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Abstract
Metal-matrix composite (MMC) coatings consisting of a
nickel based metal matrix, providing toughness and tungsten
carbides, providing wear resistance, are used in applications
subjected to severe abrasive wear conditions. The aim of this
work is to map the influence of type, morphology and amount
of tungsten carbides in a nickel based matrix on the wear
resistance and microstructure of laser cladded MMC coatings.
Abrasive wear, evaluated according to ASTM-G65, is mainly
influenced by the volume fraction of the tungsten carbides in
the coating. Shape and microstructure of the tungsten carbides
have a minor impact on this property, for similar degree of
melting or dilution from the substrate material and size of the
tungsten carbides. Microstructure analysis shows that the
dissolution of the tungsten carbides in the melt pool is
influenced by the chemical composition of the liquid metal
phase, the microstructure and the amount of tungsten carbides
selected.

Introduction
Industrial components are replaced at regular intervals as an
effect of wear and the extension of maintenance intervals is
key to cost reduction. This can be achieved by coating the
wear exposed surfaces with a defined material and deposition
technique designed to address the specific wear issues.
Overlay welding is a coating method recognised for the strong
metallurgical bond to the substrate combined with relatively
thick and pore free deposits.
Overlay welded coatings consisting of a nickel based metal
matrix containing silicon and boron and in some cases
chromium with various amounts and types of tungsten carbides
are commercially used for applications requiring high
resistance to abrasive wear. In these coatings the metal matrix
functions as a binder providing toughness, while the tungsten
carbides provide wear resistance. Nickel based grades are
selected due to the low affinity of nickel for carbon which
decreases the driving force for dissolution of the tungsten
carbides in the melt pool. Additions of silicon and boron lower

the melting point of nickel reducing the energy required to
melt it and therefore the risk for dissolution of the tungsten
carbides. Further as boron and silicon react with nickel
forming nickel borides and nickel silicides the wear resistance
of the metal matrix is increased.
Several types of tungsten carbides are commonly used for
overlay welding. Fused and crushed tungsten carbides (FTC)
have a eutectic microstructure consisting of WC and W2C. The
shape is irregular-blocky and the carbon content is 3.5-4wt%.
Spherical cast tungsten carbides (SCC) are fused and crushed
carbides that are subsequently spheroidized by a plasma torch.
Similar to the FTC carbides SCC microstructure consists of
WC/W2C eutectic phase. Macro crystalline tungsten carbides,
sometimes also called mono crystalline carbide (MTC), consist
of hexagonal WC carbide with irregular blocky shape and a
carbon content of 6.1%. They are thermodynamically more
stable than the eutectic WC/W2C carbides, due to their higher
melting point and have lower density compared to the eutectic
WC/W2C carbides due to the presence of one W atom for each
C atom.
Several factors such as amount, shape, microstructure and
distribution of the tungsten carbides affect the abrasive wear
properties of MMC weld overlays. The degree of dissolution
of the tungsten carbides is another critical factor. This depends
on the chemical composition of the metal matrix and the
process parameters selected for the same type, shape and size
of tungsten carbides. Macro crystalline WC carbides are
thermally more stable and therefore less prone to dissolve than
eutectic WC/W2C carbides. This leads to a higher volume
fraction of non-degenerated WC carbides in the clad and as a
consequence superior resistance to abrasive wear [1]. The
shape of the carbides can also affect their degree of dissolution
in the melt pool. Irregular shaped particles are more prone to
dissolve due to a tendency to heat up locally to higher
temperature, when in contact with a heat source [2]. Smaller
particles tend to dissolve faster than coarser. The effect of
carbide degradation on abrasive and erosive wear is presented
in [3, 4] and the conclusion is that wear resistance is higher
when the degradation of carbides is low. Carbide distribution
in the clad is another important factor affecting wear
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properties. Tungsten carbides have a higher density when
compared to the nickel based matrix. This combined with the
low melting point and large solidification interval of NiSiB
alloys allows time for the tungsten carbide particles to sink to
the bottom of the melt pool. However, the larger the amount of
carbides in the coating, the less effective the Marangoni flow
will be in regard to mixing the carbide particles. Hence,
carbide distribution becomes more homogeneous when
increasing the amount of the tungsten carbides in the clad [5].
Nickel based mixes containing tungsten carbides are
commonly deposited by plasma transferred arc (PTA) or laser
cladding. The advantages of using laser cladding are, when
compared to other overlay welding techniques, minimum
dilution from the substrate material, little or no distortion and
in the case of carbide containing materials limited dissolution
of the carbides due to rapid solidification of the melt pool.
Highly wear resistant materials such as tungsten carbide/metal
matrix composites (MMC) can address the wear issues found
in the mining industry for ground engaging tools (GET) such
as parts for digging and drilling, in agriculture for plough
shares and cutters. In the steel industry tungsten carbides
coatings are used on guide rollers. The oil and gas industry
also uses tungsten carbide for coating various types of rock
bits and drilling stabilisers.
The aim of this work is to map the influence of microstructure,
morphology and dissolution of the tungsten carbides, in a
nickel based metal matrix, on the abrasive wear resistance and
microstructure of laser cladded coatings.

