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Abstract The erosion performance of laser cladded Ni-
60 %WC coatings subjected to a controllable abrasive water jet
(AWJ) was investigated. The erosion resistance of Ni-60 %WC
coatings at varied linear laser energy (from315 to 700 J/mm)was
examined under different impinging angles of a slurry jet. The
chemical composition of coatings was modified by nanocrystal-
lineWC powder and the rare earth element (La2O3). The erosion
value of Ni-60 %WC was reduced to 40 % by decreasing the
laser energy from 700 to 315 J/mm. Synthesized coatings with
optimal weight fraction of nano-WC particles (5 %) and La2O3

(1 %) decreased the average microstructural grain size of the Ni-
binder, increased the homogeneity and hardness of the coating,
and consequently increased the erosion resistivity. The tribolog-
ical evaluation of the erosion scars showed a log-linear relation-
ship between coating hardness and volume loss under erosion.
Adding nano-WC (5%) and La2O3 (1 %) enhanced the bonding
strength betweenNi andWCand no pulled outWCparticles was
observed after erosion test.
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1 Introduction

Slurry erosion generally describes the metal surface degrada-
tion by micro-mechanical deformation/fracture resulting from
random impacts of the high velocity liquid with a solid particle

suspension. Wear and erosion under slurry erosion conditions
such as unprocessed oil, gas, and water mixture are the prima-
ry reasons for component damage in the oil and gas industry
[1]. During erosion, abrasive particles impose high-strain-rate
deformation on the material. The strain rate is in the order of
103 to 106/s [2]. Continuous impact of slurry particles induces
stress in the metal surface, and by exceeding the yield stress,
the plastic deformation occurs in or close to the impact region.
Additionally, the yield stress of the material coating increases
due to strain hardening, and eventually the yield stress be-
comes equal to the fracture stress. Once this occurs, no further
plastic deformation can follow. The material becomes brittle
and tends to fragment from subsequent impacts [3].

The components exposed to the slurry-erosion condition
require a coating with outstanding material properties. From
a surface engineering perspective, hard-facing overlays such
as metal matric composites (MMC) offer some unique coating
characteristics to protect equipment subjected to erosion. The
main beneficial property of the MMC coatings is the combi-
nation of a ductile matrix with brittle hard-phase reinforce-
ment. Under the slurry erosion condition, the material removal
of MMC coating mainly occurs by binder surface scratching
where the scratch width defines the scale of the damage. In
such condition, the carbide particles resist the scratch devel-
opment and deflect the erodent particles, acting as matrix pro-
tector [3]. The level of the MMC coating erosion resistance is
determined by the combination of erosion conditions and ma-
terial properties. Microstructural integrity, microhardness,
coating composition, carbide grain size, and bonding strength
between constituents are the main coating characteristics in
the assessment of erosion resistivity [4, 5]. It was shown that
there is a log-linear relationship between hardness and volume
loss under slurry erosion condition [6]. The erosion rate is also
dependent on the major testing factors including test condi-
tions, impact velocity, impinging particle size and shape,
erodent type, and impact angle [5].
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The mechanical properties of the MMC coating strongly
depend on microstructure of the binder and the grain size of
reinforcing hard phase. The modification of the microstructure
and chemical composition in order to enhance the erosion resis-
tance of the coating has gained increasing interest. Using nano-
particles enhance the mechanical properties, crack prevention,
and homogeneity of MMC coatings [7]. Cho et al. [8] demon-
strated that the size of the carbide particles has a considerable
effect on the mechanical properties of the MMC coating. These
researchers observed that the composite Young s modulus and
tensile strength could be improved by adding the nano-sized
particles. E. Yarrapareddy and R. Kovacevic [9] studied the
effect of adding 5 % nano-WC on the erosion resistivity of the
Ni-60 %WC composite coating. Another approach to enhance
the mechanical properties of MMC coatings was based on the
addition of the rare earth (RE) elements. RE powders can be
decomposed and activated within the molten pool and affect the
solidification pattern and surface tension gradients. The effects
of cerium oxide (CeO2) and lanthanum oxide (La2O3) on the
microstructural evolution and enhancement of the tribological
properties of nickel-based alloy coatings were investigated by
K.L. Wang et al. [10]. Modification of Ni-60 %WC coating by
nano-WC and La2O3 (RE) in order to improve quality charac-
teristics of the MMC coating such as crack behavior, composite
homogeneity, and WC dissolution was studied by the authors
[11]. It was found that adding nano-WC (up to 10%) and La2O3

(up to 2 %) to the Ni-60 %WC enhanced the distribution of
carbide particles, decreased the crack susceptibility, and in-
creased the microhardness of the coating.

