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The present study aims to assess the effect of Ag/BaF2 solid lubricant encapsulation in the nickel-based
composite coatings for high-temperature tribological applications. The composite coatings (NiCrSiB/WC
and NiCrSiB/WC/Ag/BaF,) have successfully been fabricated on the titanium 31 substrate by tungsten inert
gas (TIG) cladding technique. The influence of the TIG processing current on the microstructure, micro-
hardness, and fracture toughness was investigated. Mechanical characteristics of the coatings were further
correlated with the microstructural morphologies. The coating fabricated at 70 A exhibited significantly
higher hardness than other coatings. The tribological performances of the NiCrSiB/WC/Ag/BaF, composite
coatings were superior to those of the NiCrSiB/WC coatings at both low (200 °C) and high (600 °C)
temperatures. The synergistic lubrication effect of the Ag/BaF, solid lubricant combination provided
lubrication at a wide range of temperatures. The addition of these solid lubricants in the nickel-based
coating helped achieve the low coefficient of friction of 0.2 and lower wear rates. Particularly, oxide phases
(such as NiO, TiO, Ni;Ti;0, and W30) formed on the worn surface at 600 °C, and the lubricant phases (Ag,

Ag,F, and Ba (TiO;)) provided excellent resistance to wear.

Keywords high-temperature  sliding wear, microstructure,
Ni-based composite coating, solid lubricant, TIG

cladding

1. Introduction

Titanium and its alloys are widely applied in the fields of
aerospace, medical, and automotive industries due to their
superior material properties under extreme environmental
conditions. Despite higher specific strength, corrosion, and
oxidation resistance, titanium alloys exhibit poor wear behavior
at higher temperatures. Surface mechanical properties can be
improved using several surface modification techniques to
extend its application in severe environments (Ref 1). The
techniques used to improve the surface properties by adding a
composite coating layer include laser cladding (Ref 2),
Tungsten inert gas (TIG) cladding (Ref 3), Plasma transferred
arc (PTA) cladding (Ref 4), and thermal spray coating (Ref 5).

In many engineering applications, nickel-based alloys were
used as the coating material to protect the surface from wear,
fatigue, and corrosion (Ref 6). However, nickel-based alloy
coatings are not effective without hard ceramic phases such as
TiC, WC, SiC, Cr,Cs;, and Al, O3 (Ref 7). Among those,
tungsten carbide is an extremely hard material that exhibits
excellent corrosion and wear properties. It is widely used in
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cutting tools, drilling, and preparing corrosion-resistant coat-
ings (Ref 8). Also, ceramic inclusion causes no change in
density and other internal properties of the coatings. Hard
composite coatings show greater wear resistance. However,
they are susceptible to cracking (Ref 9). It is challenging to
determine the optimum amount of ceramic phase required to
prepare the coating to improve the essential material properties
(Ref 10-12). Further, the ceramic phase possesses higher
frictional values at elevated temperatures. The subsequent
addition of solid lubricant reduces frictional values. Many
researchers have used solid lubricants in coatings to enhance
the tribological performance. Solid lubricants include soft
metals (such as Ag, Pb, and Cu), transition metal dichalco-
genides (WS,, MoS,, TiS,, and TaS,), metal oxides (Nio,
MoOs;, and Cuo), and alkaline halides (BaF,, CeF,, and CaF,)
(Ref 13-19). However, the use of a single solid lubricant cannot
provide effective lubrication over a broad temperature range.
The use of the low and high-temperature solid lubricant eutectic
mixture can improve the tribological characteristics of com-
posite coatings. Torres et al. studied the performance of self-
lubricating laser coatings at elevated temperatures and com-
pared the results with those observed for the reference nickel
alloy coatings. The results revealed that the composite coating
containing lower and higher temperature solid lubricants (Ag
and WS,) effectively lowered the friction and wear at high
temperatures (Ref 20). Sahoo et al. revealed that the percentage
of CaF, presents in the composite TiC-Ni coating affected the
value of the coefficient of friction value. As the CaF,
percentage was increased from 5 to 20%, the coefficient of
friction (COF) value decreased from 0.7 to 0.4 (Ref 21). Huang
et al. studied the effect of solid lubricant content on the
properties of the NiCr/Cr;C, coating. The results revealed that
a eutectic content of less than 10% for BaF,.CaF, yielded better
tribological performance. It also revealed that the microhard-
ness and tensile strength decreased as the solid lubricant
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percentage in the coating increased beyond 10% (Ref 22).
Doddamani et al. studied the tribological performance of the
composite coating composed of a mixture of CaF, and CaSO,.
The results showed an improvement in wear resistance. The
reduction in the coefficient of friction was attributed to the
lubrication effect exhibited by the coatings (Ref 23). Likewise,
hexagonal boron nitride (hBN) exhibited good lubrication
properties up to 900 °C because of its graphite-like structure
(Ref 24, 25). Lu et al. (Ref 26) reported that an hBN content of
10% in the nickel-based coating showed outstanding perfor-
mance at 600 °C. Numerous studies have been performed on
nickel alloy coatings using thermal spray coating methods.
However, the use of the thermal spray coating method leads to
increased porosity and poor substrate adhesion. The arc-
assisted surface engineering method could be a better alterna-
tive to overcome these limitations. The method helps in
achieving better metallurgical bonding between the coatings
and the substrate. There are very limited studies on the effect of
high and low-temperature solid lubricant phases on the
tribological performance of the TIG coating at elevated
temperatures.

