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Ni-based composite coatings containing varied contents of tungsten carbides on low carbon steel were fabricated.
Effects of sintering temperature and tungsten carbides contents on the surface, interface, microstructure and
wear resistance of the coatings were investigated using scanning electron microscopy, energy-dispersive X-ray
spectroscopy, X-ray diffraction, Vickers microhardness tester, bulk hardness tester and pin-on-disc tribometer. The
results indicated that with appropriate sintering temperature (1230 °C), smooth coating surfaces can be achieved.
Favorable interfaces about 200 um can be got that both the chemical composition and property of the interfa-
cial region showed gradual transitions from the substrates to the coatings. Microstructure of the coatings
consists of tungsten carbides and M7C3/M23C6 in the matrix. With excessive sintering temperature, tung-
sten carbides tend to dissolve. Ni-based coatings containing tungsten carbides showed much higher level
of bulk hardness and wear resistance than ISO Fe360A and ASTM 1566 steels. With increasing contents of
tungsten carbides from 25% to 40%, bulk hardness of Ni-based coatings gradually increased. Ni-based coat-
ing with 35% tungsten carbides performed the best wear resistance.
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1. INTRODUCTION

NiCrBSi based alloys are widely used as coating materi-
als in application areas where the surfaces are subjected to
abrasive wear and corrosion [1]. The existence of B and Si
in the alloys largely decreases the melting point and endows
them with the self-fluxing characteristic [2]. Ni-based alloys
are therefore suitable for acting as the binder phase for refrac-
tory carbides. By adding appropriate contents of refractory
carbides such as TiC, SiC, WC etc., wear resistance of Ni-based
coatings can be largely improved [3]. Among these carbides,
WC performs a favorable combination of high hardness,
wettability and sinterability in the molten binder phase [4-6].
The properties of the Ni-based WC coating, therefore, largely
depend on the content, distribution and average size of WC
particles, as well as the bonding condition between WC par-
ticles and Ni-based matrix [7,8]. In recent years, different
surface techniques were applied for producing Ni-based WC
coatings [9-14], among which laser cladding is one of the most
attractive. However, laser cladding contains some inherent
disadvantages because of high thermal stress and self-stirring
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motion [4]. Cracks are therefore apt to form in the cladding
layer [15] and WC is easy to dissolve or sink to the bottom of
the coatings [16,17]. Some attempts have been made to over-
come the drawbacks of laser cladding technique [3,4,18], the
efficiency and controllability, however, are largely declined.

In the recent research project concerning the surface repairing
of worn components, an efficient and controllable technique
is required to substitute the current laser cladding technique.
Referred to literatures [7,19,20], a novel non-vacuum sinter-
ing process was utilized to produce Ni-based WC coatings
containing tungsten carbides (i.e. WC and W2C) on low car-
bon steel. Effects of different sintering temperature and con-
tent of tungsten carbides were studied around substrate/coating
interface, morphology and distribution of tungsten carbides.
Besides, bulk hardness and wear resistance of Ni-based WC
coatings were discussed compared with conventional carbon
steels and laser cladded coatings.

2. EXPERIMENTAL PROCEDURES

2.1. Test specimen preparation

ISO Fe360A mild steel (C < 0.20%, Mn < 1.4%, Si <0.35%,
S <0.045%, P <0.045%) was manufactured into rectangular
plates (20 mm x 20 mm % 15 mm) and used as the substrate.
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After cutting, the substrate plates were well treated by grinding
and acetone cleaning for eliminating impurities (e.g. engine
oil and oxides). Self-fluxing Ni-based alloy powder in size
range of 48-74 um was used as the bonding metal and the
chemical composition is shown in Table 1. Cast polycrystal-
line tungsten carbide powders (mixtures of WC and W2C
eutectic) in size range of 60-100 wm were used as the precipi-
tated phase and their scanning electron microscopic (SEM)
morphology are shown in Fig. 1. Four different binder con-
tents with 25%, 30%, 35%, and 40% tungsten carbides were
designed. After accurate calculation and weighing with ana-
lytical balance, appropriate contents of Ni-based alloy and
tungsten carbide powders were got and subsequently mixed
using a ball milling machine for 12 h. Sodium silicate
(Na,0-3Si0,) was applied as the adhesive. The powder mix-
tures and adhesive were blended into slurries and smeared
homogeneously on the substrate to a thickness of 1-2 mm.
The substrate with slurries was put into a customized stainless
steel die and cold pressed at 100 MPa for 2 min. Before sintering,
samples were taken into a two-step drying process (150 °C
for 150 min + 400 °C for 10 min) for dislodging the free and
crystal water. The coatings were sintered in a temperature-con-
trolled and quasi-sealed furnace at 1200 °C, 1230 °C, 1260 °C
for 10 min, respectively. Before sintering, the furnace was
vacuumized to 1 Pa and constantly inlet argon for ensuring the
inert gas shielding environment. After sintering, samples were
cooled in furnace to 400 °C followed by air cooling.

