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Steel surfaces were thermally sprayed with nickel chromium boron (NCB) powder (with and without
tungsten carbide) using an oxy-acetylene torch. The sprayed (hard) surfaces and substrate were charac-
terized for abrasive wear properties. Test parameters such as load and sliding distance were varied. A
significant improvement in the abrasive wear resistance (inverse of wear rate) was noted for the thermally
sprayed surfaces as compared to that of the substrate. Wear surfaces, subsurface regions, and debris were
examined in order to ascertain the operating wear mechanisms. Substrate (mild steel), because of its low
hardness, suffered severe wear through the cutting, ploughing, and wedging action of the hard abrasive
(silicon carbide). Deep cuts on the worn surface, a bulky transfer layer, subsurface cracks, and large-size
debris were observed. However, wear was reduced due to high hardness of the layer of NCB powder on
the substrate, which resisted the penetration of abrasive into the surface. Presence of tungsten carbide in
the layer of NCB powder further reduced the wear of the corresponding specimen because of very high
hardness of the tungsten carbide. Shallow wear grooves and finer debris were observed for the NCB
coating with and without tungsten carbide. Cutting was the predominating wear mechanism in the case of
coatings.
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1. Introduction

Surface modification is an emerging technique through
which various properties of materials can be improved to a
great extent.[1,2] Among many techniques of surface modifica-
tion, thermal spraying is very attractive because of its relatively
simpler operation and flexibility in the selection of coating
powder with respect to requirements of applications.[3] In this
technique, thermal energy is used to spray metal and ceramic
powders to form a dense coating on the prepared surface of
substrates. A wide range of coating materials such as aluminum,
bronze, steel, nickel and its alloys, and ceramic powders may
be deposited by thermal spraying technique with 95% effi-
ciency.[4] Its application includes deposition of corrosion, abra-
sion, and wear-resistant coatings/layers on large and intricately
shaped surfaces. About 75% of the hardfacing alloys are iron
based.[5] However, nonferrous hardfacing alloys having high

melting points are also used in environments that are too ag-
gressive for the ferrous hardfacing alloys to withstand, or
where high resistance to specific types of wear is required.[5]

Chemical processing, power, automotive, and oil industries re-
quire resistance to a hostile environment in addition to resis-
tance to wear. Nonferrous hardfacing alloys are used in such
applications. Furthermore, ceramic coatings are attractive for
wear-resistant applications because of their high hardness, but
brittleness limits their usefulness in some of the wear applica-
tions.[6] From a scientific standpoint, materials with excellent
wear resistance should possess a combination of high hardness
and toughness. Cermets have been developed to offer benefits
in terms of hardness of the ceramic and toughness of metals.
Tungsten carbide is one of the hard ceramics dispersed in a
ductile metallic matrix for wear resistance applications.[7,8]

The objective of the present investigation was to access the
extent of improvement in the wear resistance of the steel sub-
strate attainable through surface modification with hard nickel
chromium boron (NCB) coatings. In the present study, NCB
powder (with and without tungsten carbide) was thermally
sprayed on a steel substrate using oxy-acetylene flame. Two-
body abrasion tests were carried out on the specimens at vari-
ous loads for different sliding distances. Wear rate of the speci-
mens was computed by weight loss method. Scanning electron
microscopic study was carried out to examine the wear surface,
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Table 1 Chemical Composition of the Substrate and Powders

Material

Chemical Composition (wt.%, Element)

C Si Mn Cr Ni Fe B

NCB powder (without WC) 0.78 4.11 — 17.69 Remainder 4.24 3.11
NCB powder (with WC) NCB powder of above composition containing 50 wt.% WC powder
Substrate 0.16 0.11 0.40 — — Remainder —
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subsurface, and debris to elucidate the operating wear mecha-
nisms.

2. Experimental

2.1 Material

Mild steel plates (∼4 mm thick) were cut in the form of 35
mm × 40 mm rectangular pieces and their surfaces were pre-
pared by polishing metallographically and cleaning thoroughly
with acetone. Oxy-acetylene flame was used to spray the pow-
der on the substrate surface. Coating was carried out manually
by maintaining a gun-to-substrate distance of ∼22 cm and pow-
der feed rate of ∼50 g/min. Chemical composition of the pow-
der and substrate materials is listed in Table 1.