According to the reviewed literature, there are limited studies
on studying the effect of coating process parameters on the
erosion resistance of MMC coatings. The modification of the
microstructure and mechanical properties by changing the
chemical composition of coatings is another area that needs
more attention. This work encompasses the assessment of ero-
sion behavior of laser claddedNi-60%WCMMCcoating in the
simulated slurry environments. The effect of process cladding
parameters on binder microstructure, coating microhardness,
and subsequently erosion performance under different impact
angles was investigated. Further, the effect of chemical compo-
sition enhancement of Ni-binder by adding the RE element
(La2O3) up to 2 % and reinforcing it with nano-WC particles
up to 10 % on the erosion resistance of the coating was studied.

2 Laser cladding assisted with an induction heater

The composite coatings were cladded by laser cladding assisted
with an induction heater based on a high-power direct diode laser.
Avery high heating and cooling rates in cladding process [12, 13]
and immense diversity of thermo mechanical properties between
binder and carbides [14] increase the residual stress and crack
initiation force. Therefore, assisting the laser cladding with an

additional heat source for fabricating a homogenous MMC coat-
ing is necessity [15]. The laser claddingwas performed by using a
8-kW direct diode laser (HPDDL) with 980±10 nm of wave-
length. The laser spot had a rectangular shapewith the dimensions
of 12 mmwidth (slow axis) and 3 mm length (fast axis). The fast
axis was parallel to the scanning direction of the cladding. A
cladding head consisted of two symmetrical powder feeding noz-
zles. A 6-axis KUKA robot as a positioning system and an in-
duction heater as a second heat source were used. Argon gas was
used as a carrier gas in the powder delivery and a shielding gas.
The composite powders were composed of a mixture of 40 wt%
of Ni and 60 wt% of WC/W2C with spheroidal morphology. It
should be noted that 60 wt% WC/W2C was recognized as the
threshold percentage of allowable reinforcement particles in the
Ni matrix. An attempt to have a higher percentage than this value
would result in cracking of the coating evenwith the assistance of
an induction heater. Nano-WC powder and La2O3 powder were
synthesized by mixing the Ni-WC particle with three different
weight fractions of nano-WC (3-5-10 %) and La2O3 powder
(0.5-1-2 %) with purity of over 99 %, the powders were mixed
by powder mixture and some steel bars were added for crushing
and preventing the powder aggregation. Table 1 lists the chemical
composition and the size of the powders.

The main processing parameters for cladding the Ni-
60 %WC composite coating on mild steel A36 as substrate
were laser power, powder flow rate, scanning speed, and
preheating temperature. In this study, the selection of process
parameters was based on obtaining a defect-free (i.e., crack
and inter-run pores) and homogenous Ni-WC coatings. In
multi-track laser cladding, an overlap of 25 % was selected
as an optimum overlap that minimized the grinding operation
after cladding. The coated surfaces of 50×50 mm were pre-
pared by grinding to obtain surface roughness in close range
(averagely 1 μm) for slurry erosion tests. The cross section of
the coatings was characterized by a scanning electron micro-
scope (SEM), energy dispersive spectroscopy (EDS), micro-
hardness tester, and optical profilometer for measuring the
roughness of eroded surfaces. The chemical compositions of
the phases for the composite coatings were analyzed by X-ray
diffraction (XRD) with irradiation parameters: Cu-Kα radia-
tion source, 40 kV, and 10 mA.

During the cladding, the powder flow rate was kept con-
stant and laser energy as well as scanning speed was changed
to obtain three different levels of laser energy densities (315,
400, and 700 J/mm). The laser energy density for coatings
modified by nano-WC and La2O3 was set at the middle range
to demonstrate the effect of synthesis more clearly. Figure 1
shows the SEM micrograph images of Ni-WC coating cross
sections. All clads demonstrated a uniform distribution of the
WCwithout cracks and pores except the coatings with 10wt%
nano-WC and with 2 wt% La2O3.

