JTTEES 20:1217-1230
DOI: 10.1007/s11666-011-9669-2
1059-9630/$19.00 © ASM International

<

Wear Behavior of Plasma-Sprayed Carbon
Nanotube-Reinforced Aluminum Oxide
Coating in Marine and High-Temperature
Environments
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Wear behavior of plasma-sprayed carbon nanotube (CNT)-reinforced aluminum oxide (Al,O3) com-
posite coatings are investigated at room temperature (298 K), elevated temperature (873 K), and in sea
water. Lowest wear volume loss was observed in the sea water as compared to dry sliding at 298 and
873 K. Relative improvement in the wear resistance of Al,03-8 wt.% CNT coating compared to Al,O3
was 72% at 298 K, 76% at 873 K, and 66% in sea water. The improvement in the wear resistance of
AL O3-CNT coatings is attributed to (i) larger area coverage by protective film on the wear surface at
room temperature and in sea water, (ii) higher fracture toughness of Al,0;-CNT coatings due to CNT
bridging between splats, and (iii) anti-friction effect of sea water. The average coefficient of friction
(COF) was the lowest (0.55) in sea water and the highest (0.83) at 873 K for Al,03-8 wt.% CNT coating.

Keywords carbon nanotube, friction and wear, nanocrystal-
line composites, nanopowders, nanostructured
coatings, plasma spraying, wear mechanisms

1. Introduction

Plasma-sprayed aluminum oxide (Al,O3) coatings offer
excellent wear resistance, corrosion resistance, heat, and
thermal shock resistance, and have been widely used by
the US Navy and other industries (Ref 1-6). These coat-
ings have to operate under severe conditions, such as high
load, high speed, elevated temperature, and aggressive
corrosive and marine environments (Ref 5, 7-10). There-
fore, it is of primary importance to study the tribological
behavior of coatings at extreme conditions.

Tribological behavior of carbon nanotube (CNT)-
reinforced Al,O3; composites has been explored earlier
(Ref 8, 11-15). Ahmad et al. investigated the tribological
behavior of hot-pressed Al,O3;-CNT composites against
silicon nitride (SizNy) ball for varying CNT contents up to
10 wt.% (Ref 11). Addition of 10 wt.% of CNT in
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monolithic Al,O; showed an improvement of 63% in
sliding wear resistance under normal load of 14 N
(Ref 11). This improvement was attributed to the disper-
sion of CNTs in Al,O3 matrix, CNT bridging within the
Al,O5 grains, and strengthening of the grain boundaries
by CNTs (Ref 11). An et al. also studied the tribological
performance of hot-pressed Al,O3;-CNT against SizNy ball
and found that wear resistance improved for 4 wt.% CNT
but showed deterioration at higher CNT content
(10 wt.%) because of inhomogeneous dispersion and poor
cohesion of CNT (Ref 12). Lim et al. showed that wear
resistance continuously improved with an increase in CNT
content up to 12 wt.% in Al,O53-CNT composite (Ref 15).
This was attributed to the enhanced dispersion of CNTs in
Al,O3; which was achieved by tape casting followed by
lamination and hot pressing (Ref 15).

In our group’s earlier study, Balani et al. reported the
room temperature tribological behavior of plasma-
sprayed AL, O3;-CNT coatings in dry sliding condition
against ZrO, pin at a normal load of 48 N (Ref 13). An
improvement of 49 times in the sliding wear resistance of
Al,O3-8 wt.% CNT coating was observed (Ref 13). This
improvement was attributed to a uniform dispersion of
nanotubes, CNT bridging between the splats, and
enhanced densification by CNTs. In another study, tribo-
logical behavior of plasma-sprayed Al,O5-1.5 wt.% CNT
coating was investigated at elevated temperature (~573,
873 K) against tungsten carbide (WC) ball as a counter-
part at a normal load of 30 N (Ref 8). This coating was
synthesized by plasma spraying using Al,O; powder hav-
ing chemical vapor-deposited (CVD) CNTs on the powder
surface. The wear surface showed formation of tungsten
oxide (WO3;)-rich protective layer because of tribochem-
ical reaction with WC ball at elevated temperature
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(Ref 8). Relative improvement in the wear resistance of
Al,O3-1.5 wt.% CNT coating was found to be ~12% at
room temperature, 56% at 573 K, and 82% at 873 K (Ref
8). Improved wear resistance of Al,Os-CNT coating was
attributed to (i) large area coverage by protective film at
the elevated temperature, (ii) higher hardness than Al,O;
coating, and (iii) CNT bridging between splats.