Hence, the present study focuses on the modification of the
surface of the titanium 31 alloy substrate with nickel alloy
coating containing hard phase reinforcement and lubricating
phases using TIG cladding method. Furthermore, the effects of
current on the microstructure, microhardness, fracture tough-
ness, grain refinement, and tribological performances were
investigated.

2. Experimental Procedure

A grade 31 titanium alloy with a composition of Ti-6Al-
391V was used as the substrate material procured from
Midhani Itd. India. The commercially available NiCrSiB/WC
powder of particle size ranging from 20 to 70 um was chosen
as the base coating material. The chemical composition was
reported in wt%: Ni Balance, W 47%, Cr 7.33%, Si 2.21%, Fe
1.91%, B 1.67%, and C 2.37%, and the powder was procured
from Hoganas India Itd. The solid lubricants Ag (10-30 pm)
and BaF, (10-40 pm) were procured from Alpha Chemica Itd.
The composite powders were prepared proportionately in
NiCrSiB/45%WC/5%Ag/10%BaF, (wt%) with the help of a
tumbler mixer. The rotation was carried out for approximately
24 h.

Figure 1 shows the SEM morphology of the NiCrSiB/WC
(coating A) and NiCrSiB/WC/Ag/BaF, powders (coating B).
The plates of dimension 50 x 50 x 6 mm were cut, and the
surface was polished using emery papers and cleaned using
acetone to remove any oxide layer or to remove contaminants
prior to cladding. The composite powders were mixed with
10% polyvinyl alcohol to make the paste-like solution. The
sample was precoated to form a uniform 1 mm-thick layer on
the substrate with the help of a metallic sheet. The TIG cladding
experiment was conducted using the Fronius Magic Wave 400
machine equipped with a water-cooled head torch. The
schematic of the TIG cladding is shown in Fig. 2.

The TIG torch was attached to the CNC table to achieve
controllable linear movement. Primary shielding gas flow from
the nozzle could protect the instantaneous clad pool, and the
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secondary gas flow located behind the torch head was used to
protect the clad layer from oxidation. Tadayuki recommended
the use of secondary shielding to achieve good welding or
cladding in titanium alloys (Ref 27). The generated arc at the
torch was used to melt the preplaced powder layer. The
experimental process parameters of TIG cladding used in the
study are shown in Table 1.