In the cross section of coating with 10 % nano-WC, there
was some porosity (see Fig. 1f) because there is a high
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tendency for clustering and agglomeration of higher percent-
age of nano-WC particles. Therefore, there is a high concen-
tration of carbon in the nano-WC aggregated areas. During the
cladding, carbon would react by atmospheric oxygen. This
chemical reaction could be described as follow [15]:

C þ O2→CO;COþ O2→CO2 ð1Þ

An excessive amount of carbon could lead to the formation of
CO and CO2. These elements could become entrapped in the
molten pool during rapid solidification and lead to the formation
of pores in the clad. It is also found that the addition of 2 %
La2O3 resulted in a nonhomogeneous particulate dispersion as
seen by the accumulation of the WC particles at the bottom of
clad (see Fig. 1i). It is shown by other study [11, 16] that an
addition of La2O3 higher than 1.5 % could cause sharp increase
in the oxygen content in the molten pool because of its high
reactivity with oxygen [17]. The high content of oxygen in the
molten pool decreases the flow ability of the molten material and
subsequently non-uniform distribution of the WC particles.

3 Slurry erosion test

The accelerated erosion tests were conducted at room temper-
ature using a Flow IFB 4400 3-axis high-pressure abrasive
waterjet (AWJ) cutting machine. Utilizing the waterjet for
erosion testing could be found in laboratory erosion testing
equipment category [18]. In this machine, the motor-driven
pump pressurizes the water and delivers it continuously to
the cutting head. During this experiment, the abrasive particles
were injected into a mixing chamber by a vacuum created by a
high-speed waterjet that could reach the speed of 1000 m/s.
The water-abrasive mixture passes through a mixing tube or
an accelerator and the mean output speed of jet steam drops to
about 300 m/s. The Barton’s garnet with angular shape parti-
cles was used as eroding material. A fixture was designed and
manufactured to hold the samples at different impinging an-
gles. The stand-off distance between the nozzle and sample
was set at 1127 mm in order to obtain the approach particles
velocity to 56m/s (i.e., the actual speed of slurry jet) as well as
to increase the contact area between the abrasive waterjet and

Table 1 Size and chemical compositions of powders

Elements B (%) C (%) Cr (%) Co (%) Fe (%) Ni (%) O2 (%) Si (%) Ti (%) WC (%)

WC/W2C (80–160 μm) – 3.99 – 0.008 0.16 0.004 – – 0.001 96

Ni (1–60 μm) 1.56 0.24 7.46 – 2.55 BAL 0.027 3.4 – –

Nano-WC (<100 nm) – 0.06 – – 0.0001 – – 0.002 – 99

Fig. 1 SEM images of coating cross sections (all images are on the same
scale), a coating with 315 J/mm linear laser energy, b coating with 400 J/
mm linear laser energy, c coating with 700 J/mm linear laser energy, d

coating with 3 % nano-WC, e coating with 5 % nano-WC, f coating with
10% nano-WC, g coating with 0.5 % La2O3, h coating with 2 % La2O3, i
coating with 1 % La2O3
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the coated surface (circle with 20 mm in diameter). The sche-
matic view of a slurry erosion test set-up is shown in Fig. 2.
Each erosion test lasted for a cumulative time of 210 s and at
each 30-s interval time, the test was stopped and the samples
were cleaned in an ultrasonic bathwith isopropanol, dried, and
weighed. The samples were weighted three times by a digital
balance with an accuracy of 0.1 mg in order to determine the
average value of mass loss. The eroded surface was tested by
dye penetrant to reveal eventual crack propagation after ero-
sion test. The erosion-test parameters and abrasive particles
characteristics are given in Table 2.