Experiments
Two nickel based gas atomised grades were used as metal
matrices: grade 1559-40 containing nickel, silicon and boron,
NiSiB, and grade 1540-00 containing nickel, chromium,
silicon, boron and carbon, NiCrSiB (Table 1). For both grades
the sieve cut selected was 53-150µm to fit the requirement of
the laser cladding equipment used for the experiments. The
metal matrices were admixed with 50wt% tungsten carbides.
Fused and crushed tungsten carbides (FTC), spherical cast
tungsten carbides (SCC) and macro crystalline carbides
(MTC) were investigated. The selected carbides differed for:
a) shape, being irregular and pointy for the FTC and MTC
carbides and spherical for the SCC carbides; b) microstructure,
consisting of WC/W2C eutectic phase for the FTC and SCC
carbides and of the single phase WC for the MTC carbides; c)
carbon content being 6.1wt% in WC and around 3wt% in
W2C. The chemical and physical properties of the selected
tungsten carbides are summarized in table 2. The eutectic
carbides FTC and SCC had somewhat lower density, if
compared to the MTC carbides while the SCC carbides were
somewhat finer in size, when compared to the FTC and MTC
carbides. In total four mixes were used for the laser cladding

trials: three mixes were based on the NiSiB grade and 50% in
weight of FTC, SCC and MTC and one mix was based on the
NiCrSiB grade with 50wt% SCC.
The four mixes were laser cladded using a 4kW direct diode
laser with 12x1 mm in spot size. EN S235JR mild steel
coupons with size 210x60x20mm were used as substrate
material. The coupons were pre-heated at 400°C in air to
reduce the risk of crack formation. Cladding was carried out
using a power of 2 kW, 3 mm/sec cladding speed and a
powder feed rate of approx. 30 g/min. Five parallel weld bead
rows with size 12x200 mm each and 2 mm overlapping were
deposited on each substrate. The cladding parameters were
selected in order to assure good bonding to the substrate, good
mixing of the coating material with the parent metal (substrate
material) and even distribution of the tungsten carbides. After
cladding, the specimens were cut into 25x58x10mm blocks to
fit the fixture used for the abrasive wear test. The samples
were then ground to achieve 0.3 µm in average surface
roughness, Ra. The coatings based on the NiSiB matrix with
50% FTC, SCC and MTC were subjected to abrasive wear
testing according to standard ASTM G65, procedure A [6].
Silica sand according to AFS50/70 with mean particle size of
290µm was used. The surface profile was evaluated on the
wear track using a commercial stylus type profilometer. The
wear track surface, as well as its cross section was examined
using a field emission gun SEM (FEG-SEM) equipped with a
silicon drift detector (SDD) for EDS analysis. For examination
of the wear track cross sections the samples were ground and
polished. Final polishing was carried out using colloidal SiO2.
Microstructure of the clads was investigated on the surface
exposed to abrasive wear test by light optical microscope
(LOM) and FEG-SEM The clad surface was ground and
polished. Final polishing was carried out using colloidal SiO2.
The Vickers hardness of the matrix was measured in the clad
cross section using a load of 500g, HV0.5 and was calculated
from the average of ten measurements per sample. The
chemistry of the coating was analyzed on the surface exposed
to wear test using a hand held XRF gun with 3 mm spot. The
chemistry was analysed to estimate the degree of dilution from
the substrate material. Dilution was calculated as:

where, CPowder is the composition of the powder used, CSubstrate,
is the composition of the substrate and CCladding is the measured
composition of the clad. To improve the accuracy of the
measurements iron was selected as this element has low
concentration in the coating and high concentration in the
substrate.
Table 1. Nominal composition of the metal powders admixed
with the tungsten carbides
Matrix
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Grade

C

B

Si

Cr

Fe

Ni

NiSiB
NiCrSiB

1559-40
1540-00

wt%
<0.06
0.25

wt%
2.9
1.6

wt%
3.0
3.5

wt%
7.5

wt%
0.2
2.5

wt%
Bal
Bal

Table 2. Tungsten carbides chemical composition, particle
size distribution and density
Carbide

Grade

FTC

4570

SCC

4590

MTC

4580

Shape/
Phase
Irregular
WC/W2C
Spherical
WC/W2C
Irregular
WC

C
wt%

X10
µm

X50
µm

X90
µm

d
g/cm3

4.0

53

95

133

16.5

4.0

60

78

97

16.4

6.1

55

104

137

15.5

Results
Results from the abrasive wear testing according to ASTM
G65 norm, procedure A, are shown in figure 1 based on five
test run replicas and the statistical analysis by lognormal
probability plotting. As seen, wear W50, differ only slightly for
the three carbide types. FTC carbide type achieved 8.7, SCC
8.0 and MTC 8.3 mm3 in wear. Considering the respective test
scatter, of 1:1.2, 1:1.25 and 1:1.5 these differences in wear are
of little importance. The profile of the wear track is illustrated
in figure 2. SCC carbides showed the smoothest wear track,
while the MTC showed the roughest one.

The dilution level of the clad layer is reported in table 3. All
materials showed a dilution within 10-15%, except for NiSiB
with 50%FTC where a slightly lower dilution of 8% is seen.
The measured dilution for coatings containing SCC and MTC
carbides was somewhat higher than for typical laser cladded
coatings being normally below 5%.
Table 3. Dilution of clad by substrate (SS-EN S 235 JR).
Material
NiSiB + 50%FTC
NiSiB + 50%SCC
NiSiB + 50% MTC
NiCrSiB + 50%SCC

Dilution (wt%)
8
15
12
12

Figure 3 a-c shows an overview of the microstructure of the
NiSiB/tungsten carbide clads on the surface exposed to
abrasive wear testing. Figure 3d shows the microstructure of
the NiCrSiB/SCC clad examined on the same surface as the
MCC clads based on the NiSiB matrix. The distribution of the
primary tungsten carbides was found to be rather even in all
materials investigated. A somewhat higher degree of
dissolution of the tungsten carbides was observed in the areas
where overlapping between two weld beads took place. Few
pores were observed in all coatings. The volume fraction of
tungsten carbides on the surface exposed to abrasive wear
testing was estimated to be approx. 35%, using image analysis.
This corresponds to roughly 50 wt.% of tungsten carbide.

Figure 1. Wear-adjusted volume loss according to ASTM G65
for laser cladded plane samples made of NiSiB metal matrix
containing 50wt% FTC, SCC and MTC tungsten carbides.
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Figure 2 Profile of the wear track for 50wt% SCC, FTC and
MTC carbides in NiSiB matrix.

c)

During the laser cladding process partial dissolution of the
tungsten carbides by the nickel based matrix occurred. This
affected the microstructure of the tungsten carbides at the
interface with the metal matrix and that of the matrix it-self. In
the case of the eutectic of FTC and SCC carbides a layer of
blocky shaped tungsten rich eta (η) carbides (W,Ni,Fe)3C [4]
were observed at the interface with the NiSiB matrix, as shown
in figure 4 a, b and c. The η-carbides, having lower hardness
than the eutectic WC/W2C tungsten carbide, got coarser
towards the metal matrix. The thickness of the interface
between the tungsten carbides and the matrix was roughly
between 2-8µm. In contrast the MTC carbides showed a sharp
transition to the matrix with no formation of η carbides at the
interface with the matrix, due to the higher thermal stability of
these carbides, when compared to the eutectic WC/ W2C
carbides. The eutectic structure of the FTC carbides was
coarser than that of the SCC carbides. The shape of the
primary tungsten carbides and the size of the WC/W2C
eutectic phase had a minor effect on the thickness and
morphology of the interface to the matrix.