Table 1. Chemical composition (wt%) of Ni-based alloy powders

C 0.3-0.5
Si 3.4-45
B 2.5-3.0
Cr 9.0-12.0
Fe 21.0-23.0
Ni Balance

Fig. 1. SEM morphology of tungsten carbides powders.

2.2. Analysis methods

Specimens for metallographic observation, X-ray diffraction
(XRD), hardness measurements and wear tests were cut from
the sintering samples. Cross-sections of coatings were observed
using a Philips-quanta-2000 scanning electron microscopy
(SEM) coupled with an energy-dispersive X-ray spectroscopy
(EDXS). XRD analysis was conducted on a XPERTPRO-X
diffractometer for identifying the phase constitutions and the
samples were scanned in 20 range of 10° to 90°, using Cu-K
radiation at 35 kV and 40 mA with a speed of 2° min™. Vickers
type microhardness was measured with a HX-1000TM/LCD
tester under 300 g load for 15s. The tests were performed
through the cross-sections at various locations for an interval
distance of 100 um. Abrasive wear tests were carried out with
a ML-100 pin-on-disc tribometer in room environment (i.e.
temperature 20 °C + 2 °C and relative humidity 40% + 5%)
for evaluating the wear resistance of the coatings with dif-
ferent contents of tungsten carbides. In the wear tests, ISO
Fe360A steel used for substrate and ASTM 1566 steel (C:
0.62~0.70%, Si: 0.17~0.37%, Mn: 0.90~1.20%, S < 0.035,
P <0.035) were used as the references. 100# corundum abrasive
paper was used as the counterpart material and every test
trial was done with a brand new abrasive paper. Specimens in
wear test were manufactured into @5 x 15 cylinders with a
centre-line-average roughness of Ra = 0.6 pm and ultrason-
ically cleaned with acetone for 2 min before testing. For pre-
venting thermal effects (e.g., local overheating and/or phase
transformation), the linear speed was set to 0.1 m s™ and the
normal load was 15 N. Each test trial lasted for 35 min, giving
a total sliding distance of 210 m. After tests, AB204-N analyti-
cal balance with an accuracy of 0.1 mg was used to measure
the mass loss. Archard’s equation was employed in calculat-
ing the wear rate (K;) of pins [21]:

m;=K,-F-s (D

where m; is the mass loss, /' the normal force and s the slid-
ing distance. So that the specific wear rate, K;, could be cal-
culated properly and used to evaluate the wear resistance of
different materials. Wear rate is a widely used index to grade
the wear resistance and the higher the wear rate the lower
the wear resistance of the material [22-24]. Two commercial
grades of carbon steel, i.e. ISO Fe360A and ASTM 1566 steels
were used as references in the wear tests. Three test trials
were conducted for each tungsten carbides content and ref-
erence materials to calculate the mean values and standard
deviations, which stand for the final grades of wear rate.

3. RESULTS AND DISCUSSION

3.1. Coating surface and interfacial region
The authors observed the coating surface appearances of
Ni-based composite coatings containing 35% tungsten car-
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bides sintered at 1200 °C, 1230 °C, 1260 °C for 10 min,
respectively, and found that the coating sintered at 1230 °C
gave the smoothest surface without pores or cracks. While
the coating sintered at 1260 °C showed the most rugged sur-
face. A small amount of pores can also be observed on the
coating surface sintered at 1200 °C.

Note that there were no cracks being observed on all three
surfaces, which can easily be found on the coatings processed
by laser cladding [14,15]. The main reason is that laser cladding
process often results in the local overheating or high thermal
gradients, which may lead to the high residual stresses during
solidification and therefore cause cracks [25,26]. The cur-
rent non-vacuum sintering method slowly and uniformly heated
the Ni-based alloy powders and tungsten carbides, getting
rid of local overheating or thermal gradients, so that cracks
were successfully avoided.