4 Results and discussion

4.1 Effect of linear laser energy on erosion rate

During a typical laser cladding process, different process pa-
rameters would alter the thermal gradient, cooling cycle, and
consequently the coating microstructure [19]. The effect of
linear laser energy on the microstructural characteristics of
the coatings was investigated by SEM-EDX analysis. As can
be seen in Fig. 3, the WC grains stand out in the
nickel-based alloy matrix. Partial dissolution of WC par-
ticles occurred during the laser cladding, which mainly
consisted of eutectic carbides and primary carbides.
EDX analysis revealed that both carbide phases

consisted of (W, Cr, and Ni)xCy. The microstructure of
Ni-binder featured dendrites and interdendrites. The den-
drites shape of the coating fabricated by 315 J/mm of
linear laser energy was mainly equiaxed indicating a
presence of high cooling rate with this level of laser
energy. This is a typical rapidly solidified microstructure
during laser cladding in which the small volume of the
molten pool cooled down through a sink of large sub-
strate. EDX data showed that the Ni-based matrix was
enriched with W (up to 5 %) that was mainly caused by
partial dissolution of WC particles. In the coating with
higher linear laser energy due to lower cooling rate, the
eutectic grains were bigger in addition; the volume

Fig. 2 a A schematic view of the
slurry erosion test, b abrasive
water jet machine, c abrasive
particles

Table 2 Slurry erosion test conditions and abrasive particle
characteristics

Slurry erosion test conditions Unit Value

Stand-off distance mm 1127

Mixing tube diameter mm 1.2

Impinging angle α0 30,45,60,90

Exposure time s 30–210

Water pressure MPa 340

Abrasive flow rate g/s 6.8

Hardness of garnet Mohs 8/9

Abrasive particle size μm 80–100

Particle approach velocity m/s 56
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fraction of dendrites was higher than interdendrites
resulting in the grain coarsening.

In the coating with 700 J/mm of the linear laser
energy, the presence of columnar shape of dendrites
was limbed to the lower cooling rate at this level of
linear laser energy (see Fig. 3c). The dendrite arms of
the columnar structure growth outward of WC particle
were limbed to the superior thermal properties of WC
that acted as a heat sink in the Ni-matrix. The number
of dissolved primary and eutectic carbides increased by
increasing the linear laser energy (see Fig. 3c). This
could be mainly attributed to the fact that WC is very
prone to dissolution in the molten pool if sufficient time
and temperature are provided. The dissolved WC parti-
cles could re-precipitate and formed secondary carbides
(see Fig. 3b and c).

The coating microhardness is one of the most impor-
tant mechanical properties in judging the erosion resis-
tance of a coating, Fig. 4 compares the microhardness
of the laser clads fabricated at three different laser en-
ergy densities. The hardness pattern clearly shows the
decrease in hardness with the increase in laser energy
density. The highest hardness of Ni-60 %WC coating is
at 315 J/mm, followed by 400, and 700 J/mm. The
hardness of Ni-60 %WC coating is generally attributed
to the grain size of Ni binder, carbide phases, and the
formed intermetallic phases during the cladding process.
It has been shown [20] that there is an inverse linear
relation between surface hardness and erosion rate.

The effect of linear laser energy on erosion resistance of
fabricated coating was studied by using a dimensionless pa-
rameter (Fig. 5); namely, erosion value (EV):

EV ¼ Δw

F � t
ð2Þ

R ¼ 1

EV
ð3Þ

Fig. 3 Microstructure of the
coating a with 315 J/mm linear
energy, b 400 J/mm linear energy,
and c 700 J/mm linear energy

Fig. 4 Microhardness pattern of Ni-WC clad obtained under different
linear laser energies
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where F is feed rate of slurry jet (g/s), t is incremental exposure
time (s), Δw is weight loss (g) per measuring increment, and
R is erosion resistance. Figure 5 compares the erosion value of
the laser cladded coupons for the exposure time up to 210 s at
90° impact angle. The coatings with higher laser energy den-
sity have higher erosion value that could be related to the
lower hardness of coating. The increase in laser energy density
from 315 to 700 J/mm decreased the erosion value by 40 %.
The conclusion could be drawn that a defect free MMC coat-
ing fabricated by lower laser energy has finer microstructure
and higher microhardness and consequently higher erosion
resistance.

The erosion mechanism in Ni-WC MMC coating could be
characterized as follow: the erosion model of a ductile mate-
rial such as Ni-binder is in the form of ploughing scars and
plastic deformation and for carbides the erosion model is in
the form of the brittle fracturing and cracking. Conical, radial,
and lateral cracks are formed in the region of impact with
locale reduction of the strength of coating. When abrasive
particles strike brittle material, cracks begin to propagate from
the corner of the carbide particles due to the high concentra-
tions of stress near the edge of the carbide particles. The cracks
initiate and propagate when the particle impact force exceeds
the threshold value of brittle material hardness and fracture
toughness [21].