d)

a)
Figure 3. Light optical micrographs of clad surface exposed to
(a,b,c) or prepared for (d) wear test. Oxide polished surface.
a)NiSiB+50%FTC, b) NiSiB+50%SCC, c) NiSiB+50% MTC,
d) NiCrSiB +50%SCC

b)
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Figure 5. NiCrSiB+50%SCC. SEM-BSE, micrograph of
surface prepared for wear test, oxide polished.
EDS spot analysis was used to characterise the carbides
formed at the interface with the primary tungsten carbides and
the W rich carbides precipitated from the melt in the metal
matrix. The results for the NiSiB matrix are shown in table 4
and are the average of five measurements made in similar
areas. However, due to the small size of the precipitates the
measurements are only qualitative. The η carbides formed at
the interface with the primary tungsten carbides (area 2, figure
4) contained a small amount of Ni and Fe, less than those
precipitated in the metal matrix (area 3, 4, figure 4). The
composition of these carbides was similar at the interface to
the SCC or FTC carbides. Austenite-carbide eutectic was
found in the 1559-40 clad with 50% SCC. These eutectic
carbides are somewhat richer in iron, when compared to the
other carbides analysed. Their formation is most probably due
to the higher dilution from the substrate observed in this
coating. The clads containing MTC carbides showed only very
small amounts of tiny secondary carbides, difficult to analyse
by EDS, due to lower dissolution of these carbides in the
nickel based metal matrix.
Table 4. EDS spot analysis of the areas in figure 4a-d. NiSiB
matrix with 50wt% FTC, MTC and SCC.
Carbide

FTC
MTC

SCC

Figure 4. SEM-BSE micrographs of clad surface exposed to
wear test, oxide polished. a ) NiSiB+50%FTC,
b) NiSiB+50%SCC, c) NiSiB+50%SCC, d) NiSiB+50%MTC

Area
1
2
3
1
1
2
3
4
5

Si
wt%
1
3
2
-

Fe
wt%
11
3
14
21
1
7
7
14

Ni
wt%
72
3
22
77
69
3
12
10
23

W
wt%
16
97
75
6
8
96
81
83
63

In the NiCrSiB clads the tungsten and carbon dissolved in the
matrix re-precipitated as two different types of carbides with a
different morphology and slightly different Cr content,
respectively area 2, 3 and 4 in figure 5. EDS spot analysis of
these carbides is presented in table 5. The clads based on the
NiCrSiB matrix showed a larger amount of tungsten,
tungsten/chromium rich carbides re-precipitated in the matrix,
when compared to the NiSiB clads. The affinity of chromium
to carbon works as a driving force for the dissolution of the
tungsten carbides and precipitation of W and W/Cr rich
carbides from the melt. The amount of secondary carbides was
highest for the NiCrSiB grade followed by 1559-40 with
50wt% SCC, with highest dilution among the coatings having
a NiSiB matrix. The morphology of the interface between the
metal matrix and the tungsten carbides is influenced by the
chemical composition of the matrix material itself. In the case
of the NiSiB matrix a thicker layer of coarser η carbides
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formed at the surface of the SCC carbides accompanied by the
precipitation of a smaller amount of secondary W-rich
carbides in the matrix.
Table 5. EDS spot analysis of the areas in figure 5
NiCrSiB matrix with 50wt% SCC.
Area
1
2
3
4

Si
wt%
1
-

Cr
wt%
4
2
5
13

Fe
wt%
22
3
5
7

Ni
wt%
67
8
13
33

W
wt%
5
87
78
60

The microstructure of the NiSiB metal matrix present between
the tungsten carbides consisted mainly of nickel rich primary
austenitic dendrites (γ) containing Fe, Si and W (Table 4, area
1), γ-nickel boride eutectic, small amounts of Ni3Si and η
carbides precipitated from the melt. The amount of Fe, Si, W
and Ni in the primary γ-dendrites varied between the different
clads due to different dilution from the substrate material. A
close up of the matrix microstructure with the phases identified
is shown in figure 6 [7, 8].

