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Tungsten carbide cermet powder with 12%Co was deposited on stainless steel substrate by air plasma
spraying method. Two types of coatings were produced i.e. thick (430 mm) and thin (260 mm) with
varying porosity and splat morphology. The coated samples were treated with CO2 laser under the
shroud of inert atmosphere. A series of experimentation was done in this regard, to optimize the laser
parameters. The plasma sprayed coated surfaces were then laser treated on the same parameters. After
laser melting the treated surfaces were characterized and compared with as-sprayed surfaces. It was
observed that the thickness of the sprayed coatings affected the melt depth and the achieved
microstructures. It was noted that phases like Co3W3C, Co3W9C4 and W were formed during the laser
melting in both samples. The increase in hardness was attributed to the formation of these phases.
& 2013 Elsevier Ltd. All rights reserved.
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1. Introduction
Tungsten carbide (WC) based cemented carbides are widely
used for tools, dies and wear resistant parts in variety of applications including machining, mining, metal cutting, forming, construction and other applications in the form of bulk parts or
coatings [1]. These coatings have various applications where very
high resistance to abrasive or erosive wear is required. WC cermets
can be applied as coatings by thermal spraying processes such as air
plasma spraying (APS), high velocity oxygen fuel (HVOF) spraying
and detonation gun methods [2,3]. In these, plasma spraying is one
of the better techniques that provide good properties of these
materials due to high temperature achieved by the plasma. Also,
little chance of distortion of the substrate exists during deposition,
since its temperature does not rise above 300 1C [4].
However, the properties of the plasma sprayed coatings can be
limited by the existence of microstructural defects, such as high
porosity, weak interconnection between splats and a considerable
lack of chemical homogeneity. The porosity, in particular, can reduce
the corrosion resistance because it provides channels of penetration
through which the aggressive media reaches the substrate [4].
Laser re-melting is comparatively a new technique to improve
the quality of thermal spray coatings. Similarly laser surface alloying
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(LSA) is a recent and important process used to enhance surface
properties of materials. The objective of these techniques is to fuse,
totally or partially, the ceramic/cermets layer so that the newly
solidiﬁed material becomes more homogeneous and the pores
disappear. Several researchers have worked in this ﬁeld [5–14],
although few studies reported the results of carbides treatments [4].
As with most thermal spraying techniques like plasma spraying,
HVOF and detonation gun based processes; laser cladding and
melting could also lead to WC dissolution and precipitation of other
phases depending on laser power, particle size, volume fractions of
WC, etc. [1,15–17]. Thus, process parameters have to be carefully
controlled to minimize the carbide dissolution [16–18].
The present paper focuses on an experimental study of the
microstructural chemistry of plasma-sprayed WC–12%Co coatings
deposited at different standoff distances, before and after CO2 laser
remelting. Further, the effects of treatment on porosity, microhardness and phase composition of the materials have also been
analyzed and discussed.

2. Experimental
WC–12%Co cermet coating powder AMDRY-301, Sulzer Metco,
USA with particle sizes ranging from 5 mm to 45 mm was used in
the experiments of conventional coatings. Scanning electron
microscope (SEM) analysis showed that powder has angular
morphology and mostly particles were irregular and elongated in
shape. The substrate material used for this conventional APS wear
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resistance coating was AISI-321 stainless steel having 5 mm
thickness and 25.4 mm diameter.
2.1. Air plasma spraying
Thermal spraying was carried out using an air plasma spraying
system consisting of a Sulzer Metco 3MB spraying gun. In order to
produce a rough surface on substrate for good bonding, all specimens were grit blasted with alumina and preheated to about
150 1C prior to thermal spraying. Table 1 summarized the principal
parameters used to produce different coatings.
Spray distance was the principal parameter that was varied to
obtain the different coating thicknesses. For this purpose two
spraying distances were utilized i.e. 80 and 100 mm, whereas, the
other working parameters were same and given in Table 1. By
utilizing these parameters two types of coatings were produced
i.e. C-1 and C-2 which were sprayed from 80 mm and 100 mm
standoff distances respectively.
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were studied in both cross-section and the surface of the samples.
The microstructure of the conventional and laser treated zone was
examined under optical microscope and Vickers hardness was
measured as a function of case depth. For micro hardness measurement, LECO micro hardness tester was used. During the test
100 g of load was applied for 20 s. The hardness testing was done
on the cross sections of the coated samples. At least ﬁve to ten
readings were recorded in this regard.
SEM was used for microstructures and compositions analysis.
X-ray diffraction analysis was done for the analysis of metallurgical phase composition. Ni-ﬁltered Cu-Kα radiations were utilized
to scan the coated samples and the spraying powder using JEOL
JDX-8030 diffractometer. The samples were scanned from 201 to
1001 2θ with scan step of 0.051. The relevant amount of phases was
estimated by integrated intensity ratio method.