The literature reports revealed that the welding current
significantly influenced the energy input. In the present study,
processing currents such as 70 A, 80 A, and 90 A were used for
fabricating coating A and currents such as 70 A, 75 A, 80 A, 85
A, 90 A, and 95 A were used for coating B. The TIG processing
current affects the dilution of the coating with the substrate. The
dilution is calculated using the equation suggested by Yaedu
and d’Oliveira (Ref 28) as follows:
D (%) _ Ticoatinfg - Tipowder (Eq 1)

Tlsubstratc
where Tigoating represents the percentage of the Ti content in the
coating, Ti,owder 1S the amount of Ti content in the powder, and
Tigupstrate 1S the Ti content in the substrate material. The cross-
sectional images of each coating were observed using the
scanning electron microscopy (SEM) equipped with energy-
dispersive X-ray analysis (EDX). The porosity of the coatings
was analyzed using an optical microscope attached to a biovis
image analyzer (ARTRAY, AT 130, JAPAN). The microhard-
ness of the coatings was measured using the OMNITECH
Vickers microhardness tester, and the indentations were per-
formed on the polished cross section of the sample using a
normal load of 300 g. The dwell time was 10 sec. The fracture
toughnesss of the coating is calculated by the following
equation proposed by Evans and Wilshaw (Ref 29).

p
Kic = 0.079 <3—> 10g(4.5 3) for 0.6 <S< 45 (Eq2)
a /2' C a

where P = applied load, @ = half indentation diagonal, ¢ =
(crack length + half indentation diagonal).

Brittleness refers to the ease with which fractures can
propagate within the material. Brittleness is quantified through
a parameter known as toughness, which describes the resistance
of the material to fracture propagation. The indentations are
carried out on the transverse section of the coating with a load
of 2000 gf using Vicker’s indentation technique. The param-
eters such as load, crack length, half indentation diagonal are
considered for fracture toughness evaluation.

The X-ray diffraction (XRD) studies were conducted on an
analytical Empyrean diffractometer with a step size of 0.02°.
Grain size distributions in the area fraction and inverse pole
figure (IPF) maps were extracted and studied using the EBSD
technique.

The high-temperature wear studies were conducted using the
pin-on-disk wear machine with alumina (Al,O3) disk as a
counter surface. During the experiments, the parameters (such
as loads of 20 N and 40 N and temperatures of 200, 400, and
600 °C) were varied. The sliding distance was kept constant
throughout the experiment. The wear rates were calculated
using the weight loss method. The worn surfaces of all the
samples were observed and analyzed using the SEM, EDX, and
XRD analysis.
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Fig. 2 Schematic representation of the Tungsten inert gas (TIG) cladding experimental setup and mixture of the composite coating

Table 1 TIG cladding experimental processing conditions

Electrode

Current, A

Scan speed, mm/s
Shielding gas, I/min
Electrode gap, mm

2 % Thoriated tungsten of diameter 2.4 mm
70, 75, 80, 85, 90, 95

2

Primary 10, Secondary 20 (99.99% pure argon)
3

3. Results and Discussion

3.1 Microstructure of the Deposited Coatings

The cross-sectional SEM images of coating A and coating B
fabricated on titanium 31 substrate are shown in Fig. 3 and 4,
respectively. It was observed that coatings A and B were
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metallurgically bonded to the substrate. The block-shaped
white WC particles were well embedded with the nickel alloy
matrix. It was clear that the processing current affected the
extent of dilution of the coatings (Ref 30). Dilution impacts the
chemical composition and other mechanical properties. Also,
the thickness of the coating increased as the welding current
increased from 70 A to 95 A. At 70 A, the WC particles did not
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Fig. 4 Cross-sectional SEM images of the coating B produced at the scanning speed of 2 mm/sec at (a) 70 A, (b) 75 A, (c) 80 A, (d) 85 A, (e)

90 A, and (f) 95 A

fully dissolve in the nickel matrix. At 95 A, WC particles are
well dissolved. The dissolution could be attributed to their high
fusion temperature. The residual WC particles were collected at
the bottom of the coating. This can be potentially attributed to
the higher density and melting point of the WC particles. The
weld pool convection current was not high enough to prevent
the WC particles from sinking to the bottom (Ref 31).