While pores and unevenness were still observed with too
low or too high sintering temperature (1200 °C and 1260 °C).
One should note that, unlike the local heating during laser
cladding process, the mixed Ni-based alloy and tungsten car-
bides powders were synchronously and uniformly heated
during sintering. In addition, an abnormal accumulation of
Ni-based alloy was got at the bottom side of substrate plate
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after sintering at 1260 °C. The observed uneven particles in
1260 °C were therefore considered to be the unmelted tung-
sten carbide particles. On the contrary, with a too low sintering
temperature (1200 °C), the melted Ni-based alloy did not achieve
enough flowability to eliminate the air bubbles mixed in the
raw slurries and finally left a small amount of pores in the coat-
ings. Meanwhile, ripples which may easily occur from laser clad-
ding and result in unidirectional wear resistance [14,15], were
not observed on the non-vacuum sintered surfaces.
Bonding condition between the substrate and coating layer
is a significant quality to evaluate the surface coating deposi-
tion. An ideal coating should perform a metallurgical bond-
ing with the substrate material and exhibits a thick enough
interfacial region [27], which is much thicker and stronger
than the laser cladded interface [28,29]. The composition and
properties of the interfacial region are supposed to be in
between the substrate material and the coating layer, endowing it
with sufficient transition and protecting the coating from easy
spalling. Figure 2(a) illustrates the cross-section morphologies
of Ni-based composite coatings containing 35% tungsten
carbides sintered at 1230 °C for 10 min. Obvious interfacial
layers can be clearly seen between the substrate and the coating
layer, strongly testifying the metallurgical bonding condition
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Fig. 2. Cross-section SEM morphology of Ni-based coating containing 35% tungsten carbides sintered at 1230 °C: (a) morphology, (b) line EDS
scan result, (c) point EDS scan result of spot C, and (d) point EDS scan result of spot D.
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achieved by the non-vacuum sintering method. Meanwhile,
with increasing sintering temperature from 1200 to 1260 °C,
the average thickness of interfacial layer slightly increased from
176.3 um to 243.8 um. (All distances were measured through
“Micro-image Analysis & Process” technique). Furthermore,
no cracks or pores were observed in the interfacial region,
also proving a metallurgical bonding between the substrate
and the coating layer [10].

For testing the composition transition of the interfacial
layer, one line EDS scan and two point EDS scans were per-
formed on the interfacial layer processed at 1230 °C for 10 min
and the results are presented in Fig. 2(b) to 2(d). An apparent
and gradual transition of element Fe can be apparently observed
in the line EDS scan result (Fig. 2(b)). Element Ni also shows
an increase trend from the substrate to the coating layer.
Meanwhile, point EDS scan results shown in Figs. 2(c) and 2(d)
demonstrate that the concentrations of various elements
(e.g. C, Si, Fe and Ni) in the interfacial region lied between
the compositions of the substrate material and the coating
layer. Therefore, a favorable composition transition got through
the non-vacuum sintering method can be declared. Compared
with the interface layers (around 2 to 5 pm) from the laser
cladding technique [27,30], the interfacial region with current
method was much thicker and exhibited an obvious transi-
tion of chemical composition from the substrate to the coat-
ing layer, guaranteeing the metallurgical bonding.

The microhardness measurements across the transverse
cross-section of non-vacuum sintering method can be given
to prove the property transition (Fig. 3). The sintering coating
layer and substrate are depicted on the right and left hand side,
respectively. Interfacial region is highlighted by the perpen-
dicular dotted lines. The microhardness in the coating layers
with varied contents of tungsten carbides are between 1200
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Fig. 3. Microhardness measurements across the cross-section of sam-

ples containing different contents of tungsten carbides sintered at
1230 °C for 10 min.

and 2000 HV, which are slightly beyond the average level
of the laser cladding processed coatings [10,13-15]. The
extremely high hardness spots (around 2500 HV) might be
detected on the hard WC particles. It should be noted that
the average levels of microhardness of the samples with 35%
and 40% tungsten carbides are obviously higher than the lev-
els of samples containing 25% and 30% tungsten carbides,
which is in accordance with several previous researches
[28,31,32], demonstrating the reinforcement effect of tung-
sten carbide particles. Namely, the homogeneous distribution
of tungsten carbides and their compacted bonding with Ni-
based binder promoted the increase of properties [27]. Fur-
thermore, an intergradation of microhardness in the interfa-
cial region can roughly be observed, which is attributed to the
sufficient diffusion of elements shown in Fig. 2 and phase
transformation [30]. Favorable transitions of properties as well
as chemical compositions in the interfacial region were, there-
fore, proven to be achieved through the non-vacuum sintering
technique, and the interfacial regions showed ideal thick-
nesses.