Ni3Si

Figure 6. SEM-BSE micrograph of NiSiB+50%FTC
(oxide polished) illustrating the microstructure of the
NiSiB matrix between the tungsten carbides.
Similar phases were identified in the NiCrSiB matrix, even
though their amount was different. The NiCrSiB matrix
showed a larger amount of austenite, a smaller amount of γnickel boride eutectic and a larger amount of η carbides, when
compared to the NiSiB matrix.
Vickers hardness HV0.5 of the matrix material measured
between the primary tungsten carbides is summarized in Table
6. The average hardness of the NiSiB matrix was lowest for
the clads containing 50wt% SCC most probably due to the
higher dilution from the substrate in these coatings. The
NiCrSiB matrix showed a lower hardness HV0.5 when
compared to the NiSiB matrix due to the lower amount of B.

For comparison the hardness HV0.5 of laser cladded NiSiB and
NiCrSiB coatings without additions of tungsten carbides was
measured. For the NiSiB the average hardness HV0.5 was
628+34 while that of the NiCrSiB matrix was 458+33. The
hardness HV0.5 of the NiCrSiB matrix in the clad containing
SCC carbides is increased by approximately 100 units due to
dissolution of the tungsten carbides and precipitation of
secondary W, W/Cr rich carbides. The hardness HV 0.5 of the
NiSiB matrix in the clads containing tungsten carbides remains
basically unchanged due to a limited dissolution of the
tungsten carbides in this matrix.
Table 6. Average hardness HV0.5 of the NiSiB and NiCrSiB
matrix admixed with 50wt% tungsten carbides
Material
NiSiB+FTC
NiSiB+SCC
NiSiB+MTC
NiCrSiB+SCC

HV0.5
Mean
654
625
661
561

HV0.5
St dev
18
43
29
27

SEM examination of the clad surface after the abrasive wear
test showed abrasion of the matrix around the tungsten
carbides followed by that of the softer η carbides at the
periphery of the SCC carbides, figure 7a. Overall the spherical
carbides presented a smoother transition to the matrix and a
more even surface, if compared to the FTC and MTC carbides.
This is confirmed by the measurement of the wear track profile
(figure 2) which was the smoothest of those investigated. On
the other side the macro crystalline carbides showed a sharp
transition to the matrix with the WC carbide on one side and
the matrix on the other side, figure 7c. Due to the higher
thermal stability of the MTC carbides, the precipitation of η
carbides is suppressed. This combined with the higher
hardness of the WC carbides, when compared to the eutectic
WC/W2C carbides, are responsible for the sharp edges
observed. However, the surface of the MTC carbide looked
more uneven and a large number cracks was observed, figure
7d. This indicates that the MTC carbides have a higher
brittleness than the SCC and FTC carbides. The FTC carbides
are somewhere in between the SCC and MTC carbides. They
presented a smoother transition to the matrix than the MTC
carbides due to the formation of η carbides at the interface
with the matrix. However, due to the coarser eutectic structure,
compared to the SCC carbides and the more irregular shape,
the surface of these carbides was rougher than for the SCC
carbides.
SEM examination of the transverse section of the clad, figure
8a-d, shows a wavy surface with worn metal matrix between
the tungsten carbides. The SCC carbides remained anchored to
the matrix, despite the matrix surrounding them was removed.
The cross section of the wear track showed some rounding of
the FTC and MTC carbide sharp edges. Cracks were observed
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in the FTC and MTC carbide, but mainly in the MTC carbides.
The SCC carbides showed least number of cracks. In the FTC
carbides the cracks propagated mainly along the grain
boundaries. The MTC carbides showed instead several parallel
cracks. The presence of cracks contribute to the detachment of
carbide fragments, also observed on the surface of the clads
containing FTC and MTC carbides (figure 8). These fragments
contribute to further wear of the clad.