2.2 Wear Tests

High-stress abrasive wear tests were conducted on 35 mm ×
40 mm × 4 mm specimens using abrasion test equipment
(Suga, Japan). A schematic diagram of the test apparatus is
shown in Fig. 1. The test procedure facilitated to-and-fro mo-
tion of the specimen against the abrasive medium firmly
mounted on a wheel. The specimen was loaded against the
abrasive medium with the help of a cantilever mechanism.
After each stroke, the abrasive (wheel) rotated slightly in order
to offer fresh abrasive surfaces in each stroke. After 400
strokes (i.e., to-and-fro cycles of the specimen), the abrasive
reached the initial position. This corresponded to a sliding dis-
tance of 26 m traversed by the specimen. Weight loss method
was used to calculate the wear rate. Tests were conducted (1)
over a sliding distance of 78 m at 1, 3, 5, and 7 N loads using
fresh abrasive (i.e., the abrasive was changed after the traversal
of 26 m distance every time); (2) over sliding distances of 26,
52, 78, and 104 m at 7 N load using fresh abrasive (i.e., the
abrasive was changed as in item 1); and (3) over sliding dis-
tances of 26, 52, 78, and 104 m using the same abrasive over
the entire range of sliding distances.

2.3 Microstructural Studies

Cross sections of the coated surfaces and subsurface regions
of typical tested samples were observed using scanning elec-

tron microscopy. Specimens were cut using a slow-speed dia-
mond cutter and mounted in polyester resin. The samples for
the observations of subsurface regions were polished and
etched as per standard metallographic practices. Wear surfaces,
subsurface regions, debris, and abrasive papers were also ex-
amined under a JEOL 5600 CF scanning electron microscope
(Tokyo, Japan). Specimens were sputtered with gold prior to
their SEM study.

2.4 Roughness Measurement

Roughness of the samples prior to and after testing (at 7 N
load and over 78 m distance, parallel and perpendicular to the
sliding direction) was measured using an RTH-6 profilometer
(Rank Taylor Hobson, Leicester, London, U.K.).

3. Results

3.1 Wear Response

Figure 2 shows the variation in wear rate of the specimens
as a function of applied load. The abrasive was fresh in this
case and tests were conducted over a fixed sliding distance of
78 m. Wear rate increased with increasing load. Maximum
wear rate was observed for the substrate specimen followed by
that of the layer of the NCB powder without WC; the layer of
the NCB powder with WC attained minimum wear rate. There

Fig. 1 A schematic diagram of the abrasion test apparatus

Fig. 2 Wear rate plotted as a function of applied load at a typical
sliding distance of 78 m using fresh abrasive (�, layer of the NCB
powder with WC; ■, layer of the NCB powder without WC; �,
substrate)
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was a sharp increase in the wear rate of the steel substrate and
the layer of the WC-free NCB powder with load. However,
increase in the wear rate with load was comparatively less in
the case of the layer of the NCB powder containing WC.

Wear rate of the specimens with sliding distance is shown in
Fig. 3. The wear rate reduced with sliding distance in general.
However, the extent of reduction in wear rate (with distance)
increased when the abrasive remained unchanged (degraded)
compared to that using fresh abrasive. It may also be noted that
the degree of reduction in wear rate in the case of unchanged
(degraded) abrasive over the one with fresh abrasive became
greater for the substrate than either of the deposited layers of
the NCB powder with and without WC.

3.2 Microstructural Study

Figure 4 shows the microstructure of the samples. The
thickness of the layer deposited with the NCB powder contain-
ing WC and the one without WC on the substrate was ∼150 and
350 �m, respectively (Fig. 4a and b, respectively). The layer of
the NCB powder without WC shows complex chromium car-
bide in the matrix of nickel (Fig. 4c, region A). Similar features
were observed in the case of the layer/deposit of the NCB
powder with WC, except that the presence of tungsten carbide

particles was also seen in the matrix (Fig. 4a). The size of
tungsten carbide particles was ∼50 �m (Fig. 4a). The micro-
structure of the substrate steel comprised pearlite plus ferrite
(Fig. 4d).

3.3 Wear Surface

Figure 5 shows the SEM micrographs of the worn surfaces
of the samples. The sample sprayed with the layer of the NCB
powder containing WC revealed a large number of WC par-
ticles on the wear surfaces. Continuous and shallow abrasion
grooves can also be seen in this case (Fig. 5a). No groove
formation took place on the tungsten carbide particles (Fig. 5b).
The severity of damage increased for the sample with the layer
of WC-free NCB powder (Fig. 5c and d) as compared to the
one with WC (Fig. 5a and b). Damaged areas containing pits
were also prominent in the WC-free NCB powder coating (Fig.
5d). Worn surfaces of the steel substrate delineated continuous
and deeper grooves on the wear surface (Fig. 5e) as compared
to those deposited with the layers of the NCB powder with and
without WC (Fig. 5a and c). Large surface damage is also
evident in the worn surface of the steel substrate (Fig. 5f).

