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In the present work, the effect of annealing temperature on the microstructure, mechanical and tribological
properties of NiCr-WC-Co coatings produced by the high-velocity oxy-fuel (HVOF) technique has been
investigated. X-ray diffraction and scanning electron microscopy revealed the dissolution of WC into the NiCr
matrix to form W,C and Cr;C, with the annealing process. This dissolution became complete at 800 °C. The
mechanical properties of the coatings were investigated using nano-indentation and Vickers fracture toughness
measurements. These measurements suggested that the hardness, Young’s modulus, and fracture toughness
values increased because of the newly formed carbide phases as a result of the dissolution of the WC particles.
The overall properties of the coatings were found to be optimum for annealing temperatures of 800 °C. The wear
mechanism appears to be abrasive in the as-sprayed coating, and it becomes a combination of an abrasive and

oxidative wear with increasing the annealing temperature.

power generation systems where thermal shock resistance and

increased toughness are required [5].

In the last three decades, the high-velocity oxy-fuel (HVOF) =
A potential disadvantage of using HVOF to manufacture £
spraying technique has been used in a wide range of applica- 2
. . . . . hard coatings is that they are known to have inherent defects g
tions with an emphasis on the production of hard coatings £
(e, WC-Co, NiCr, and Cr,C,) since it is a relatively low-cost that include cracks, porosity, residual stresses, oxidation of par- g
process for the production of dense coatings with relatively ticles, and the presence of unmolten particles in the coatings. In c
high bonding strength [1, 2, 3]. An emerging class of hard coat- addition, the heat input generated during thermal spray opera- ]
ings produced using this technique are metal matrix compos- tions significantly affects the microstructure of these compos- §
o

ites (MMCs) which consist of a metal matrix that is ites resulting in particle dissolution and the formation of a
reinforced with ceramic particles [4]. MMCs were shown to metastable structure [6, 7, 8]. All of the above defects have ‘é‘
perform better than their single-phase counterparts by provid- ~ an adverse effect on the overall mechanical and tribological <
ing high (i) hardness, (ii) fracture toughness, and (iii) abrasion =~ Pproperties of the coatings [9, 10, 11]. Post-processing annealing ‘L:"j
and erosion resistance even at high temperatures [4]. The addi-  of this class of materials was successfully used to significantly T%
>

tion of hard particles also enhances coating cohesion by devel-
oping micro-asperities that promote bonding, further lowering
porosity and increasing density of the HVOF-sprayed coatings
[4]. MMC:s that consist of WC or Cr,C; particles in a Ni-based
matrix have been produced using HVOF and are currently used

to protect turbine engine components and heat exchangers in
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decrease the density of these defects [12, 13]. The employment
of an adequate annealing treatment was found to be beneficial
in relaxing thermal stresses induced by the thermal spray oper-
ation and to improve the mechanical response of the coatings.

Recently, numerous researchers investigated the direct

effect of heat treatment on the overall properties of sprayed
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coatings. It is known that an annealing treatment alters the
structure of a material by causing important changes to its
microstructure and chemistry which, in turn, affects its proper-
ties such as strength, ductility, and hardness. For thermally
sprayed coatings, annealing is usually carried out at elevated
temperatures, but well below the coating melting temperature
[14]. Guo et al. [15] investigated the annealing strengthening
effect of Fe5Cr5Co5SiTiNbMoW high-entropy alloy coatings
and discovered that the microstructure changed significantly
above 850 °C leading to enhanced mechanical properties.
Zhang and co-workers [16] studied the effect of heat treatment
on the structure and property evolution of NiCrBSi coatings
deposited using the atmospheric plasma spray process. They
reported that post-processing annealing enhanced coating crys-
tallinity and hardness but failed to improve wear properties.
Hence, Bergant et al. [17] demonstrated that the adhesion of
flame-sprayed NiCrBSi coatings was substantially enhanced
after a 930 °C heat treatment. Moreover, denser NiCr coatings
with a homogeneous microstructure, a low porosity, and low
residual stresses were achieved by a five-minute re-melting
treatment [17, 18]. In another study, Lua et al. [19] prepared
Ni60/h-BN MMC coatings using laser cladding and concluded
that both hardness and wear properties were improved after
annealing. Similarly, Shipway and co-workers [20] found that
heat treatment improved the wear behavior of HVOF-sprayed
WC-17Co coatings. Asl et al. [21, 22] reported that annealing
treatments changed the wear mechanisms from cutting to
gouging abrasion in WC-17Co HVOF coatings. The dissolu-
tion of carbides in the metallic matrix during thermal spraying
was found to significantly influence coatings’ microstructural
stability [23]. The heat treatment of these coatings caused the
precipitation of secondary carbides within the supersaturated
metallic matrix and increased the effective carbide volume frac-
tion leading to significant changes to the composition and
microstructure of the matrix [23]. In a different study, Janka
et al. [12] studied the influence of heat treatment on the abra-
sive wear resistance of Ni-Cr-Cr;C, composite coating depos-
ited by the HVOF spray process. They found that heat
treatment reduces the ductility of the metallic matrix. More
specifically, they reported that thermal spray followed by the
heat treatment of NiCr-Cr;C, powder caused dissolution of
the carbide particles and increased the carbon and chromium
content in the molten NiCr matrix, while small particles under-
went rapid cooling and solidification resulting in a supersatu-
[24]. They concluded that the