3.2. Microstructural investigation

Figure 4(a) shows the typical microstructure of coating
layer, which consists of the matrix and light gray and dark gray
phase precipitated in the matrix. For identifying the compo-
sition of different phases, point EDS scans were carried out in
the same visual field with Fig. 4(a) and the results are pre-
sented in Figs. 4(b) to 4(d). From the results, it can be noticed
that the light gray phase is almost totally composed of C and W
elements (Fig. 4(b)), which can be asserted to be tungsten
carbide particles referred to the original morphology shown
in Fig. 1. Figure 4(c) illustrates that the matrix was Ni-rich and
Fe-rich, which is in accordance to the composition of raw
coating powders. The other kind of phase in dark gray color
(Fig. 4(d)) performed high concentrations of Cr and C elements,
which was suspected to be carbides. The results of XRD analy-
sis presented in Fig. 5 demonstrate the existences of carbides
in the forms of M7C3 and M23C6, where M = W, N, Cr, Fe and
C=C, B. Austerite (i.e. Fe0.64Ni0.36 and Ni2.9Cr0.7Fe0.36)
with faced-centered cubic (fce) crystal, which is the same phase
as 7-Ni in references [4,5,13], showed the predominant peaks
and formed the matrix of the sintered coating. Besides, WC and
W2C occurred in the coating in their original forms from the
raw tungsten carbide powders. Note that there are no borides
(such as Ni3B or Ni4B3) or other kinds of phases were detected
like in other researches of laser cladding [4,5,13,29]. Due to
the higher formation temperature of Ni3B than M7C3 and
M23C6 carbides [33], the uniform and stable heating through
the non-vacuum sintering method can explain the absence of
Ni3B or Ni4B3 borides. A more homogenous microstructure
can be, therefore, ensured with lower lattice deformation
and stress concentration.

The general distribution of tungsten carbides in the coating
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Fig. 4. (a): Typical SEM microstructure of the coating layer containing 35% tungsten carbides sintered at 1230 °C for 10 min and EDS scan
results of (b) light gray phase, (c) matrix, and (d) dark gray phase shown in Fig. 4a.
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Fig. 5. Result of XRD analysis of the coating containing 35% tung-
sten carbides sintered at 1230 °C for 10 min.

was also observed through BSE technique which is shown
Fig. 6. It can be noticed that the bright WC particles distrib-
uted homogenously in the coating layer. The extremely com-
mon sinkage and accumulation of WC to the substrate boundary
through laser cladding is not found with the current non-vac-

Fig. 6. General distribution of tungsten carbides in the coating (left
dark part is the substrate and interfacial region).

uum sintering method [14,34]. The main reason is that there
was no stirring within the sintering method, unlike the laser
cladding technique with self-stirring, so that the surface ten-
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ASTM 1566 steel are applied as reference.

sion and the sodium silicate adhesive can effectively hold
the tungsten carbide powders in the Ni-based alloy slurries,
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although the density of WC is much higher than the Ni-based
alloy. Therefore, more uniform properties and performance
of the sintered coating can be expected through this non-
vacuum sintering method.

3.3. Bulk hardness and wear resistance

Figure 7 shows the bulk hardness and wear rate of Ni-
based composite coatings as a function of tungsten carbides
contents. ISO Fe360A and ASTM 1566 steels are presented
as references. Wear rate is the most common feature for evalu-
ating the wear resistance of materials and a low level of wear
rate is corresponding to a favorable wear resistance. It is obvious
that the bulk hardness largely increased with the existence of
Ni-based coatings compared with ISO Fe360A substrate and
ASTM 1566 steel. Meanwhile, wear rates of samples contain-
ing composite coatings decreased dramatically compared with
coating-free samples (i.e. ISO Fe360A and ASTM 1566 steels).
Also note that, among the coating samples, bulk hardness
experienced a gradual increase with the increasing tungsten
carbide contents from 25% to 40% while wear rates first

cedaxdt genesis genmaps.spe 02-5ep-2013 leio:.aa
. H

= {
14.0'k

; CK 0662 13017

SiK 1 07.88 | 1536

k1474 15,52

Fek | 06.06 0394

NiK | 2165 | 2019

WL [ 43.05 [12.32

9.4 Matrix Correction | ZAF
ket
5.6

w
i
s -
Ni Cr Ni
! 1 w
j|| Fe {\ .
: 90 40 50 600 100 B0 %90 1000 1100

Fig. 8. Worn surfaces of Ni-based coatings containing (a) 25% tungsten carbides, (b) point EDXS analysis marked by arrow, (c) 35% tungsten

carbides, and (d) 40% tungsten carbides.