Though our previous studies provided an insight into
the wear behavior of plasma-sprayed Al,O3;-CNT coatings
(Ref 8, 13), no information could be determined about
tribological behavior in marine environment. To the best
of our knowledge, no study has been reported in the lit-
erature on the tribological behavior of plasma-sprayed
Al,O3-CNT coatings in sea water. In the present study, the
tribological behavior of plasma-sprayed Al,O3;-CNT
coatings is investigated at room temperature (298 K),
elevated temperature (873 K), and in sea water, using ball-
on-disk tribometer against a SizN, ball. Hence, the novelty
of this study is two-fold: (i) tribological behavior of Al,O3-
CNT composite coatings in marine environment, and (ii)
high-temperature wear behavior of Al,O3-CNT composite
coatings at a higher CNT content of 4 and 8 wt.%. Our
previous (Ref 8) high-temperature wear study of Al,O3-
CNT composite was restricted to mere 1.5 wt.% CNTs,
which is significantly lower than 4 and 8 wt.% CNTs
adopted in the present study.

2. Experimental Procedure

2.1 Coating Synthesis

Three different spray-dried powders viz. AlLO;
(referred as A-SD), Al,O3-4 wt.% CNT (referred as A4C-
SD), and Al,O3-8 wt.% CNT (referred as A8C-SD) were
plasma sprayed using SG 100 gun (Praxair Surface Tech-
nology, Danbury, CT) on AISI 1020 steel substrate
(100 mm x 19 mm x 3.2 mm) to synthesize Al,O; and
Al,O3-CNT coatings. Optimized plasma parameters to
obtain high density coating were employed to synthesize
the ALO; and Al,O3-CNT coatings and are listed in
Table 1. The details of powder processing and optimiza-
tion are published elsewhere (Ref 16).

2.2 Microstructural and Mechanical
Characterization

A JEOL JSM 6330 F field emission scanning electron
microscope (FE-SEM) was employed to investigate the
microstructural and topographical features of the worn
surface of plasma-sprayed Al,O;-CNT coatings. X-ray
mapping was performed using a JEOL JSM 5910LV

scanning electron microscope (SEM) operating at 15 kV
with 16 frames in a matrix of 1024 x 800 pixels taking
50 us per square pixel, each pixel being of dimensions
0.336 um in the x and y equally. Micro-Raman spectros-
copy (spatial resolution: 5 um) was employed to study the
CNT structure in Al,O3-CNT coatings before and after
wear. A titanium (Ti)-sapphire crystal target with a laser
wavelength of 785 nm was used, and the laser was pro-
duced using a source from Spectra Physics (Model 3900 S,
CA, USA) with the detector (spectral resolution: 4 cm ™)
from Kaiser optical system, Inc. (MI, USA). The wear
tracks of the Al,O3-CNT coatings after room temperature
(298 K) and high-temperature testing (873 K) were char-
acterized using Physical Electronics (PHI 5400) ESCA
x-ray photoelectron spectroscopy (XPS). Nonmonochro-
matic x-ray radiation from Mg Ka source of 300 W was
used for the analysis. Vickers microhardness tester (MHT
Micro Photonics Inc., CA) at a load of 4 kg, and
30 seconds dwell time was applied to measure the microh-
ardness of the coatings. Fracture toughness by indentation
method was evaluated using Anstis equation (Ref 17).

2.3 Tribological Studies

Ball-on-disk tribometer (Nanovea, Micro Photonics
Inc., CA, USA) having options of conducting wear
experiments at high temperature and in lubricating media
was employed to evaluate the wear resistance of the
coatings. Wear tests were conducted at room temperature
(298 K), elevated temperature (873 K), and in sea water.
Sea water studies were conducted at room temperature
(298 K). Sea water was prepared according to the
ASTM1141-98 standard (Ref 18) as shown in Table 2.

Wear tests were carried out at 250 rpm (linear sliding
velocity: 0.156 m/s) and at a normal load of 30 N with a
stationary ball and the rotating sample. Each wear test was
conducted for 60 min resulting in 15000 revolutions which
correspond to 565 meters linear travel distance. A 3 mm-
diameter silicon nitride (Si;Ny4) ball was employed to slide
against the coating surface. The surface of the plasma-
sprayed coatings was polished to an average rough-
ness (R,) value of ~1.0-2.5 um. Surface roughness of the

Table 2 Chemical composition of sea water (Ref 18)

Compound Concentration, g/L Compound Concentration, g/L

NaCl 24.530 KCl 0.695
Na,SO, 4.093 NaHCO; 0.201
MgCl 5212 KBr 0.101
CaCl, 1.161 H;BO; 0.027
SrCl, 0.025 NaF 0.003