It was observed that micro-cracks and few pores were
present in the coating. The thermal stresses induced in the
coating induced cracking because of the high thermal gradient
(Ref 32). The heat input and cooling rate affected the porosity
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content of the coating. The average percentage of porosity was
recorded to be less than 2%. The thermal gradient significantly
affected the porosity. A decrease in porosity was observed as
the heat input increased. Figure 5 shows the magnified SEM
images of coatings at 70 A and 95 A. As welding current has
greater significance and correlation for generating heat input,
comparatively high dilution was observed when the welding
current was 95 A (17.18%) than when it was 70 A (5.92%). It
can be seen that the 95 A processed coating had a high
concentration of Ti (shown in Table 2) near the interface
(region E). The depths of the interface region of coating B at 70
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Fig. 5 Magnified cross-sectional SEM morphology of the coating B (a) near the interface at 70 A and (b) near the interface at 95 A

Table 2 EDX analysis at different areas as marked in Fig. 5 of coating B

Region Ni Cr Fe Si B w C Ti Al \% Ag Ba F

A 3.28 0.82 1.42 3.35 2.05 66.99 18.32 0.08 1.03 0.02 0.84 1.70 0.10
B 3.69 1.10 2.34 0.39 0.26 4.82 17.71 64.65 1.82 1.49 0.47 1.2 0.06
C 13.87 3.28 1.01 2.34 2.53 30.24 13.92 25.16 1.84 1.37 0.43 4.0 0.01
D 55.90 7.30 2.25 291 0.81 16.66 5.34 6.19 0.60 0.02 0.52 1.09 0.41
E 16.68 3.00 1.01 1.65 0.28 15.26 3.55 49.28 3.68 2.11 0.55 2.70 0.25
F 59.76 9.47 2.29 3.48 1.06 7.15 13.83 0.18 0.44 0.01 0.74 1.24 0.36
G 37.67 6.95 1.93 3.66 1.46 10.69 15.90 15.50 1.40 0.44 0.78 3.34 0.28

A, 80 A, 90 A, and 95 A are 85 um, 105 pm, 128 pum, and
169 pm, respectively. It is worth noting that the substrate
thermal conductivity and coating process parameters primarily
affect the diffusion behavior (Ref 30). The processing current
changes the degree of dissolution of the WC particles. At lower
heat input, flower-shaped WC particles were observed near the
interface. With the increase in the current, the degree of
dissolution was low, and blocky WC particles were found to
concentrate near the interface. The difference in their appear-
ance could be attributed to the change in the thermal gradient.

The EDX results at different regions marked in Fig. 5 are
tabulated in Table 2. Analysis of the EDX results revealed that
the white granular phase was rich in W and C. The dark
dendritic phases were rich in Ti and C, and light gray particles
were primarily composed of W, Ti, C, and Ni. The area D was
primarily composed of Ni and W and included the limited
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percentage of Ag, Ba, F, C, Ti, Cr, Fe, and Si. The area E (near
the interface at 95 A) contained a higher amount of Ti due to
the dilution effect. The area F was primarily composed of
nickel and a small percentage of other elements such as C, Ti,
W, Ag, Ba, and F. It is regarded as the nickel alloy matrix.
Darker dendritic and gray phases were observed in the coatings
at 95 A compared to 70 A, which could be attributed to the
higher concentration of TiC and TiNi phases in the coating.
Matrix, reinforcement, and lubricant phases were well dis-
persed in the coating, as shown in EDX elemental mapping
(Fig. 6).

Silver has low mixing enthalpy with the nickel alloy, which
leads to the formation of separate precipitates during the
coating development (Ref 20). Ag precipitates were observed in
the elemental map. However, the high-temperature solid
lubricant BaF, fully dissolved in the coating instead of forming
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Fig. 7 SEM image of coating A processed at 70 A. (a) Just above the coating-substrate interface, (b) at the coating-substrate interface, and (c)

coating region

a separate phase. But fluoride was not quantified accurately.
Light elements such as B, F, and H were difficult to quantify
using the EDX analysis (Ref 33).

Figure 7 represents the magnified cross-sectional images of
the TIG clad deposited when the current was 80 A. It could be
seen that coating A was metallurgically bonded to the substrate.
Figure 7(a) shows blocky white shaded particles (region 1) rich
in W and C. The gray-shaded particles (region 2) primarily
contained W and Ni (Table 3). Near the interface, interdendritic
eutectic precipitations were found, as seen in Fig. 7(b). The
dendritic structure formed on the substrate grew toward the clad
layer. These dendritic structures at the interface (region 3) were
rich in titanium and nickel (Table 3), and the matrix (region 4)
consisted of a nickel alloy.