3. Results and discussion
3.1. Metallography of as-sprayed coatings

2.2. Laser melting
After plasma spraying the coated samples were laser remelted
with 2.5 kW transverse ﬂow CO2 laser. The spot size of laser beam
having diameter 3 mm was adjusted on the work-piece with a
ZnSe focusing lens of 120 mm focal length. For laser treatment, the
samples were ﬁxed on a CNC table which moves under the laser
beam along x-axis. An inert shielding gas (nitrogen) was used to
prevent the formation of oxide on the sample′s surface. In order to
optimize the working speed for proper surface melting of coated
steel, at ﬁxed laser power, single pass on the samples were carried
out at different speeds. Finally, the multiple passes with 25%
overlap on the samples were performed at 50 mm/min. Before
treating the samples at 50 mm/min a number of experiments were
conducted to select the right laser melting speed. In this regard,
the laser speed was the principal parameter which varied from 25
to 100 mm/min. However, it was observed that 50 mm/min was
the most optimum in terms of microstructure. The optimized laser
parameters are mentioned in Table 2.
The two laser treated coatings i.e. thick (S-1) and thin (S-2)
were analyzed with optical and scanning electron microscope
using standard metallographic techniques. The coating systems

After grinding and polishing, two set of coatings were observed
under optical and scanning electron microscope. The cross section of
the samples revealed that the coating sprayed at 80 mm and
100 mm standoff distance having 430 mm and 260 mm thickness,
respectively, Figs. 1 and 2. It was also observed that the coating
sprayed at 80 mm standoff distance was more porous as compared
to that deposited at 100 mm distance, Figs. 3 and 4. This may be due
to lesser ﬂight time available to the particles in plasma ﬂame when
sprayed at 80 mm distance. The carbide particles did not melt
properly, Fig. 3, and therefore the formation of splats is less than
that as in 100 mm distance coating. Some ﬁne cracks were also
observed in both samples which were formed during the cooling of
the sprayed particles. Further, it was also noted that when the
coating deposited at 80 mm distance, the interface between the
coating and the substrate became poor as compared to that sprayed
at 100 mm. The weaker interface maybe resulted due to less splat
formation, as discussed above and hence the quality of the coating
deteriorated. The increase in coating thickness also contributes
towards the increase in residual stresses [19] which may increased
up to an extent that the coating delaminated from the substrate.
3.2. Metallography of laser treated coating

Table 1
Principal parameters used in plasma spraying at different spraying distance.
Parameter

Current (A)
Voltage (V)
Time (min)
No. of passes
Carrier gas ﬂow rate (SCFH)
Powder feed rate (lb/h)

Spraying distance, mm
80

100

500
50
3
59
20
10

500
50
3
58
20
10

In as polished condition, the cross section of the samples revealed
a modiﬁed layer, Fig. 5. The thickness of these layers varies from 610
to 690 mm for S-1and S-2 respectively. It was observe that in both

C-1

Coating
Table 2
Optimum parameters used during laser melting of two types of coatings.
Parameter

Values

Laser power (W)
Spot size (mm)
Focal length of lens (mm)
Shielding gas
Working speed (mm/min)

700
3
120
Nitrogen
50

Substrate
Fig. 1. Coating thickness deposited at 80 mm standoff distance.