Table 1 Plasma-spraying parameters for synthesizing A-SD, A4C-SD, and A8C-SD coatings

Primary Secondary Stand-off
Current, Voltage, gas, argon, gas, helium, (mm) from the Powder feed rate, Substrate preheat
A A% slm slm substrate g/min temperature, K
850 40 56.6 59.5 75 3 453
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polished coatings was measured using surface roughness
analyzer TR 200 (Micro Photonics Inc., CA). The worn
surface profile was investigated using a non-contact 3D
optical profilometer PS50 (Nanovea, CA, USA). The
resultant profile images were processed using image pro-
cessing software SPIP™ (Image Metrology A/S, Hors-
holm, Denmark) to calculate the wear volume. Depth
profiles were taken along lines drawn parallel as well as
perpendicular to the wear track. Three wear tests were
conducted for each condition to evaluate the consistency
of the wear volume loss and coefficient of friction (COF).
The frictional force between the ball and the coating
surface was measured by the linear variable differential
transformer (LVDT) sensor. The data were acquired at a
rate of 1000 data points per minute.

3. Results and Discussion

3.1 Plasma-sprayed Al,O3-CNT Coatings

A brief background of the powder processing and the
coating synthesis are described here for the benefit of
readers and sake of completeness. The details are pub-
lished elsewhere (Ref 16). Fine Al,O; powder (150 nm)
was reinforced with multiwall CNTs of varying content
(0, 4, and 8 wt.%), by spray-drying technique. The spray-
dried agglomerates contain high amounts of porosity
(~30-40%), but this improves flowability of the powder
because of the spherical shape and reduced interparticle
friction between nanoparticles. CNTs were uniformly
dispersed on the surface of agglomerate which is critical
for an improvement in the mechanical and tribological
properties. A-SD, A4C-SD, and AS8C-SD composite
coatings were synthesized by plasma spraying of spray-
dried AL,O3, ALLO3-4 wt.% CNT, and Al,O3-8 wt.% CNT
powders, respectively. Coatings have a uniform thickness
of 400 um with a theoretical density of ~96% for A-SD
coating and ~96.5 and ~97% for A4C-SD and A8C-SD
coatings, respectively, as measured by the water immer-
sion technique (Ref 16). The slightly higher density in

—<

CNT containing coatings is attributed to the uniform dis-
persion of nanotubes in the agglomerates, which causes
uniform melting and intersplat void filling (Ref 16).
Figure 1(a) and (b) shows the fracture surface of A4C-
SD and A8C-SD coatings, respectively. CNTs are dis-
persed within Al,Oj splats. Table 3 shows the microh-
ardness and fracture toughness of A-SD, A4C-SD, and
A8C-SD coatings. Owing to limitations associated with
measurement of true fracture toughness of ceramics by
indentation and SEVNB (Single edge V-notched beam)
methods (Ref 19-21), we have emphasized on relative
improvement in the fracture toughness in Table 3.
Improvement in the microhardness of CNT-reinforced
coatings is attributed to the enhanced indentation resis-
tance due to CNTs. Significant improvement in the frac-
ture toughness of CNT-reinforced coatings is attributed to
the combined effect of lower porosity and the distributed
CNTs in the Al,O; matrix, which promotes toughening
mechanisms. SEM investigation inside the indentation
crack elucidates the toughening mechanisms offered by
CNTs. Figure 2(a) shows the high magnification SEM
image of Vickers indent at 4 kg load showing the fine
radial crack in A8C-SD coating. Figure 2(b) display high
magnification SEM images within the crack in ASC-SD
coating. CNT bridging between the splats resists the crack
widening and propagation, and hence, contributes toward
the toughening. Uniformly dispersed CNTs in Al,O5
matrix provide multiple sites for anchoring and bridging
the splats resulting in uniform toughening. Crack deflection

Table 3 Vickers microhardness and fracture toughness
of A-SD, A4C-SD, and A8C-SD coatings

Relative improvement

Fracture % in fracture
Hardness, Toughness, toughness (compared
VHN MPa m'? to A-SD coating)
A-SD 1498 + 62 0.93 + 016
A4C-SD 1606 + 53 1.75 £ 0.25 88
A8C-SD 1670 + 41 4.09 + 0.58 339

Fig. 1 SEM images of fracture surfaces of (a) A4C-SD coating and (b) A8C-SD coating showing CNTs in the Al,O3 matrix
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Fig. 2 (a) High magnification SEM image of Vickers indent at 4 kg load for A8C-SD coating showing fine radial crack. (b) High
magnification SEM image within the crack for ASC-SD coating showing CNT bridging inside the crack. (c) High magnification SEM
image within the crack for A8C-SD coating showing crack deflections at Al,O3-CNT interface

at CNT/AL,Os3 interface is also observed in the A8C-SD
coating. Figure 2(c) shows that crack deflects to another
direction after it interacts with CNT bridge. Such deflec-
tion results in the dissipation of crack energy resulting in
improved fracture toughness.