Figure 8 shows the XRD patterns of the coatings A and B
processed at 70 A. It was evident that the coatings primarily
consisted of Ni, Cry3Cs, Cr;Niz, WC, W,C, and NiTi. Oxides
were absent in the coatings because of the primary and
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secondary shielding argon protection achieved during the
process of fabrication. WC dissolution was observed in the
coating due to the higher heat input, resulting in the formation
of W,C. The coating was mixed with titanium due to the higher
energy input, which caused the formation of the intermetallic
NiTi compound. The presence of Ag indicates the synergistic
lubrication effect in the coating.

Figure 9(a-c) shows the EBSD IQ, grain distribution, and
IPF map of coating B fabricated at 70 A. It consisted of Cr;Ni;
(orange), Cry3Cq4 (yellow), NiTi (Blue), W (Pink), and silver
(red). The unindexed regions are shown in black in Fig. 9(b, g).
The analysis of the figures indicates that the coating is
composed of blocky grains. The amount of heat input and
cooling rate influences the extent of grain refinement in the clad
(Ref 34). Tt further influences the mechanical characteristics of
the coating (Ref 35). The grain size was found to be in the
range of 0.1-10 um, and the average grain size was 4 pm.
Solute redistribution occurred during the solidification of the
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Table 3 Elemental distribution of the selected regions of coating A as marked in Fig. 9

Region Ni Cr Fe Si B W C Ti Al v
1 2.25 1.09 0.85 4.47 1.54 76.32 10.84 0.79 1.25 0.60
2 19.46 3.62 1.90 2.72 3.21 52.37 14.33 0.96 0.83 0.58
3 12.05 2.62 1.54 0.86 0.17 5.88 3.02 65.14 5.47 3.25
4 61.15 8.74 5.90 3.34 1.63 4.67 13.15 0.68 0.45 0.29

A Ni owc hardness tester throughout the coating depth. As the current

(a)

Relative Intensity

20 30 40 50 60 70 80
2 Theta (degree)

Fig. 8 XRD patterns of the coatings at processing current of 70 A.
(a) Coating A and (b) coating B

alloy coating. The results indicated that the Cr;Ni; and Cry;Cg
were present as the primary phases, and they were present in
53.3 and 22.8%, respectively (Fig. 9¢). Solid lubricants Ag and
BaF, are not quantified accurately. The elements, with a
distribution coefficient (k) greater than 1 (Ni, Cr, and Fe),
diffuse into the dendrite regions during solidification of the clad
(Ref 36). Usually, eutectic products exhibiting a low melting
point form between the dendrites. Analysis of Fig. 9(e, h)
revealed that the clad was primarily characterized by a few
blocky and elongated equiaxed grains. The reduction in the
grain size could be attributed to the increase in the heat input
and change in thermal gradient (Fig. 9h). The grain size at 95 A
was in the range of 0.01-8 um, and the average grain size was
2 pm. The phases obtained by the EBSD maps were consistent
with the XRD and EDX results.

3.2 Microhardness

Figure 10 represents the microhardness profile of the coating
B fabricated at 70 A, 80 A, 90 A, and 95 A. The indentations
were performed along the cross-section using the Vickers
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increased from 70 A to 95 A, a reduction in the microhardness
was observed. Also, it was noted that the coating surface
exhibited a higher hardness value. A gradual reduction in the
hardness value was observed as moved toward the interface.
Due to the collected WC particles at the bottom, there was a
sudden increment in the microhardness. The microhardness
values of the bulk composite coating B were varied from 1500
HV, 5 to 650 HV) 3, which is about 2.03-4.68 times as that of
the titanium 31 substrate (approximately 320 HVq3). The
phases such as Cry3Cq, WC, W,C, and Cr;Ni; were primarily
responsible for the high hardness. The microhardness values
suddenly changed for the 70 A processed coatings near the
interface. This could be attributed to the comparatively less
extent of dilution in the presence of the substrate. The coating
deposited at a higher processing current of 95 A exhibited a
gradual reduction in the microhardness at the interface due to
significant dilution. The average microhardness values of
coating A were higher than that of coating B due to the higher
percentage of the ceramic inclusion. The process current was
increased from 70 A to 95 A. The average microhardness
values of the coatings were found in the range of 725-848
HV, ;. The average microhardness values of coating B were in
the range of 668-830 HV,;. It was clear that the 15%
encapsulation of the solid lubricant phase in coating B resulted
in a reduction in the hardness value. Figure 11 shows the
average microhardness values of coating A and coating B at
70A. The higher percentage of ceramic inclusion in coating A
is mainly responsible for higher microhardness values. It is
evident that the average hardness values are gradually
decreased from clad surface to the interface.