204

M. Afzal et al. / Optics & Laser Technology 56 (2014) 202–206

Further, it was also observed, in both samples, that a continuous and a sound interfaces were developed after the laser
treatment, Fig. 6. No crack or separation was observed in laser
treating modiﬁed layers, as were in as sprayed APS coatings. A ﬁne
dendritic region, next to the heat affected zone (HAZ), was
observed in sample S-2 (Fig. 6) as compared to S-1. The formation
of this zone, in S-2, refers to the fact that the heat approached
deeper as compared to S-1. This may be due to thick overlay
coating present on the substrate of S-1 and consumed maximum
energy on melting of WC coating.

C-2

Coating

3.3. Chemical composition proﬁle for laser treated coatings

Substrate
Fig. 2. Coating thickness deposited at 100 mm standoff distance.

C-1

Splats
Pores

Un-melted Particles

Fig. 3. As sprayed coating, sprayed at 80 mm standoff distance, showing different
defects (arrows).

C-2
Pores

Splats

Fig. 4. As sprayed coating, sprayed at 100 mm standoff distance, showing different
features.

samples, the modiﬁed laser treated layer has good appearance
without any discontinuities as well as was free of cracks. However,
the bead demonstrated in S-2, showing comparatively uniform
distribution of cellular-dendritic structure than S-1. The decrease in
bead thickness in case of S-1, where the coating thickness is more, is
probably due to the fact that the thick coating may experienced
thermal shocks and thus offered only small quantity to mix within
the substrate.

During optimization of experiments it was noted that at higher
speed i.e. 300–900 mm/min, the surface of the samples were not
melted due to insufﬁcient energy density of the laser beam. At low
speed the WC–Co layer starts to melt and the melting depth
increases with decreasing the working speed of laser. It was observed
that the WC–Co layer melts with laser beam and intermix with base
metal to form new composite material which naturally has good
adhesion and excellent surface properties. It was observed that the
modiﬁed surface properties depend upon the coating thickness and
laser energy density. In case of sample S-1, the variation of compositions along the laser melted zone is shown in Fig. 7. The composition
of major components along the depth changes drastically at each
point which represents the uneven mixing of WC–Co with base
metal. This was due to the higher thickness of WC–Co layer which
needs higher laser energy density to make the melted material
homogenize. The ﬂuctuation in composition may be appeared due to
clustering in the laser treated zone.
Fig. 8 shows the variation in chemical compositions along the
depth in the laser treated zone of sample S-2. At the top surface
the variation in the composition was smooth which predicts the
uniform mixing of the WC–Co with base metal however some
discrimination were also found near the interface of melting zone
and base metal. It can be explained that the cooling rate was
maximum at the interface and due to this heat was rapidly
transferred to the base metal and temperature might be insufﬁcient to homogenize the material.
3.4. Phase analysis
Before plasma spraying the as-received powder was analyzed
for different phases. It was observed that the spraying powder was
predominantly consisting of WC phase with the presence of cobalt
as a matrix, Fig. 9(a). After spraying, both the coatings i.e. C-1 and
C-2 demonstrated that the WC phase transformed to W2C phase
and its formation was about 60%. It can be seen in Fig. 9(b) and (c)
along with other minor phases such as Co3W3C, Co6W6C and pure
W. The transformation of WC into WxC was due to the fact that the
spraying was done at ambient conditions and therefore, the
following reactions took placed [20,21].
2WC ¼ W2 C þ C

