optimized Hybrid nanocomposite coating deposited on
Ti6Al4V and Ti20Nb13Zr at Fy=12N and V =0.1m/s for 250,000 cycles
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Figure 71: Average wear life of UHMWPE reinforced with 1.5wt% CNT and 3wt%o
HA on Titanium alloys
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4.3.6 Comparison of the tribological performance of all the different bare

substrates with the developed optimized hybrid nanocomposite coating

Tribological performance in terms of specific wear rate (SWR) and coefficient of friction
(COF) of the developed optimized hybrid nanocomposite coating were compared to that
of the different bare substrates to highlight the efficiency of the developed coatings in
improving the wear life of the substrates. Specific wear rates (SWR) were calculated for
the bare substrates and the optimized UHMWPE hybrid nanocomposite coating
reinforced with 1.5wt% CNT and 3wt% HA as shown in Table 18. The coating had a
considerable low SWR and low COF compared to all the bare substrates as can be seen

from Table 18 and figure 72.

Table 18: Specific Wear Rate

Specific wear rate

Material Avg COF (mm¥Nm) x 10*
Pure Titanium 0.35 3.971
Ti6Al4V 0.31 2.681
Ti20Nb13Zr 0.24 1.498
U+1.5%CNT+3%HA 0.15 0.443
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Figure 72: Specific Wear Rates/coefficient of friction for all the bare substrates and
the Hybrid nanocomposite coating tested at FN= 12N and V= 0.1 m/s

It is to be noted that in a tribological application, the wear life of both the mating surfaces
is of utmost importance. The coating or surface modification done to improve the
tribological properties of one of the mating surfaces should be able to protect even the
counterface material from wear and tear for a successful tribological performance of the
complete system. As can be seen from the figure 64, that the specific wear rate and the
COF for the developed hybrid nanocomposite coating is significantly low as compared to
that of all the bare substrates. But it is interesting to note that; even the counterface ball
which slid against the developed hybrid nanocomposite coating shows no signs of wear
and tear as can be clearly seen from the optical image of the ball (figure 64 (d)) recorded
after a test of 250,000 cycles signifying the improved tribological performance of the
coating to protect the complete system. However, the counterface balls sliding against the
bare substrates show big scar marks only after a test run for 2400 cycles as shown in

figure 64 (a-c).

108



Therefore the developed and optimized hybrid nanocomposite coating was not only
successful in reducing the COF and SWR of the titanium alloys but also was effective in

protecting the wear and tear of the counterface.

4.3.7 Corrosion test of hybrid nanocomposite UHMWPE reinforced with
1.5wt% CNT and 3wt% HA coating

Figure 73 shows the monitoring of Open Circuit Potential (OCP) values for uncoated and
coated Ti6al4V alloy substrates in SBF medium. It can be observed that the OCP values
of Ti6al4Vv with UHMWPE coatings shifted to noble direction and in particular
UHMWPE reinforced with 1.5wt% CNT and 3wt% HA offered the noblest shift in
potential. This behavior indicated that the corrosion protection performance of
UHMWPE coatings is enhanced with the incorporation of 1.5tw% CNTSs and 3wt% HA.

Further to get the clear insight, EIS is performed to validate the obtained OCP results.

Figure 74 represents the EIS data in Bode formats. Initial reflection of the Bode graphs
(Fig. 66), all of the coated samples suggests different EIS curves with the uncoated Ti64.
For uncoated substrates, large phase angle continued about -80° at mid and low frequency
regions while the slope of resistant curves is found to be about -1, representing the
distinctive result of a capacitive behavior of native passive layer. In contrast, two maxima
in phase angle was obtained at the high and low frequency regions in the case of coated
Ti6Al4V samples, which is revealing the association of at least two time constants related
with the two-layer structure of the coated Ti6AlI4V samples. The impedance in the low
frequency region for the coated Ti6AIl4V substrates appears to be nearly four order of
magnitude higher than that showed by the uncoated Ti6Al4V substrate. The higher

impedance is possibly due to a barrier performance where the coating is obstructive
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admittance of the hostile electrolytic species toward the metal/coating interface. In

particular, the coatings with the incorporation of 1.5wt% CNTs and 3wt% HA exhibited

the highest impedance values which confirmed the enhanced behavior of the coatings.
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

This study was commenced to develop a novel UHMWPE hybrid nanocomposite coating
implemented by an electrostatic spray coating technique to modify the surface of titanium

and its alloys to enhance its tribological properties.