as-deposited thermodynamically metastable coating became

rated metallic matrix

much more stable as a result of the annealing process.

In this study, the authors report a study on the relationship
between post-processing heat treatment, structure evolution,
and the mechanical properties of HVOF NiCr-WC10Co

MMCs. WC particles were used as reinforcing particles in

© The Author(s), 2020, published on behalf of Materials Research Society by Cambridge University Press

these MMCs due to their high hardness, strength, and fracture
toughness compared to other carbides or oxides [4]. The metal-
lic matrix (NiCr-Co) was selected because of its excellent adhe-
sion to the substrate, its superior corrosion protection, and
its compatibility with WC [25]. The focus will be to investigate
the influence of different annealing treatments (700, 800, and
900 °C) on the microstructural changes of the coatings,
which will then be correlated to their hardness, interfacial
adhesion, and tribological performance (wear rate and wear
treatment

mechanisms). Optimum post-processing heat

conditions will be suggested for this class of materials.

Surface coating and interface structure

Figure 1 shows the X-ray diffraction (XRD) patterns for
as-sprayed and annealed NiCr-WC10Co4Cr coatings. The pat-
terns revealed the presence of WC, W,C, and NiCr phases in
the as-sprayed coatings. In addition, two very broad peaks
from 15° to 25° and from 38° to 52° were observed and may
be attributed to the differential dissolution of the carbides in
the NiCr matrix and to the presence of partially amorphous/
fine crystalline phases [23]. The XRD patterns of the annealed
samples revealed the presence of peaks that correspond to the
initial post-deposition phases, i.e, WC, W,C, and NiCr, in
addition to new peaks that formed as a result of the annealing
process. The newly formed phases were identified as carbide
(Cr3C, and Cr,3C4) and oxide (NiO4W and Cr,O3) phases.
These results suggest that annealing caused the dissolution/de-
carburization of WC and the formation of chromium carbide
phases. Carrying out the heat treatment in air also lead to
the formation of chromium- and tungsten-based oxide phases.
Cr,05; and CoWO, have been reported in the literature as effec-
tive lubricants due to their high ionic potential and would be
beneficial in reducing friction during sliding [26]. The XRD
patterns for samples annealed at higher temperatures (900 °
C) indicated a decrease in the intensity of the WC peak and
an increase in the intensity of the oxide phases. The ratio of
the intensity of the oxide phases may have an important role
to play in the wear behavior of oxidized WC-Co systems coat-
ings, as reported in Ref. [27].

Figures 2(a)-2(d) show optical micrographs of as-sprayed
and annealed NiCr-WC-Co coatings on stainless steel cou-
pons. The selected annealing temperatures were 700, 800,
and 900 °C. These figures suggested that the NiCr-WC-Co
coatings had a uniform thickness of ~300 um. At this scale,
porosity was observed in all samples, but no cracks or delami-
nation were detected. The volume percent of porosity was
found to decrease with an increase in annealing temperature
with values of 2.50 + 0.02, 2.30 £ 0.02, 1.76 £ 0.02, and 1.60 +
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Figure 1: XRD patterns for as-sprayed and annealed coatings NiCr-WC10Co4Cr
coatings.