a)

Discussion
Macrocrystalline and eutectic carbides interact differently with
the nickel based matrix during the laser cladding process. As
observed in other studies [1, 4], the eutectic tungsten carbides
are more prone to dissolve in the liquid melt, than the more
thermally stable macrocrystalline carbides. This results in the
formation of a larger amount of lower wear resistant η carbides
at the periphery of the tungsten carbides and in the metal
matrix. The morphology and thickness of the interface between
the primary eutectic carbides and the matrix is affected by the
chemical composition of the matrix material, if process
parameters are the same. Shape and microstructure of the
carbides appear to have a minor impact. Process parameters
should be optimized in order to keep the thickness of this layer
to a minimum to ensure good bonding to the matrix and at the
same time minimize the formation of η carbides.

b)

c)

The spherical tungsten carbides show a finer eutectic structure,
than the FTC carbides and a lower number of cracks. This
makes them more resistant to impact and less prone to
splitting. The cracks present in the FTC and MTC carbides
most probably occur during the crushing step in the production
process. The SCC carbides are fused and crushed tungsten
carbides (FTC) submitted to a plasma spheroidizing step
which most probably heals the cracks in the FTC carbides. The
spherical shape, the fine eutectic structure and the reduced
number of cracks in the SCC carbides may explain why they
are well anchored to the matrix and overall are less worn down
than the FTC and MTC carbides.
The higher thermal stability of the MTC carbides result in a
more limited dissolution of these carbides in a NiSiB melt,
when compared to the eutectic carbides. However, these
carbides are more brittle in agreement with the large number of
cracks found and the uneven surface observed after the
abrasive wear test. This combined with the limited dissolution
of the eutectic FTC and SCC carbides can possibly explain
why the wear resistance of the NiSiB clads with MTC carbides
is similar to that of the eutectic carbides. However, the higher
thermal stability of the MTC carbides could be an advantage,
if surfacing is done with methods requiring a higher heat input,
as for example plasma transferred arc (PTA). Further melting
of the carbides in the overlapping areas gets less critical when
using more thermal stable MTC carbides.

d)

Figure 7. Coating surface after abrasive wear test
a)NiSiB+50%FTC, b) NiSiB+50%SCC, c) NiSiB+50% MTC;
d) NiSiB+50% MTC, close up of MTC carbide
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a)

Figure 8 .Cross section of wear track, oxide polished surface
a)NiSiB+50%FTC, b) NiSiB+50%FTC, close-up, c)
NiSiB+50%SCC, d) NiSiB+50% MTC (two areas)
The presence of Cr in the matrix accelerates the dissolution of
the primary tungsten carbides and the precipitation of W/Cr
rich secondary carbides which have lower wear resistance.
Selection of an appropriate matrix is important to minimize the
degradation degree of the tungsten carbides.

Conclusions
b)

c)

Laser cladded nickel based coatings containing 50% in weight
of fused and crushed (FTC), spherical cast (SCC) and
macrocrystalline (MTC) tungsten carbides were investigated
with respect to abrasive wear, according to ASTM G65, and
microstructure. The following conclusions can be drawn:
o Shape and microstructure of the tungsten carbides have a
minor influence on abrasive wear performance.
o Macro crystalline carbides, MTC, have a tendency to
dissolve less than the eutectic, FTC and SCC, tungsten
carbides. The interface between the MTC carbides and the
nickel based matrix is sharp and no η carbides are formed.
o The macro crystalline carbides, MTC, are more brittle and
prone to cracking than the eutectic carbides resulting in a
rougher wear track.
o A layer of η-carbide forms at the interface between the
nickel based matrix and the eutectic, FTC and SCC,
tungsten carbides. The microstructure and shape of the
carbides have a minor influence on the thickness of this
layer, if process parameters are the same.
o Additions of Cr to the nickel based matrix favour
dissolution of the eutectic SCC tungsten carbides in the
melt pool and precipitation of less wear resistant
tungsten/chromium rich carbides.

d)
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