Carbon nanotubes were used as reinforcement in the UHMWPE matrix to enhance the
load bearing capacity of UHMWPE by anchoring the polymer chains in a bridged
manner. Different weight percentage (0.5wt%, 1.5wt%, and 3wt %) of CNT’s were

reinforced in the UHMWPE matrix and optimized based on the tribological results.

Hydroxyapatite was incorporated into the nanocomposite coating to enhance the
biocompatibility and improve the mechanical properties of the UHMWPE reinforced
with CNT nanocomposite coating. The weight percentages used for optimization
hydroxyapatite content were 0.5wt%, 1.5wt%, 3wt% and 5wt%. Similar to the
nanocomposite coating the Hybrid nanocomposite coating was also optimized based on

the tribological outcome of the coating.

Pure titanium — Grade 2 was used for all the experiments during the optimization process,
prior to spray coating the substrates were grinded, ultra-sonic cleaning with acetone,

plasma treated and pre-heat treated to improve the adhesion of the coating.

The effect of plasma treatment on the water contact angle was evaluated. There was a

significant drop of up to 79.1% in WCA after plasma treatment compared to before
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plasma treatment suggesting an increase in surface energy by carbon cleaning and

oxidation effect.

Plasma treated substrates were electrostatic spray coated with pristine UHWMPE in
phase 1 and in phase 2 CNT’s were reinforced in UHMWPE to form a nanocomposite
coating (0.5%, 1.5% and 3% CNT), and finally in phase 3, hydroxyapatite was reinforced
in the nanocomposite coating to form a hybrid nanocomposite coating (0.5%, 1.5%,3%

and 5% HA).

The effect of load on the tribological behavior of pristine UHMWPE was evaluated. The
coating failed at approximately 3600 cycles for a load 12N with a sliding velocity of 0.1
m/s. Aadditionally, initial failure was observed at a load of 7.3N and complete failure for

a load of 10.2N during a linear progressive scratch test.

Raman spectroscopy of the nanocomposite coating showed a higher shift in the G-band
for 1.5Wt%CNT compared to 0.5wt% and 3wt% CNT suggesting a much even
distribution for 1.5wt% CNT. Also SEM analysis revealed a uniform distribution for
1.5wt% of CNT and less quantity of CNT for 0.5wt% of CNT whereas for 3wt% of CNT,
clusters of CNT agglomerates were observed. Hardness measurement revealed increases
in ~37% hardness for Owt% CNT to 3wt% CNT reinforced with UHMWPE. Moreover,
0.5wWt% and 3wt% of CNT failed at 28,000 cycles and 7000 cycles during a 50,000 cycle
wear test cycles at a load of 12N and a sliding velocity of 0.1m/s, whereas 1.5wt% CNT
did not fail as a result of uniform CNT distribution, and the ability to anchor the pristine
UHMWPE chains in a bridged manner. The failure of 1.5wt% CNT is due to lack of CNT

whereas failure of 3wt% CNT is attributed to agglomeration as observed during SEM
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analysis. Scratch analysis indicated an initial failure of 21.8N and a complete failure at

24.8N for 1.5wt% CNT reinforced with UHMWPE nanocomposite coating.

SEM analysis of UHMWPE nanocomposite coating was assessed, A uniform distribution
was observed for 3wt%HA, conversely agglomerated and pile up of HA plate were
spotted for 5wWt%HA. Hardness measurement revealed increases in ~22.1% hardness for

Owt% CNT to 3wt% HA reinforced with UHMWPE and 1.5wt%CNT.

UHMWPE Nanocomposite hybrid coating with 1.5wt% CNT reinforced in UHMWPE
and the addition of 0.5wt%HA/ 1.5wt%HA and 3wt%HA did not fail during the
100,000cycle and 250,000cycle wear test. However difference in track depth was
observed. U+1.5%CNT + 0.5%HA had the highest increase in track depth ~75.7%, while
U+1.5%CNT + 3%HA had the lowest increase in track depth ~37.2%, in addition the

coating did not fail during a linear progressive scratch analysis for 3wt% HA.

Wear life test was conducted on Ti6Al4V and Ti20Nb13Zr coated with the optimized
UHMWPE nanocomposite coating (UHMWPE reinforced with 1.5wt% CNT and

3wt%HA), the coating did not fail the 250,000 cycle test.

Corrosion test for the optimized hybrid nanocomposite coating revealed a noble shift in
potential for the OCP value and the highest impedance value which confirms the

enhanced behavior of the coating.

Future research should be focused on evaluating the tribological performance of the
nanocomposite coating in SBF solution and performing tribological characterization with
different counterface material. Further in vivo and in vitro studies should be conducted to

evaluate the biocompatibility of the coating.
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