3.3 Fracture Toughness and Interfacial Strength

Figure 12 shows the indentation of load 2000 gf on the
cross-sectioned sample. The fracture toughness values of the
coating Bat 70 A, 75 A, 80 A, 85 A, 90 A, and 95 A were 3.85,
4.06, 4.28, 5.12, 5.68, and 6.01 Mpa.m””_ respectively. The
ceramic phase in the coating caused the cracks at 2000 gf.
Indentations were performed along the interface to measure the
interfacial strength of the substrate coating. There was no
apparent damage observed on the interface as the load
increased from 500 to 2000 gf. The results revealed that the
coatings deposited under conditions of higher processing
current exhibited better fracture toughness compared to the
other processed coatings developed under conditions of varying
currents.

3.4 High-Temperature Tribological Performance of Coatings

The tribological performances of the coatings were evalu-
ated using a pin-on-disk tribometer under dry sliding condi-
tions. The properties related to tribological performance are not
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Fig. 10 Microhardness profile of the coating B at the coating cross-
section for various TIG currents

intrinsic but rely on factors such as load, temperature,
atmospheric conditions, and sliding speed. The TIG clad
samples produced at 70 A processing current exhibited the
highest microhardness. The effect of temperature and load on
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Fig. 11 Variation of average microhardness values of coating A
and coating B at 70A

the tribological performance was also studied. Figure 13
exhibits the weight loss of coatings A and B under the load
of 20 N and 40 N. The temperatures were varied as 200 °C,
400 °C, and 600 °C. In the sliding wear operation, tribo-

Volume 30(11) November 2021—8087



Fig. 12 SEM image of indentation mark and crack observed during the evaluation of fracture toughness of coating B
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Fig. 13 Variation of weight loss of coating A and coating B at
varying temperatures and loads

chemical interactions of the coatings with the counter body
under an operating environment can be observed. These induce
local temperatures and shear stresses along the contact zones
(Ref 37). As shown in the bar chart, the weight loss of the
coating A increased from 17 to 25 mg at 200 °C when the
loads were varied from 20 to 40 N. The increase in the load to
40 N resulted in material removal against the counter body. The
weight loss increased from 10 to 13 mg for the coating B when
the load was increased from 20 to 40 N at 200 °C. The weight
loss of the coating B samples decreased with an increase in the
temperature from 200 to 600 °C. This was attributed to the
formation of the tribo layer on the coating surface. It was
observed that the weight loss was higher at 400 °C, when the
load was 40 N for coating A. The coating B showed higher
weight loss at 200 °C when the load was 40 N. However,
coating B performed well at both lower (200 °C) and higher

8088—Volume 30(11) November 2021

0.7

0.6 |-

0.5

0.4

0.3

Friction coefficient (u)

0.2

0.1 1 1 1 1
0 200 400 600 800

Sliding time (s)

Fig. 14 Variation in the coefficient of friction with respect to the
sliding time for Titanium 31 at (a) 200 °C and (b) 600 °C, (c)
coating A at 200 °C and (d) 600 °C, (e) coating B at 200 °C and (f)
600 °C

(600 °C) testing temperatures. At 600 °C, both solid lubricants
Ag and BaF, remained active. The weight loss was further
reduced to 4 mg when the load was 20 N. The weight loss of
the titanium 31 substrate is increased with the increase in load
as well as temperature. At 20N load and 200 °C, weight loss is
found to be 250 mg. With the increase in temperature from 200
to 400 °C, weight loss was increased to 270 mg. Further,
weight loss was increased to 350 mg at 600 °C. Similarly,
weight loss was increased from 360 to 570 mg at 40N load with
the rise in temperature (200-600 °C).