3.2 Wear Behavior at Room and High
Temperatures

Figure 3 shows the wear volume loss as a function of
temperature at a normal load of 30 N for A-SD, A4C-SD,
and A8C-SD coatings. Wear volume loss of each coating
in sea water is also shown in Fig. 3 which will be discussed
later in section 3.3. Percentage value shown in Fig. 3 is the
relative improvement in the wear resistance of that coat-
ing relative to A-SD coating. Volume loss increases with
the temperature for all coatings, while it decreases with an
increasing CNT content when sliding against Si;N, coun-
ter body. The difference in the volume loss due to wear is
clearly shown in 3D optical profiles in Fig. 4. Figure 4(a)
and (b) shows the 3D optical profiles of wear tracks of A-
SD and A8C-SD coatings, respectively, at 298 K, while
Fig. 4(c) and (d) shows the 3D optical profile images of
wear track of A-SD and A8C-SD coatings, respectively, at
873 K. The wear profile for A4C-SD (i.e., intermediate
CNT content) is not shown here for the sake of brevity.
Similarly, wear track profiles of A-SD and AS8C-SD

1220—Volume 20(6) December 2011
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Fig. 3 Wear volume loss of A-SD, A4C-SD, and A8C-SD
coatings at room temperature (298 K), sea water (298-SW), and
at 873 K. Percentage value shown above the bar is the relative
improvement in the wear resistance of the that coating relative to
AL O3 (A-SD) coating

coatings in sea water are shown in Fig. 4(e) and (f),
respectively. Inset image represents the depth and width
of the corresponding wear track.
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Fig. 4 3D optical profiles of worn surface of (a, b) A-SD and A8C-SD coatings at 298 K, (c, d) A-SD and A8C-SD coatings at 873 K,
and (e, f) A-SD and A8C-SD coating in sea water. Inset image shows the depth of the wear track after the linear sliding distance of
~565 m at normal load of 30 N

Table 4 Wear depths, wear volume losses, and coefficients of friction for A-SD, A4C-SD, and A8C-SD coatings at 298 K,
873 K, and in sea water

Wear depth, pm Wear volume loss, mm® Coefficient of friction (COF)

298 K 873 K Sea water 298 K 873 K Sea water 298 K 873 K Sea water

A-SD 52 180 22 0.56 8.54 0.27 0.71 0.82 0.59

A4C-SD 38 135 14 0.43 3.79 0.12 0.67 0.83 0.57

A8C-SD 17 105 8 0.15 2.03 0.09 0.65 0.83 0.55
Wear depths and wear volume losses for A-SD, A4C- tabulated in Table 4. COF is also listed in Table 4, which
SD, and A8C-SD coatings at 298 K, 873 K, and at sea will be discussed later in section 3.4. The highest wear
water, are calculated from the wear profiles and are depth and wear volume loss were observed for all coatings
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Fig. 5 Wear surface topography after the linear sliding distance of ~565 m and at normal load of 30 N for (a-c) A-SD, A4C-SD, and
A8C-SD coatings, respectively, at 298 K, (d-f) A-SD, A4C-SD, and A8C-SD coating respectively at 873 K, and (g-i) A-SD, A4C-SD, and

A8C-SD coating respectively in sea water

at 873 K, while the lowest wear was observed in sea water.
The reinforcement effect of CNTs is clearly highlighted in
Fig. 4 and Table 4, which reveals the lower wear depth
and volume for CNT-reinforced Al,Oj3 coatings.