Non-vacuum sintering WC/W2C Reinforced Ni-Based Coating

decreased and then increased. This phenomena is similar
with several previous studies [1,6,14], which show that exces-
sive WC may destroy the wear resistance of the Ni-based
coatings.

Bulk hardness is a comprehensive property of material’s
ductility, elasticity, strength etc., which performs as the ability
to resist permanent deformation against compressive force.
Dispersed phase will evidently influence the hardness together
with the matrix [35]. In the current research, the increasing
content and well-dispersion of tungsten carbides effectively
reinforced the matrix and resisted the local deformation,
leading to the increment of bulk hardness. The sharp decrease
of wear rate of samples with deposition of Ni-based WC/W2C
coatings, compared with coating-free ISO Fe360A and ASTM
1566 steels, is mainly ascribed to the much higher level of
bulk hardness [36]. While with the increasing content of
tungsten carbides, the first decrease and subsequent increase
of wear rate can hardly be explained. Here, it should also be
noted that when precipitated particles were applied, their
interaction with matrix usually acts an important role in pre-
venting the materials from wear [37-39]. Under such circum-
stance, the common belief that a higher hardness gives a higher
wear resistance becomes not always reliable [36]. Therefore,
analyzing the wear mechanisms of samples containing varied
contents of tungsten carbides is necessary to explain the phe-
nomenon of wear rate alterations.

During the abrasive wear process, wear loss may happen
through three major forms: (1) micro-cutting, (2) plastic defor-
mation and (3) spalling of hard-phase debris, among which
the spalling is popularly believed to be the greatest contribu-
tion to the wear loss [1]. Figure 8 presents the worn surfaces
of Ni-based coatings containing different contents of tung-
sten carbides. It can be seen from Fig. 8a that large scale of
plastic deformation parallel to sliding direction occupied the
worn surface together with small amount of white tiny wear
debris. Hard particles embedded the coatings can also be
observed (marked by arrow). The corresponding EDXS result
shown in Fig. 8b clearly identified it to be a tungsten car-
bide particle. With the tungsten carbides increased to 35%,
some tiny wear debris can also be observed on the worn surface
shown in Fig. 8c. While the quantity of wear debris, compared
with samples containing 25% tungsten carbides, is apparently
less. Besides, polishing-like micro-cutting features largely
occupied the surface instead of plastic deformation, demon-
strating a milder wear condition. Differently, a large amount
of wear debris can be observed in Fig. 8d, which may be sheared
off during wear process and observed in previous studies
[10,12,18,40]. These countless sheared off hard particles will
participate the wear process as third-bodies and promote the
wear loss, resulting in the highest wear rate of 40% tungsten
carbides sintered coating, compared with other sintered coatings.
This is in accordance to several researches that with large amount
of wear debris, the abrasive wear was accelerated [36,40].
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4. CONCLUSIONS

(1) Sintering temperature influenced the surface appear-
ance of sintered coatings. With appropriate sintering tempera-
ture (1230 °C), smooth coating surfaces without cracks and
pores can be achieved within argon shielding environment.

(2) Favorable interfacial regions about 200 pum can be got
with different sintering temperature and both the chemical
composition and property of the interfacial region showed
gradual transitions from the substrates to the coatings.

(3) Microstructure of the coating layers consists of tung-
sten carbides and M7C3/M23C6 carbides in a matrix of austen-
ite. Borides which damage the homogeneity of microstructure
were not found.

(4) Tungsten carbides uniformly distributed in the coating
layers. With excessive sintering temperature, tungsten carbides
tend to dissolve and be diluted by the matrix.

(5) Ni-based coatings containing tungsten carbides showed
much higher level of bulk hardness and wear resistance com-
pared with ISO Fe360A and ASTM 1566 steels. With increas-
ing tungsten carbide contents from 25% to 40%, bulk hardness of
Ni-based coatings gradually increased while wear rate firstly
decrease and then increased. Ni-based coating with 35%
tungsten carbides performed the lowest wear rate.
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