0.02 for as-sprayed, and annealed samples at 700, 800, and
900 °C, respectively.

The scanning electron microscropy (SEM) images of the
coatings, illustrated in Figs. 2(e) and 2(f), indicated that after
HVOF operation, the original spherical shape of the WC par-
ticles changed and transformed into splat-like structures due to
the important plastic deformation induced during their impact

sicdriin Ay =]
=E
. Interfa.ce Interface
304L steel Substrate 250um  304L steel Substrate 250um

upon the steel substrate, which was a result of the high particle
velocity and working temperature. Furthermore, the typical
lamellar structure of the metallic matrix combined with the
partial dissolution of Cr [21] was observed in the as-sprayed
coating. This dissolution is enhanced by the increase in tem-
perature and becomes complete at 800 °C [Fig. 2(f)]. Hence,
the higher the annealing temperature, the greater the extent
of WC particles dissolution. In addition, the excess carbon
that results from the WC dissolution diffuses into the metallic
matrix and forms another carbide phase (Cr,3Cs) and new
eutectic phases such as W,C and W,Ni. It is reported by
Liyanage et al. [28] that Cr content increases the dissolution
of WC particles and promotes the formation of Cr,W;Cg sec-
ondary carbide in the metallic matrix, in good agreement with
the results shown in Fig. 3. In Figs. 3(a) and 3(b), the formation
of a dendritic structure was observed. Energy-dispersive X-ray
spectroscopy (EDS) analysis (Table 1) of this dendritic phase
revealed a high concentration of W (7.3 wt%) and a low con-
centration of the inter-dendritic phase (5.1 wt%). The forma-
tion of a dendritic structure can be explained as follows [29,
30]: since the melting temperature of W is much higher than
that of Ni and Cr, solidification initially promotes the nucle-
ation of W during the cooling process and allows the formation
of a W-rich dendritic phase. During the cooling process, ele-
mental Ni and Cr remain trapped in the inter-dendritic
space due to the decrease in temperature, which results in an

overall slow diffusion rate. Hence, carbides are formed in the

Low porosity

Interface Interface

304L steel Substrate

304L steel Substrate 250um

250pm

Figure 2: Cross-sectional optical micrographs for (a) as-sprayed and annealed samples at (b) 700 °C, (c) 800 °C, and (d) 900 °C. (e and f) Cross-sectional SEM micro-
graphs and the corresponding elemental maps before and after annealing at 800 °C.
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TABLE 1: EDS analyses for Points A, B, C, D, E, F, and G illustrated in Fig. 3.

Powders (wt%) W Ni Cr Co C Fe

A 07.25 37.14 09.99 01.21 33.38 11.03
B 05.14 39.89 34.87 01.40 02.93 05.78
C 11.13 63.83 08.16 1.76 10.32 04.89
D 37.25 27.50 17.14 1.73 1333 03.05
E 25.68 40.64 10.70 03.05 10.72 03.00
F 39.89 05.14 34.87 01.40 12.93 05.78
G 61.25 00.97 05.40 13.18 17.09 1.85

metallic matrix upon annealing. The amount of these carbide
keeps increasing with an increase in the annealing temperature
and is accompanied by a significant increase in the dissolution
of WC particles in the matrix. EDS analysis of the carbide
phases in the samples annealed at 800 °C [Figs. 3(c) and 3
(d)] revealed that the concentration of W decreased drastically
from 61 to 40 wt% (Table 1—Points F and G) suggesting the
dissolution of WC particles due to the high solubility limit of
W in Ni (~9%) at these temperatures, in agreement with the
W-Ni binary phase diagram [31, 32]. Therefore, the amount
of WC decarburized in the matrix depends on the selected

annealing temperature.