Table 5 Area fraction of thin film on the wear surface
of A-SD, A4C-SD, and A8C-SD coatings at 298 K, 873 K
and in sea water

In order to understand the wear mechanism at different Room High
conditions, wear surfaces were observed under FE-SEM temzl;%“;?“e te"g;e;’;?“e S .
as shown in Fig. 5. Wear surface of coatings in sea water ( ) ( ) e water
are also shown in Fig. 5. Figure 5(a)-(c) shows the SEM A-SD 0.63 Not observed 0.42
micrographs of wear surfaces of A-SD, A4C-SD, and A4C-SD 0.69 0.08 0.55
A8C-SD 0.76 0.11 0.63

A8C-SD coatings at 298 K, respectively. Similarly,
Fig. 5(d)-(f) represents the SEM micrographs of wear
surfaces of A-SD, A4C-SD, and AS8C-SD coatings at
873 K, respectively. Wear surfaces of all the coatings at
298 K show bimodal characteristic of the rough and
smooth surfaces. Wear surfaces of all the coatings at 873 K
shows highly rough surface with only traces of dispersed
smooth regions. Rough surface indicates the phenomena
of severe wear whereas smooth region is due to thin film
formation often due to a tribochemical reaction. Forma-
tion of a smooth, thin protective layer as a result of
tribochemical reaction can reduce the wear of coating

1222—Volume 20(6) December 2011

surface against sliding (Ref 9, 22, 23). The percentage of
smooth area covered indicating thin film on the worn
surface of A-SD, A4C-SD, and A8C-SD coatings at 298
and 873 K was measured from several locations on the
wear track images using Image J software (http://
rsbweb.nih.gov/ij/index.html). Table 5 shows the fraction
of the area coverage of the smooth thin film on the wear
track of coatings at 298 and 873 K. Smooth thin film was
also observed in sea water wear condition (Fig. 5). Table 5
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Fig. 6 X-ray maps of wear track of (a) ASC-SD at 298 K, (b) A8C-SD at 873 K, and (c) A8C-SD coating in sea water. al, bl, and cl are
the backscattered images of wear tracks of A8C-SD coating at 298 K, 873 K, and in sea water, respectively. a2-a6, and b2-b6 show the
distributions of silicon, aluminum, oxygen, nitrogen, and carbon, respectively, while c2-c8 shows the distribution of silicon, aluminum,

oxygen, carbon, nitrogen, sodium, and chlorine, respectively

clearly indicates the higher transfer of smooth thin film in
the case of coatings at 298 K and the lowest at 873 K.
Distribution of smooth thin film has also been observed
by performing elemental x-ray mapping of the wear track.
Figure 6 shows the elemental x-ray mapping of the wear
surfaces of A8C-SD coating at 298 K, 873 K and in sea
water. Figure 6(al), (bl), and (c1) shows the back-scat-
tered images of wear tracks of A8C-SD coating at 298 K,
873 K and in sea water, respectively. Figure 6(a2-a6) and
(b2-b6) shows the distribution of silicon, aluminum,
oxygen, nitrogen and carbon, respectively in the worn
surface of ASC-SD coating at 298 and 873 K, respectively.

Journal of Thermal Spray Technology

X-ray map confirms the presence of silicon, nitrogen in the
wear surface which is as results of tribochemical reaction
with the SizNy ball. SizN, ball oxidizes in the presence of
moisture and forms a protective film on the wear surface of
coatings as a result of tribochemical reaction (Ref 9, 22, 24).
High-temperature oxidation reaction of SizN, in the
presence of moisture was analyzed with the help of Fact-
Sage thermochemistry software (Ref 25). Equations 1-3
show oxidation reactions from 298 to 1173 K and associ-
ated change in the Gibbs free energy. Equation 1 indicates
the formation of crystalline SiO; as the reaction product at
298 K which changes to amorphous hydrated SiO, at 873 K.
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Increasingly negative Gibbs free energy with the increas-
ing temperature confirms thermodynamic stability of
amorphous hydrated SiO, formation at higher tempera-
ture (873 K).

At298K: SizN4 + 75H,0 + 10000,
= 9970, + 3Si0, + 71H,0 + 2N,,
AG = —-9.05 x 10"J

At 873K:  SizN, + 75H,0 + 10000,
= 9960, + 3SiO, - ntH,O(amorphous)
+75H,0 +2N,, AG = —2.36 x 1087

(Eq 2)

At1173K:  Si3Ng + 75H,0 + 10000,
= 9960, + 3Si0, - ntH,O(amorphous)
+75H,0 + 2Ny, AG = —3.19 x 1087

(Eq 3)

XPS analysis of the wear surface of A8C-SD coating at
298 K and 873 K in Fig. 7 shows the single major peak at
103.5 eV corresponding to SiO,. This is in good agreement
with the reported literature value where the single peak
with E,=103.3 eV corresponds to Si 2p bond in SiO,
(Ref 26, 27). It should be noted that Eq 2 shows the for-
mation of amorphous hydrated SiO, as reaction product at
873 K, while XPS shows the presence of crystalline SiO5.
This is attributed to the transformation of amorphous
hydrated SiO; to crystalline SiO, below ~823 K (Ref 25).
It must be recalled that the most of the room temperature
wear surfaces of coatings were covered with protective
tribochemical SiO, film that reduced the wear volume
loss. However, the absorption tendency of moisture
decreases at higher temperature, and hence results in a
reduced fraction of protective film formation. This is ob-
served in Fig. 5(d)-(f), which shows only traces of smooth
region which is indicative of protective SiO, film.