3.4 Subsurface Regions

Microstructures of the subsurface regions of the worn sur-
faces of the samples are shown in Fig. 6. Microstructural
changes in the subsurface regions were observed to be marginal
for the layer of NCB powder with WC particles (Fig. 6a).
Furthermore, regions close to the wear surface generally ap-
peared to be featureless (Fig. 6a, region A) with the limited
presence of fragmented microconstituents (Fig. 6b, region B).
The presence of microcracks in the subsurface regions was also
observed (Fig. 6b, region marked with arrow). Similar features
were also noticed for the layer of the NCB powder without WC
(Fig. 6c and d). The subsurface regions of the samples of the
layer of the NCB powder with and without WC revealed a
negligible amount of adhered mass to the bulk (Fig. 6a and c).
Conversely, the adhered mass was considerably large for the
substrate (Fig. 6e). A ferrite-pearlite colony could not be seen
in the transferred layer, whereas it was observed in the bulk
(Fig. 6e, regions C and D, respectively).

3.5 Abrasive Medium

Figure 7 shows the abrasive medium prior to and after test-
ing the specimens. The fresh abrasive medium contained abra-
sive particles well embedded with the base (Fig. 7a). Protrusion
of the intact particles may also be noted in this case (Fig. 7a).
Sticking of debris particles on the abrasive medium was ob-
served after testing the samples (Fig. 7b to e). The extent of
debris sticking was minimum for the layer of the NCB powder
containing WC (Fig. 7b). This was followed by that of the
WC-free NCB powder layer (Fig. 7c); the degree of debris
sticking was maximum in the case of abrasion of the substrate
(Fig. 7d). A magnified view clearly shows that the debris con-
tains flakes and machining chips (Fig. 7e, regions A and B,
respectively). Damage to the abrasive particles in the form of
fracturing/fragmentation and partial removal during abrasion of
the samples was also noted (Fig. 7c and d, regions marked by
single and double arrow, respectively).

Fig. 3 Wear rate of the specimens plotted as a function of sliding
distance at a typical applied load of 7 N using fresh and degraded
abrasive over the entire range of sliding distance (��, layer of the
NCB powder with WC; ��, layer of the NCB powder without WC;
��, substrate; open symbols, unchanged (degraded) abrasive; closed
symbols, fresh abrasive)
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3.6 Roughness Measurement

The surface roughness increased after wear at 7 N load for
78 m distance of the substrate and layer of the NCB powder
without WC, whereas the trend reversed for the layer of the
NCB powder containing WC (Table 2).

4. Discussion

In the present study, abrasion resistance of substrate mate-
rial could be increased by depositing NCB powder with and
without tungsten carbide particles. In general, abrasive wear

properties of this group of alloys depend on their carbon and
boron contents.[5] Chromium, boron, and carbon contents to-
gether with that of nickel determine the level and type of hard
phases formed therein. Boron is the main hard phase forming
element, whereas carbon is the secondary hard phase former.[5]

Silicon facilitates the formation of intermetallic compounds
such as Ni3Si,[5] and thus considerably influences the wear
properties of the alloys. In the presently used alloy system,
dominant hard phases such as Ni3B and chromium boride (nor-
mally CrB, and occasionally Cr2B and Cr3B2) are formed along
with the complex carbides of M23C6 and M7C3 types.[5]

Wear rate of the layers of the NCB powder with and without

Table 2 Roughness (Ra) Values of Specimens (µm)

Roughness Measurement with
Respect to Sliding Direction Substrate

Layer of NCB Powder
(Without WC)

Layer of NCB Powder
(Containing WC)

Before wear 0.125 0.134 0.554
After wear at load: 7 N, distance: 78 m Parallel 0.226 0.247 0.324

Perpendicular 0.669 0.650 0.466

Fig. 4 Microstructure of the transverse section of the sample deposited with the layer of (a) NCB powder with WC particles, (b and c) NCB powder
without WC, and (d) substrate
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WC was significantly lower than that of the substrate, i.e., mild
steel (Fig. 2 and 3), due to the presence of hard microconstitu-
ents such as complex carbides, nickel boride, and WC in the
former case (Fig. 4a to c); the phases offer high hardness. For
the layer of the NCB powder without WC, wear rate decreased

because of the presence of complex carbide and boride phases,
whereas tungsten carbide further improved the wear properties
because of its higher hardness in the case of the layer of the
NCB powder containing WC. The view is substantiated
through the higher hardness of the layer of the NCB powder

Fig. 5 Abraded surfaces of (a and b) the layer of NCB powder with WC, (c and d) layer of NCB powder without WC, and (e and f) substrate tested
over a sliding distance of 78 m at a load of 7 N using fresh abrasive
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with and without WC (the hardness being ∼875 and ∼700 HV,
respectively) than that of the substrate (245 HV); hardness of
WC particles was found to be 2373 HV.