Effect of annealing temperature on the mechanical
behavior of the coatings

Figures 4(a)-4(c) show the load-displacement curves for
as-sprayed and annealed samples measured at three different
locations: (i) on the WC ceramic particles, (ii) on the metallic

matrix (NiCr-Co), and (iii) at the ceramic-metal interface. As

© The Author(s), 2020, published on behalf of Materials Research Society by Cambridge University Press
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Figure 3: (a and b) Micrographs illustrating
the dendritic structure in the binder matrix
after annealing at 800 °C. (c and d) SEM cross-
sectional micrograph of the dilution of car-
bide after annealing at 800 °C.

expected, the maximum penetration depth was greater for the
metallic matrix [Fig. 4(a)] than for the WC particles [Fig. 4
(0)]. Furthermore, the slopes of the unloading segments of
the WC particles are steeper than those measured for the
metallic matrix and the interfaces, indicating higher stiffness
values for the WC particles. The corresponding hardness
(Hyr) and elastic modulus (Eyr) values for each of the sample
areas were calculated using the Oliver and Pharr method [33]
and are summarized in Table 2. It is clear that regardless of
the annealing temperature, the recorded values for Hyr and
Err did not vary much for the WC particles (on average ~
Hir =35 £2 GPa and Ejr = 410 + 30 GPa). The annealing treat-
ment resulted in an increase in the hardness and elastic mod-
ulus values of the metallic matrix from Hyr=5+1 GPa and
Err =132+ 9 GPa for the as-sprayed to 10 =2 GPa and 240 +
20 GPa for samples annealed at 700 °C, respectively. The hard-
ness values of the matrix for samples reached the highest values
for samples annealed at 900 °C. The increase in hardness and
Young’s modulus values correlates with the metallic matrix
hardening that results from the dissolution of hard compounds
(small WC particles) into the matrix and the formation of
binary (Cr;Ce) and ternary (W-C-Cr) carbides with an
increase in the annealing temperature, as discussed in the
"Surface coating and interface structure" section. However,
the observed decrease in hardness at 800 °C is hypothesized
to correspond to the dissolution of a large amount of these car-
bides into the matrix due to the heating process. The increase
in the metallic matrix hardness is accompanied by a decrease in
the volume fraction of the WC particles. The hardness remains

roughly unchanged at the WC particle-metal matrix interfaces,
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Figure 4: Load-displacement curves using 100 mN load for (a) binder matrix, (b) the interface (binder matrix + carbide), and (c) the carbide phase.

TABLE 2: Hardness and Young’s modulus distributions.

Hardness

H (GPa)/

Young’s

modulus E

(GPa) As-sprayed 700 °C 800 °C 900 °C
Binder H 05+1 081 06+1 10£2
matrix E 13210 195+6 212+ 11 241+£18
Interface  H 15+£3 15+£2 16+2 14+3
matrix— E 302+ 15 299 £ 22 326+32 31113
carbide
Carbide H 34+4 33+£6 363 365

E 390 + 32 387+43 427 £52 422 +30
Coating (E/H)c 15.21 15.59 16.58 16.09

(H/E)c 0.065 0.054 0.060 0.062
Substrate H 16504 1.73£04 17003 1.63+04

E 205+ 07 21017 207 £09 213+£21

(E7H)s 122.02 121.38 121.76 130.67
Substrate/ (E/H)/>  9.394 9.398 9.444 9.765

Coating

except for the samples that were heat-treated at 800 °C for
which the largest values were recorded.

Figure 5(a) shows schematic highlighting fundamental
principles of an interfacial indentation test used to quantify
the cohesive energy of the annealed coatings and Fig. 5(b)

shows graphs of interfacial fracture toughness and coating

© The Author(s), 2020, published on behalf of Materials Research Society by Cambridge University Press

hardness values as a function of temperature, and optical
images coatings annealed at 900 and 700 °C in Figs. 5(c) and
5(d), respectively. Figure 5(b) indicates that the as-sprayed
coatings exhibited a low hardness (470 HVO1), which was
attributed to the high porosity levels that result from the
HVOF thermal spray process. Coatings annealed at 700 °C dis-
played the largest hardness values (625 HVO1), which may be
explained by the dissolution of the WC particles and the for-
mation of chromium carbide at these temperatures. Lower
hardness values were recorded for samples annealed at 800
and 900 °C, respectively. The decarburization of WC particles
is the main factor that affects coating hardness. To quantify
the cohesive energy of the annealed coatings, the interfacial
fracture toughness was evaluated using Vickers indents at the
interface. The evolution of the average toughness values (Kic)
as a function of annealing temperatures is also illustrated in
Fig. 5(b). The fracture toughness for samples annealed at
700 °C is lower than that of the as-sprayed ones and reached
the highest values for samples annealed at 900 °C. In addition,
the crack length at the substrate-coating interface was the short-
est for the samples annealed at 900 °C, as shown in Figs. 5(c)
and 5(d). This behavior may be attributed to the corresponding
coating hardness. For the samples annealed at 700 °C, the hard-

ness reached a maximum value because of the thermal stresses
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Figure 5: (a) Fundamental principle of the interfacial indentation test. (b) Comparison of the interfacial fracture toughness and hardness values. Optical images of

coatings annealed at (c) 900 °C and (d) 700 °C, respectively.