In our previous study on tribological behavior of
ALO3-1.5 wt.% CNT coating at elevated temperature
(Ref 8), wear resistance of the coatings was found to
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increase at 873 K when sliding against tungsten carbide
(WC) ball. This was attributed to the presence of rela-
tively larger amounts of tungsten oxide (WQOj3) protective
layer on the wear track as a result of tribochemical reac-
tion (Ref 8). This shows the strong effect of counterpart
on tribological behavior of Al,O5 coating, especially at
elevated temperatures. Sliding wear against WC ball
showed protective layer formation at elevated tempera-
ture (Ref 8), whereas sliding against Si;N, ball shows
protective layer formation at room temperature (Ref 9).
Si3Ny ball in post-wear condition was examined to further
understand the wear mechanism. It was expected that
there will be more transferred layer from the coating to
Si3Ny ball surface in severe wear conditions. Figure 8(a)
shows unworn surface of the Si;N, ball whereas Fig. 8(b)
and (c) shows the worn surfaces of Si;Ny ball after the
wear at 298 and 873 K, respectively. Unworn SizN, ball
shows a smoother surface, whereas rough surface is
observed for 298 and 873 K. From Fig. 8(b) and (¢), it can
be concluded that the wear surface of the ball at 873 K has
higher fraction of the transfer layer from the coating.
Composition of the transfer layer has been identified by
performing EDS and x-ray mapping on the worn surface
of Si3Ny ball. EDS spectrum of the worn ball in Fig. 8(d)
shows high intensity peak for aluminum. Table 6 presents
the quantitative EDS analysis of elements, which shows
high weight percentages of aluminum and oxygen on the
worn ball surface, indicating higher amount of transfer
layer from the wear track to ball as a result of severe wear
of Al,O3-based coatings. The transfer layer on SizNy ball
also shows carbon peak, which originates from the wear of
A8C-SD coating.

Higher transfer of layers from the ASC-SD coating to
ball suggest severe wear of the coating. Severe wear of the
coating at ~873 K also has an adverse effect on the
toughening mechanism offered by CNTs. Owing to severe
wear of coating, some of the reinforced CNTs might get
exposed to elevated temperature (873 K) resulting in their
oxidation. Osswald et al. (Ref 28) monitored the oxidation
of CNTs by Raman spectroscopy and concluded that

_ ASC-SD At873 K
—O—Fit
| [==——Experimental 2p~103.5eV

Intensity (a.u.)

110 105 100 95
(b) Binding Energy (eV)

Fig. 7 XPS spectra collected from wear track of A-8CSD coating (a) at 298 K and (b) at 873 K. Both the spectra show the major peak of
Si 2p near ~103.5 eV confirming the presence of SiO, layer on the surface of wear track
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Fig. 8 (a) Unworn surface (US) of Si;Ny ball, (b) worn surface (WS) of SizNy ball after the wear test at ~298 K, (c) Worn surface (WS)
of Si3N, ball after the wear test at ~873 K, and (d) EDS spectra collected from the worn surface of ball. Wear surface of Si;Ny ball are

shown after conducting experiments against ASC-SD coating

Table 6 Quantitative EDS analysis obtained from the
worn surface of SizN, ball after conducting experiments
against A8C-SD coating at 873 K

Element wt.% at.%
CK 4.81 7.81
NK 8.59 11.97
OK 36.62 44.65
AIK 29.66 21.44
SiK 20.33 14.12