Several factors such as porosity, properties of partially
melted particles, wear debris, and polished sample surface
create uncertainty in the wear properties. No significant change
was observed in weight loss, and coefficient of friction when
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Fig. 15 SEM images of wear scars under 20 N load for (a) coating A at 200 °C, (b) 400 °C, (c) 600 °C, (d) coating B at 200 °C, (e) 400 °C,

and (f) 600 °C

the load was 20 N. Figure 14 shows the coefficient of frictions
of the Titanium 31 substrate, coating A, and coating B at
200 °C and 600 °C. The reduction of relative humidity because
of the temperature rise in the contact areas resulted in a low
coefficient of friction at the start of the test (Ref 38, 39). The
average coefficient of friction of coating A was higher than
those of the titanium 31 substrate and coating B. The high
ceramic inclusion was detrimental to the coefficient of friction.
The addition of solid lubricants helped reduce the material loss
and coefficient of friction. At 20N load, the average coefficient
of friction of coating B at 200 °C, 400°C, 600 °C is 0.375,
0.358, and 0.291, respectively. As increasing load to 40N, the
average friction coefficient at 200 °C, 400 °C, 600 °C is 0.439,
0.397, and 0.338, respectively. A significant reduction in the
coefficient of friction was observed, which could be attributed
to the increase in the temperature due to the formation of the
tribo layer. The Ag solid lubricant used in the coating led to the
generation of low friction at the starting stages of the test. The
use of the high-temperature solid lubricant BaF, resulted in
reduced friction and weight loss at 600 °C. As the temperature
rises from 200 to 600 °C, the coefficient of friction of coating A
decreases (0.531-0.462), possibly due to the coating softening,
resulting in a smooth surface. The uncertainty in the variation in
the wear rate of the coatings was high. The degree of
uncertainty depends on several factors such as defects, amount
of wear debris on the track, and surface roughness. These can
affect the wear rate calculation. The wear rates of coating A
under 20 N loads at 200 °C, 400 °C, and 600 °C are 5.72
x 10-3,5.85 x 10-3, and 5.23 x 10-3 mm3/N-m respectively.
At 40 N load, wear rates at 200 °C, 400 °C, and 600 °C are
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noted as 6.12 x 10-3, 6.40 x 10-3, and 6.92 x 10-3 mm3/N-
m, respectively. Similarly, the wear rates of coating B at
200 °C, 400 °C, and 600 °C under 20 N load are 2.87 x 10-3,
2.65 x 10-3, and 2.27 x 10-3 mm3/N-m, respectively. As
increasing load to 40 N, wear rates are noted at 200 °C, 400 °C,
and 600 °C are 5.98 x 10-3, 4.1 x 10-3, and 3.2 x 10-3 mm3/
N-m, respectively. Compared with the weight loss and wear
rate for coating A, coating B exhibited superior wear perfor-
mance, indicating its effective lubricant film formation ability.

3.5 Worn Surface Morphology

Figure 15 depicts the worn surfaces of coating A and coating
B under the load of 20 N at different test temperatures. The
degree of delamination observed for coating A at 600 °C was
high. In the sliding wear operation, normal and shear stresses
stimulate micro bulges on the surface to fracture (Ref 40). The
removal of material takes place after the crack reaches a critical
length. In Fig. 15(a, b, and c), the WC particles were pulled out
because of abrasion against the alumina disk. This wear regime
could be attributed to the surface fatigue that causes plastic
shearing against the counter body. The formation of oxide on
coating A helped reduce the degree of delamination at 600 °C.
In coating B, deformation of the layer was observed at lower
temperatures. The solid lubricant Ag can be effectively used for
lubrication up to 400 °C (Ref 41). BaF, can provide lubrication
above 450 °C (Ref 42, 43).