Available information suggests that microstructural param-

eters such as size, shape, volume fraction, hardness, and dis-
tribution of hard phases in the matrix are the factors responsible
for specific abrasive wear properties of materials consisting of
soft and hard phases.[9-14] Furthermore, relative hardness and

Fig. 6 Subsurface regions of (a and b) the layer of NCB powder with WC, (c and d) the layer of NCB powder without WC, and (e) the substrate
tested over a sliding distance of 78 m at a load of 7 N using fresh abrasive. (A, featureless region; B, fragmented microconstituents; arrow,
microcracks; C, absence of ferrite-pearlite colony; D, ferrite-pearlite colony)

42—Volume 11(1) February 2002 Journal of Materials Engineering and Performance



size of the abrasive with respect to that of the specimen also
influence the wear response of the latter.[12,15] The presently
used abrasive comprised ∼ 100 �m silicon carbide particles

embedded on paper (Fig. 7a). For the softer substrate, severe
wear took place (due to the large difference in the hardness of
mild steel and SiC abrasive particles) through cutting, plough-

Fig. 7 Abrasive medium (a) prior to and (b-e) after abrading the specimens of (b) the layer of NCB powder with WC, (c) the layer of NCB powder
without WC, and (d and e) the substrate tested over a sliding distance of 78 m at a load of 7 N using fresh abrasive. (A, flakes; B, machining chips;
single arrow, fracturing/fragmentation of the abrasive; double arrow, partial removal of the abrasive)
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ing, and wedging of the surface (Fig. 5e and f). This can also
be evidenced by the presence of large-size machining chips and
flakes in the debris (Fig. 7d and e). Figure 2 and Fig. 3 also
indicate higher wear rates for the substrate. Large transfer lay-
ers along with the subsurface cracks (Fig. 6e) are also indica-
tive of more severe abrasion of the softer substrate than that of
the deposited layers of the NCB powder with and without WC.
Wear rate increased significantly with increasing load (Fig. 2)
because of the larger depth of cut on the (softer substrate)
matrix at higher load.[16,17] Increase in the wear rate of the layer
of NCB powder containing WC with increasing load was mini-
mum (Fig. 2) in view of the presence of (hard) tungsten carbide
particles on the wear surface, which resisted the penetration of
the abrasive particles into the matrix. This was also supported
by the formation of shallow wear grooves (Fig. 5a and b).

Marginal reduction in the wear rate with distance for abra-
sion of the substrate against the fresh abrasive medium (Fig. 3)
could be attributed to subsurface hardening.[18] In addition,
gradual reduction in the cutting efficiency of the abrasive
through shelling, capping, clogging, and attrition[12,19] with
distance while the degraded abrasive was used, led to decrease
in the wear rate of the samples in all cases (Fig. 3).

It may be noted that during sample preparation, final pol-
ishing is done with loose abrasive particles. If the sample com-
prises hard microconstituents sufficiently large in size and em-
bedded in a relatively softer matrix, the loosely held polishing-
abrasive particles freely and effectively enter into the space
between the hard microconstituents. As a result, the softer ma-
trix gets abraded to a larger extent than the harder phases, as
observed in three-body (low-stress) abrasion, leading to the
protrusion of the hard phases above the (softer) matrix.[20,21]

This was very much the case with the samples of the layer of
NCB powder containing WC particles prior to (high-stress)
abrasion in this study. During high-stress abrasion, the rigidly
held abrasive particles penetrate the specimen surface to the
same extent in all regions of contact irrespective of the nature
of various phases present therein.[16,17] In other words, the
depth of cut made by the abrasive particles on the specimen
surface is that of the one on the harder/stronger microconstitu-
ents present therein. Obviously, the hard phases protruding
above the matrix get abraded first and the extent of their pro-
trusion above the surface is reduced. Accordingly, roughness of
the specimen surface decreased after wear testing, as observed
for the layer of the NCB powder with WC (Table 2). For the
remaining samples, i.e., the substrate and the layer of the pow-
der without WC particles, the surface was smooth initially,
wherein the depth of cut made by the abrasive during abrasion
increased the roughness after wear testing (Table 2).

5. Conclusions

• Abrasive wear resistance of the substrate improved after
depositing a layer of a nickel chromium boron NCB pow-
der. Presence of tungsten carbide in the layer of the NCB
powder further improved the wear properties.

• Wear rate increased with load. Furthermore, the extent of
increase was the least for the layer of the NCB powder

containing hard WC particles, followed by that of the layer
of the NCB powder without WC, the substrate revealing
maximum extent of increase (Fig. 2).

• Wear rate of the samples reduced marginally with sliding
distance when fresh abrasive particles were used through-
out the tests. However, wear rate decreased with sliding
distance to a greater extent when the abrasive remained
unchanged (i.e., degraded) during the test.

• Presence of flakes and machining chips in the debris sug-
gests that wear was caused by ploughing and cutting ac-
tions of the abrasive. Changes in the subsurface regions
were minimal for the layers of the NCB powder with and
without WC. Accordingly, the debris formed in this case
was finer than in the case of the softer substrate.
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