oxidation of CNT occurs above 440 °C with a severe rate
at 550-600 °C. Li et al. (Ref 29) also concluded that oxi-
dation of CNTs occurs in the temperature range of 480-
750 °C in air. Oxidation of CNT might lead to defect
generation in the tubular structure, which has been studied
by collecting Raman spectra from the wear tracks of A4C-
SD and A8C-SD coatings at 873 K. Figure 9(a) and (b)
shows the Raman spectra for unworn and worn surfaces of
A4C-SD and AS8C-SD coatings, respectively, at 298 K,
873 K, and in sea water. Positions of D and G peaks and
Ip/l ratios in Table 7 were calculated from the Raman
spectra. Ip/lg ratio was slightly higher for the wear
surfaces of A4C-SD and A8C-SD coatings at 873 K as
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compared with unworn coating. Increased Ip/lg ratio is
the indication of more defects in the CNTs in the worn
surfaces of A4C-SD and A8C-SD coatings which might be
due to oxidation of CNTs at elevated temperature
(873 K). This could degrade the toughening effect of
CNTs to some extent and lower the wear resistance as
observed in Fig. 3. In our previous study on wear of
Al,05-1.5 wt.% CNT coatings at 873 K (Ref 8), lower Ip/
I ratio was observed from the worn surface at 873 K
against WC ball, which is contrary to the present study.
Such behavior was attributed to the formation of high
fraction of protective WOj film at high temperature which
not only prevents oxidation of CNTs, but also maintains
the toughening caused by CNTs (Ref 8).

Figure 3 also shows that wear resistance improves with
the increasing CNT content. Relative increase in the wear
resistance of CNT-reinforced coating is attributed to the
higher fracture toughness of CNT-reinforced coatings.
Reinforcement by 4 and 8 wt.% of CNTs showed ~88 and
~338% improvement, respectively, in the fracture tough-
ness of Al,Oj3 coating (as shown in Table 3). Evans and
Marshall equation confirms that higher fracture toughness
results in higher wear resistance of the ceramic (Ref 30).
Figure 10(a) and (b) shows the CNT bridging between the
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Fig. 9 Raman spectra of unworn (US) and worn surfaces (WS) of (a) A4C-SD, and (b) A8C-SD coatings at room temperature, 873 K,

and at sea water

Table 7 Ratios of intensity of D and G peaks obtained from Raman spectroscopy of unworn surfaces (US) and worn
surfaces (WS) of A4C-SD and A8C-SD coatings at room temperature, 873 K, and at sea water

A4C-SD coating

A8C-SD coating

Position of D peaks

Position of G peaks

Ipllg Position of D peaks Position of G peaks Ipllg

Unworn surface 1356 1582
Worn surface at RT 1361 1588
Worn surface at 873 K 1356 1583
Worn surface at SW 1356 1585

0.84 1356 1582 0.93
0.76 1362 1584 0.73
0.96 1353 1586 0.98
0.80 1357 1581 0.67

splats in wear tracks of A4C-SD and A8C-SD coatings at
298 K. Figure 10(c, d) and (e, f) shows CNT bridging be-
tween the splats in wear tracks of A4C-SD and A8C-SD
coatings at 873 K and in sea water respectively. CNT
bridging reduces the degree of material removal by
resisting the crack propagation and improving the tough-
ening. It is true that at higher temperature, oxidation of
CNTs may degrade the toughening effect to some extent
and lower the wear resistance. Our results indicate that
CNT-reinforced coatings displayed improved wear resis-
tance even at higher temperature, though wear resistance
was more significant at room temperature.

3.3 Wear Behavior of Coatings in Sea Water

Figure 3 also shows the wear volume loss of A-SD,
A4C-SD, and A8C-SD coatings in sea water. All coatings
exhibit lowest wear volume loss in sea water as compared
to dry sliding at room and elevated temperature. In
addition, the wear volume decreased with an increasing
CNT content in sea water environment. Figure 4(e) and
(f) shows the 3D optical profiles of wear track of A-SD
and A8C-SD coatings in sea water. Inset shows the depth
of the wear track clearly highlighting the lowest wear
volume loss and wear depth in sea water as compared to
298 and 873 K. Figure 5(g)-(i) shows the worn surfaces of
A-SD, A4C-SD, and A8C-SD coatings in sea water.
Regions of high roughness and smooth thin film forma-
tion were observed in all coatings. Figure 6 shows the
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elemental x-ray mapping of the wear surface in sea water.
Figure 6(cl) is the backscattered image of wear track of
AS8C-SD coating. Figure 6(c2)-(c7) shows the distribution
of silicon, aluminum, oxygen, nitrogen, carbon, sodium,
and chlorine respectively. X-ray maps confirm the pres-
ence of silicon, and nitrogen similar to dry sliding wear.
This is attributed to the tribochemical reaction with the
Si3N, ball and formation of a thin protective SiO, film.
The area fraction of the protective film on the worn sur-
face of the coatings in sea water is relatively lower as
compared with dry sliding (Table 5). This is attributed to a
higher probability of dissolution of the transfer layer in the
sea water as elucidated in Fig. 11.