induced by the thermal spray process and the carbide forma-
tion that is responsible for the metallic matrix hardening.
This resulted in a larger deformation of the Vickers indent
allowing for the delamination of the coating resulting in a
more pronounced crack growth. However, samples annealed
at 900 °C exhibited the largest Ki¢ values due to their relatively
low hardness as well as the elasto-plasticity ratio of their metal-
lic matrix that inhibited crack propagation at the substrate-

coating interface.

Friction and wear behavior

The SEM observations of the worn surfaces of the as-sprayed
and annealed samples are shown in Figs. 6(a)-6(d). All surfaces
were characterized by local plastic deformation of the metallic
matrix, scratches on the WC particles accompanied with some
carbides fractured and removal of WC microparticles due to
the porosity presence that plays an important role in the
wear resistance of the coating. This porosity results in fracture
and fatigue wear mechanism processes of the WC particles and
micromachining (microcutting) of the metallic matrix during
sliding test. The low hardness of the metallic matrix compared
to the WC particles and the Al,O5 counter body resulted in
abrasive wear and detachment of some parts of the matrix
due to severe plastic deformation. Figure 6(b) suggests that

the extent of plastic deformation is less pronounced for the

© The Author(s), 2020, published on behalf of Materials Research Society by Cambridge University Press

coatings that were annealed at 700 °C. Some cracks and
scratches were observed and were attributed to the increase
in the content of the hard phases. Grooves parallel to the slid-
ing direction were observed in the area of the wear track in Figs.
6(c) and 6(d). These formed as a result of the sliding of hard
particle debris trapped between the sample surface and the
AlL,O; counter body. EDS point analysis measured in the
worn surfaces (A, B, C, D, E, and F) and shown in Table 3 indi-
cated that no counterpart elements were transferred to the wear
track. Shallow plowing grooves combined with an abrasive type
of wear was observed on the worn surfaces for the coatings
annealed at 800 °C [Fig. 6(c)]. EDS analysis revealed the pres-
ence of some counterpart elements (Al and O), suggesting that
the wear mechanism appears to be a combination of an abra-
sive and oxidative wear. Similar behavior was observed for
the worn surface of the coatings annealed at 900 °C [Fig. 6
(d)]. In this case, delamination of the WC particles and more
abrasive damage and cracks were seen along the WC parti-
cles/metallic matrix interface. This indicates the poorer cohe-
sion between the WC particles and the metallic matrix in the
coatings annealed at 900 °C. This may be due to the more pro-
nounced phase changes, discussed above, that occur as a result
of the annealing process.

Figure 6(e) shows the coefficient of friction (CoF) data for
as-sprayed and annealed samples. All of the curves exhibited

the same initial run-in tendency and reached a steady state
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Figure 6: SEM micrograph showing the wear track of (a) as-sprayed and annealed coatings at (b) 700 °C, (c) 800 °C, and (d) 900 °C. (e) Friction coefficient data
during tribotesting under a load of 15 N and a sliding distance of 1500 m. (f) Histogram showing the wear rate for pre- and post-annealed samples.

TABLE 3: EDS analyses of worm surfaces in zones A, B, C, D, E, and F shown in
Fig. 6.