Figure 16(a, b, and c) shows the formation of deeper
grooves and a higher degree of deformation of the coating. The
pullout debris particles from the counter body can potentially
act as third bodies at higher loads causing deeper grooves and
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Fig. 17 EDX elemental mapping of the worn surface of coating B at 200 °C (load: 20 N)
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Fig. 18 EDX elemental mapping of worn surface of coating B at 600 °C (load: 20 N)

scratches. Apparent damage was observed when the load was
40 N. The Ag forms the lubricant layer at these test
temperatures, but the extent of lubrication could not control
coating delamination at higher loading conditions (40 N). As
the test temperature increased, delamination of the coating
reduced, as shown in Fig. 16(d, e, and f). At 200 °C, the
elements Ag, O, and few amounts of F were detected on the
surface using the EDX elemental mapping technique (shown in
Fig. 17). The results revealed that Ba was ineffective in this
temperature range. The formation of the Ag lubricant layer,
intermetallic phase of NiTi, and other oxide phases helped
reduce the formation of deep scratches and grooves. The EDX
elemental mapping technique was used to characterize the worn
surface of coating B at 600 °C (Fig. 18). A high content of Ba
and F was observed on the worn surface. BaF, and the Ag
phase were found to be effective in providing lubrication in the
temperature range of 400-600 °C. The use of the combination
of the solid lubricant in the coating helped reduce wear at both
low and high temperatures. The solid Ag lubricants and eutectic
BaF,/CaF, can be easily distributed on the worn surface at
higher temperatures (range: 600 °C—800 °C) (Ref 44). The
primary lubrication factors are the plastic deformability of
silver and brittle-ductile transition of BaF, (Ref 45). The wear
mechanism involved the adhesive wear pathway, and the
transfer layer break down. At lower temperatures, the wearing
of coating A occurred due to the combined adhesive—abrasive
wear action and spalling. It has been observed that the lubricity
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obtained from coating B at 600 °C was more protective against
the breakdown of the transfer layer.

3.6 Phase Analysis of the Worn Surfaces

Figure 19 exhibits the phase analysis of the worn surface of
coating A at 200 °C and 600 °C. The XRD technique was used
to analyze the samples. The intensity of the peaks was higher
for the worn surface of the coating, which can be attributed to
frictional heating and high temperature (Ref 46). The oxides
formed on the worn surface were NiO, TiO, Ni;Ti;O, and W;0.
Their peak intensity increased with increasing temperature.
These oxides can reduce the metal-to-metal contact, which
reduces the shear strength of the contact surface. This can
further induce the reduction in the wear rate and coefficient of
friction (Ref 8, 47, 48). The phase analysis of coating B is
shown in Fig. 20. The diffraction peaks corresponding to Ag,F
and Ba(TiO;) were observed on the worn surface of coating B.
The sintering reactions and other oxidation properties were
stronger at 600 °C. It led to the formation of a favorable glaze
layer on the worn surface (Ref 49). The silver phases formed as
a continuous lubricating film on the worn surface and mitigated
the wear rate and coefficient of friction at both low and high
temperatures. Barium titanium oxide (Ba(TiO3)) acted as an
effective lubricant at high temperatures (600 °C). It could
protect the coating from wearing out and helped in attaining a
significantly low coefficient of friction (Ref 50). To sum up, the
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Fig. 20 XRD patterns of the worn surfaces of the coating B at (a)
200 °C and (b) 600 °C

tribo chemical reactions involving the solid lubricants and
oxides on the worn surface of coating B were more efficient in

8092—Volume 30(11) November 2021

resisting wear than the reactions occurring on the surface of
coating A at elevated temperatures.

4, Conclusions

Coatings NiCrSiB/WC (coating A) and NiCrSiB/WC/Ag/
BaF, (coating B) exhibited good microstructural and mechan-
ical properties when the process current was 70 A. The average
hardness values of both the composite coatings were approx-
imately four times higher than the average hardness of the
titanium 31 substrate. The fracture toughness was evaluated,
and the results indicated that the high ceramic phase exerted a
negative effect on coating and induced brittle cracking under
conditions of 2000 gf. The solid lubricant encapsulation in
coating B leads to higher resistance to adhesive wear. The solid
lubricants helped reduce material loss by providing lubrication
throughout the temperature range. The hard intermetallic TiNi
phase could prevent the formation of deep grooves and the
extent of spalling. The oxide phases (NiO, Ni3;Tiz0, W50) and
lubricant phases (Ag, Ag,F, and Ba(TiO;)) helped reduce
material loss. The wear resistance of coating B was approx-
imately 20 times higher than that exhibited by the titanium 31
substrate and 3 times higher than coating A at 600 °C. This
could be attributed to adequate lubricity at elevated tempera-
tures.
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