It is noteworthy that even though sea water wear results
in lower area fraction of the protective film, it exhibits the
highest wear resistance. This is attributed to the following
reasons: (i) antifriction natures of C1~, Mg**, and Ca®" ions
in sea water results in relatively lower wear debris gener-
ation (Ref 17), (ii) entrapped wear debris in sea water acts
as rolling points resulting in smoother wear process, and
(iii) dense microstructure (~96-97.5%) of the coating does
not allow significant penetration of Cl™ ions to cause cor-
rosion. It is also possible that total wear time (60 min) was
not large enough to cause corrosion-enhanced wear of the
coatings. Yan et al. (Ref 10) investigated the corrosion
behavior of Al,O3-based ceramic coating in dilute HCI
solution and showed that significant weight loss in the
coating was found after 5 h of corrosion time in 1 N HCl
solution (Ref 10). The improved wear resistance in sea
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Fig. 10 High magnification images of wear surface (a, b) A4C-SD and A8C-SD coatings at 298 K; (c, d) A4C-SD and A8C-SD coatings
at 873 K; and (e, f) A4C-SD and A8C-SD coatings in sea water, showing the CNT bridging between the splats

water for higher CNT content coatings is due to
higher fracture toughness caused by CNT reinforcement.
Figure 10(e) and (f) shows CNT bridging between the
splats in the wear tracks of A4C-SD and A8C-SD coatings
in sea water. CNT bridging reduces the degree of material
removal by resisting the crack propagation.

3.4 Friction Behavior of Coatings

Figure 12 shows the dynamic COFs for A-SD, A4C-
SD, and A8C-SD coatings at 298 K, 873 K, and in sea
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water during the entire travel distance of 565 m. An
average COF value is shown in Table 4 for all the three
coatings at different temperatures and in sea water. The
average value of COF is obtained from the best-fit line in
the steady region of the curve. The lowest COF was found
for all the coatings in seawater. This was due to the anti-
friction effects of sea water and the entrapped wear debris,
which act as rolling points resulting in lower COF values
in sea water. The highest COF was observed for all the
coatings at 873 K, which is attributed to the presence of
negligible amount of protective film on the wear track.
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Fig. 12 Coefficient of friction (COF) with sliding distance at normal load of 30 N for wear track of coating (a) at 298 K, (b) at 873 K,
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Hence, large amounts of wear debris generated in the
wear track results in higher asperities and the highest
COF.

It is also observed that CNT-reinforced coatings have
slightly lower COFs at 298 K and in sea water, while COF
is almost similar at 873 K. This behavior could be
explained in terms of graphitization of CNTs due to wear,
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which can be examined from Ip/lg ratio from the Raman
spectra of the wear track. Table 7 shows the Ip/Ig ratios
for unworn and worn surfaces of all the coatings. It is
observed that I/l ratio from the worn surfaces of A4C-
SD and A8C-SD coatings is lower as compared with un-
worn surfaces at room temperature and sea water. A
lower Ip/I; value indicates higher degree of graphitization
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in the wear surface, which might be due to exposed
graphene layer of CNTs by continuous abrading of the
wear surface. Hence, a relatively lower COF was observed
for CNT-reinforced coatings. However, in the case of wear
at 873 K, CNT-reinforced coatings showed almost similar
COF with A-SD coating (Table 4). Ip/lg ratio from the
worn surfaces of A4C-SD and A8C-SD coatings is higher
at 873 K as compared with unworn surface, which indi-
cates higher defect density caused by oxidation of CNTs at
elevated temperature. Hence, no contribution from CNTs
was observed in lowering COF in A4C-SD and A8C-SD
coatings at 873 K.

4. Conclusions

Tribological behavior of plasma-sprayed Al,O; and
Al,O3-CNT coatings was evaluated at room temperature
(298 K), elevated temperature (873 K), and in sea water.
The wear surface shows formation of SiO,-rich protective
layer because of tribochemical reaction with Si;Ny ball at
room temperature and in sea water. With increasing
temperature, wear volume loss increased for A-SD, A4C-
SD, and A8C-SD coatings. This was mainly due to negli-
gible presence of the SiO, protective layer on the wear
track at elevated temperature. Addition of 8 wt.% of CNT
increases the wear resistance of Al,O5; (A-SD) coating by
72% at room temperature, ~76% at 873 K, and ~66% in
sea water. Higher wear resistance of CNT-reinforced
coating was attributed to (i) higher fraction of SiO, pro-
tective film on the wear surface at room temperature and
sea water, (ii) higher fracture toughness of CNT-rein-
forced coating, and (iii) antifriction effect of sea water.
Average COF was the lowest in sea water and the highest
at 873 K.
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