Powders (wt%) w Ni Cr G C Fe 0 Al

A 0745 7493 1547 - - 0215 - -
B 2526 6181 0951 - - 03.27 - B
C 84.08 04.12 03.94 07.86 - - - -
D 7073 1321 647 07.16 - - 0243 -
E 1478 4203 1001 0274 - - 2490 03.50
F 1324 4302 0989 0217 0286 0246 22.69 03.67

after about 300 m of sliding. The CoF values varied from 0.50
to 0.68 when the annealing temperature increased from 700 to
900 °C. The relatively larger CoF values for the NiCr-WC-Co
coatings annealed at 900 °C was attributed to a decrease in
coating hardness (see Fig. 5) [4]. Furthermore, the lowest
CoF values were measured for samples annealed at 700 °C.
This behavior is attributed to the relatively larger hardness val-
ues for these samples and the formation of a lubricious oxide
tribolayer [34, 35]. It is worth mentioning that despite its
high hardness, the 800 °C annealed coating exhibited a similar
CoF to the as-sprayed one. It has been demonstrated that the
hardness to modulus ratio (H/E) values, the so-called plasticity
index, was shown to be a more appropriate parameter for the
prediction of the wear behavior than the hardness alone [36].
In this study, there is no significant difference (around 0.06)
between the H/E values for the as-sprayed and annealed coat-
ings at different temperatures (Table 2). This indicates that the
limit of elastic behavior is similar for all coatings [37]. The
specific wear rates of the as-sprayed and annealed coatings
are summarized in Fig. 6(f). As expected, the higher hardness
leads to a lower wear rate. For the coatings annealed at 700 °C,
the hardness reached maximum values of 625 + 30 and the CoF

© The Author(s), 2020, published on behalf of Materials Research Society by Cambridge University Press

Wear rate

Young's modulus Friction coefficient

—a— As Sprayed i
—e—T700°C
—a— 800°C

Hardness fracture toughness

Figure 7: Polar diagrams providing a visualization of different results (hard-
ness, Young'’s modulus, wear rate, friction coefficient, and fracture toughness)
for the coatings investigated in this study.

minimum values of 0.5. The wear rate was improved and
reached values of ~3x 107> mm*/nm compared to the
as-sprayed coatings (5x 107> mm>/Nm). The wear rate
increased to 4x 107> and 6x 107> mm?*/Nm for samples
annealed at 800 and 900 °C, respectively. It is clear that with
an increase in the annealing temperature, the thermal softening
of the coating became more prominent and the increase in the
wear rate from 700 to 900 °C annealing temperature was a
result of their softening as well as to the increasing in the fric-
tion coefficient during sliding. Hence, samples annealed at
700 °C displayed the best wear conditions and this may be
attributed to the metallic matrix strengthening, the higher vol-
ume fraction the WC particles, and the toughness of the metal-
lic matrix-WC particles interface.

Figure 7 shows a polar diagram summarizing different

mechanical and tribological properties for the coatings that
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were investigated in this study. This diagram suggested that
coatings annealed at 700 °C displayed the lowest wear rate
and largest hardness values but have a low interfacial fracture
toughness. On the other hand, coatings annealed at 900 °C
showed the highest Young’s modulus and interfacial fracture
toughness but had a relatively larger wear rate. The pentagram
areas for coating annealed at 800 °C consistently showed desir-
able values for all five categories. Hence, this diagram provides
insights useful for developing NiCr-WC10Co MMCs coatings
using the HVOF method followed by a heat-treatment process
and that display tunable properties depending on the intended
applications.

In the present work, the effect of annealing temperature on the
microstructure, mechanical, and tribological properties of
HVOF-produced NiCr-WC-Co coatings were studied. The

following conclusions may be drawn:

(i) Higher annealing temperatures lead to a greater WC
particle decarburization. This particle dissolution is
accompanied by an increase in the amount of newly
formed carbides (W,C and Cr;C,).

(ii) The present study clearly suggests the annealing of NiCr-
WC-Co HVOF-sprayed coating to 800 °C where an
increase of 17% in hardness and Young’s modulus of the
coating is recorded with relatively low wear rate compared
to the as-sprayed condition. The optimum annealing
temperature is subject to substrate metallurgy and fatigue/
creep resistance requirements.

(iii) The substrate/coating fracture toughness and adhesion is
the highest for annealing temperatures of 900 °C.

(iv) SEM and EDS analyses indicated that the wear
mechanism appeared to be abrasive for the as-sprayed
coatings and was a combination of an abrasive and
oxidative wear with increasing the annealing temperature.

(v) Coatings annealed at 800 °C displayed the best
microstructure-mechanical properties—tribological
performance balance as shown in the polar diagram

presented in Fig. 7.