ð1Þ

W2 C þ 1=2O2 ¼ W2 ðC; OÞ

ð2Þ

W2 ðC; OÞ ¼ 2W þ Co

ð3Þ

On laser melting both the samples demonstrated the formation
of Co3W3C phase along with other minor phases, Fig. 9(e) and (f).
It can be observed in Fig. 9, that S-1 having more Co3W3C phase as
compared to S-2, whereas, in S-2, the substrate peaks (austenite)
became more prominent than Co3W3C phase. This is due to thick
melting bead, probably more substrate metal mixed with the top
overlay coating during the laser melting operation. The formation
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S-2

S-1

Laser melting

Laser melting

Substrate

Substrate

Fig. 5. Comparison of laser treated surfaces in S-1 and S-2 samples.

S-2

S-1

Substrate

Laser treated zone

Substrate

Laser treated zone

HAZ

Fig. 6. Comparison of HAZ and interface close to HAZ and laser treated region in S-1 and S-2 samples.
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Fig. 7. Variation of composition along the depth of the laser melted zone.
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Laser treated zone

60

Fig. 9. XRD patterns reveal the variation in phases (a) ¼as received powder, (b) and
(c)¼ APS coating at 80 and 100 mm standoff distance respectively, (d) ¼ Substrate,
(e) and (f)¼ Laser remelting of APS coating deposited at 80 and 100 mm standoff
distance respectively.

Substrate
40

of Co3W3C with other minor phases promotes the tribological
properties of the surfaces [7,22].

20

3.5. Hardness testing
0
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0.8
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Depth (mm)
Fig. 8. Variation of composition along the depth of the laser melted zone.

The hardness proﬁles along the depth and width of the laser
melted zone are shown in Figs. 10 and 11, respectively. It was
observed that the micro hardness of S-1 is higher than S-2. In case
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700

MIcrohardness (Hv)

on both coatings. It was observed that the tungsten carbide mixed
with the base metal enhanced signiﬁcantly the hardness of the
coating. It was noted that the thin sprayed coatings treated better
than thick, in terms of micro hardness and microstructures such as
porosity and HAZ.

S-1
S-2

800

600
500

Acknowledgments

400

The authors gratefully acknowledge the ﬁnancial support of
UET, Lahore and technical supports of IICS as well as Pakistan
Institute of Lasers and Optics. The authors are also grateful to
Mr. Khalid Mehmood, Mr. Khalid Shah and Mr. Khawar Shoaib for
their technical support.

300
200
100
0.0

0.2

0.4

0.6

0.8

1.0

1.2

Depth (mm)
Fig. 10. Variation in micro hardness from treated surface to substrate in samples
S-1 and S-2.
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Fig. 11. Comparison of micro hardness along the cross section for the samples S-1
and S-2.

of sample S-2, the layer of WC–Co was completely melted and
inter-mixed with the base metal uniformly as indicated by the EDS
proﬁle along the depth of the laser treated zone in Fig. 10. The
value of harness was almost constant in this zone. The laser
melted depth of S-2 sample was larger as compared to the S-1
which was responsible to dilute the concentration of constituents
like W and Co (i.e. Co3W3C) in the remelted zone and therefore a
decreasing trend in micro hardness was observed. On the other
hand less amount of base metal was available in case of S-1, to
reduce the hardness effects. Further the value of hardness for S-1
was varied abruptly in the laser treated zone due to the ﬂuctuation
in tungsten′s composition in the same area as depicted in Fig. 10.
Similar behavior in hardness was observed along the width of the
track as shown in Fig. 11.
4. Conclusion
As sprayed cermet layer produced by Air Plasma Spraying have
many defects such as porosity and poor interface with substrate. Two
types of coatings sprayed at two standoff distances. It was observed
that coating sprayed at 100 mm had low porosity, less thickness and
good interface as compared to coating sprayed at 80 mm spraying
distance. After optimizing the laser parameters, especially the speed
of the laser gun, a uniform thick laser treated surfaces were produced
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