The substrate material that was selected for this study was
304 L austenitic stainless steel with low carbon content
(<0.03 wt%) since it is widely used in various aggressive envi-
ronments due to its excellent corrosion resistance. Coatings
were created by an atomization process using a mixture of
NiCr and WC-10%Co-4%Cr powders that had an average

diameter of 30+10um (Wisdom Company, Shanghai,

© The Author(s), 2020, published on behalf of Materials Research Society by Cambridge University Press

China). The nominal chemical composition (wt%) of the two
powders was 77.0 £0.5% Ni and 23.0 £0.5% Cr for the NiCr
powders and 89.9+0.5% W, 7.3+0.6% Co, and 2.8 +0.4%
Cr for the WC10Co4Cr powders. The NiCr and WC-10%
Co4%Cr powders were mixed in a stainless steel ball milling
jar for 1h in an argon atmosphere at room temperature
using a rotational speed of 150 rpm to form a 60%NiCr 40%
WC10Co4Cr composite. The shape of the powders did not
change as a result of the mixing. The confirmation of nominal
chemical compositions of the steel substrate and the powders is
given by EDS analyses. The mixed powders were sprayed onto
304 L steel substrates using the HVOF process with the
essential processing parameters that are summarized as follows:
Fuel GPL; spray distance: 180 mm; oxygen flow rate: 500-
600 L/min; and powder feed: 25-38 gm/min.

The coated samples were annealed using a heating rate of
5°C/min in an electrical MAGMA muffle furnace at three dif-
ferent temperatures (700, 800, and 900 °C) for a 2-h holding
time and were then cooled in air. These annealing temperatures
were selected based on the surface temperatures reached under
the working conditions in drilling tools.

XRD was performed using a Philips diffractometer, with
40kV, Cu K, radiation =0.15406 nm and 0.05°/s step size.
The recorded XRD patterns were characterized using a
PANalytical X’Pert High Score software. An Ikon optical
microscope and a JSM 6830 scanning electronic microscope
were used to analyze the topography and microstructure. The
SEM is equipped with an EDS module for elemental mapping.
These characterization techniques were used to analyze
as-sprayed and annealed samples.

Nano-indentation measurements were carried out using an
Anton Paar NHT-3 nanoindenter with a Berkovich tip using a
100 mN applied load. The test was performed in selected areas
of the coatings that include the metallic matrix, the metallic
matrix-carbide interface, and the WC particles. Hardness
and Young modulus values were obtained for an average
value of three tests conducted at different locations.
Microhardness measurements were carried out using a
Wilson HV3300 hardness tester under load of 10 N (HV 01)
and 10s dwell time. Interfacial fracture toughness values
were estimated using the cohesion energy of the coatings
based on Vickers indents performed with a 50 N (HV 5)
applied load and a 15s holding time [38, 39], as shown in
Fig. 5(a). The apparent interfacial fracture toughness K,
(MPa m'"?) is calculated based on Evans’ theory [40, 41]:

P 4.5 E\"?
Ke = 0.079 x 10’ — Log A (Z) 1)
a’/? c HJ,

where P is the applied load (50 N), a is the half diagonal of the
indentation (um), and c¢ is the crack length (um).
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The ratio (E/H); in the above equation is defined by
[42, 43]:
(ST T N
HJ, 1+ (HS/HC)1/2 1+ (Hc/Hs)l/2 ’

where E is the Young modulus (GPa), H is the hardness (GPa),
S, C, and I refer to the substrate, the coating, and the interface,
respectively.

Tribological tests were carried out using a ball-on-disk trib-
ometer (CSM Instruments Inc, Peseux, Switzerland), based on
the ASTM G99-0516 standard. The tribotests were performed
at a constant velocity of 15 cm/s and an applied normal load
of 15 N for sliding distances of 1500 m. A 6 mm Al,O; ball
was selected as the counter body. All tests were conducted at
room temperature under dry laboratory conditions. The
width, d, of the wear track was determined with a 2D profilom-
eter equipped with profiler software to determine the cross-
sectional area of the sliding track. During sliding, the friction
coefficient was continuously measured and recorded in real
time by TriboX. At the end of each test, the friction coefficient
u curves were determined and the wear rate Wy for each speci-
men are calculated using the following equation:

_ Vdisk

D,F’ @

S

where D is the sliding distance (m), Vg is the disc volume
loss, and F (N) is the applied load.
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