Depending on the properties of coated material, scars
appearing at the impacted surface were found to vary in shape
and size. Figure 6 shows a SEMmicrograph of eroded coating
surface with 315 and 700 J/mm linear laser energy at 90°
impinging angle. The back scattering image of eroded surface
showed the higher number of precipitated secondary carbides
in the coating with 700 J/mm. Comparing the eroded surfaces
of the coatings obtained under the different linear laser ener-
gies showed that the degree of the material removed and the

depth of erosion footprint by abrasive particles were less in the
coatings obtained under lower linear laser energy. This could
be attributed to the higher hardness of the coating binder,
higher resistance to material removal, and lower volume frac-
tion of precipitated carbides. The higher magnification of
eroded surface (see Fig. 6c) shows the microcutting and
microploughing on the γ-Ni phase, where the consecutive
impacts of the slurry jet promoted the formation and removal
of the coated material. In this area, some of eroded debris has
been adhered to the surface. The EDS analysis showed that the
debris were typically located in the Ni-phase because Ni was
softer phase.

Higher degree ofWC dissolution in the coating with higher
linear laser energywould result in higher amount of secondary
precipitated carbides and brittle intermetallic phases (see
Fig. 6b). Therefore, as it is shown in Fig. 6d, the material
would suffer from the brittle erosion mechanism. The erosion
scars of the coating obtained under 700 J/mm of linear laser
energy at 90° impact angle could be characterized as a severe
surface damage including pits, cleavages, craters, and large
cavities caused by WC pullouts. The pits and cleavages for-
mation indicate that the erosion was mainly a consequence of
surface fracture. At this angle of incident, the total kinetic
impact energy was high enough to dramatically degrade the
coated surface.

Generally, when high-velocity erosive particles struck the
surface, the WC particles fractured. The Ni binder of the coat-
ing obtained under 700 J/mm of linear laser energy experi-
enced heavy mass loss. The WC particles could easily be
pulled out creating the deepmicro-craters at the surface. These
micro-craters made the surface more vulnerable to the erosion
and directly affected the surface roughness. As a conclusion,
the dominant erosion mechanism for the coating with higher
linear laser energy was fracturing which is a characteristic
erosion mechanism of brittle materials.

4.2 Effect of impact angle on erosion rate

Slurry erosion of composite materials depends on many fac-
tors including the mechanical properties of the target as well as
the impact parameters such as an impact angle. The angle of
impact along the other testing conditions determines the
mechanisms and the rate of material damage and removal.
The effect of the impact angle on the erosion value of Ni-
60 %WC coatings obtained under different laser energy den-
sities is shown in Fig. 7a. It is shown that the erosion value
increased at higher impact angles. For all coating conditions,
the maximum erosion rate occurred under a 90° impact angle.
Several phenomena were responsible for the highest erosion
value at a highest impact angle. An oblique impact angle re-
sulted in a larger contact area and a lower impact force be-
tween the erodent particles and the coated surface. Addition-
ally, at a lower impact angle, the particles tended to slide onFig. 5 Erosion value of Ni-WC coating at different laser energy densities
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the surface rather than impact the surface causing an abrasion-
driven erosion pattern. At high impact angle (90°), the trans-
ferred impact energy from the erodent particles to the eroded
surface is higher. The majority part of impact kinetic energy
would be transformed to the target surface causing the mate-
rial removal.

Furthermore, the results showed that the deviation of the
erosion rate between coatings fabricated with different laser
energy densities at the lower impact angle (30°) was small, at
low impact angle the behavior of Ni-WC coating is close to
ductile material and main mechanism for material removal is
ploughing and plastic deformation of Ni-binder. At a 90° im-
pact angle, the effect of the laser energy density was more

apparent, because the level of induced stress is higher, erosion
mechanisms is based on crack propagation from the carbide
particles, and the main coating behavior under erosion is close
to brittle material. In such this condition, the harder coating
(lower laser energy density) absorbed less kinetic energy of
impinging particles; therefore, the erosion value was lower.
Figure 7b–d compare the erosion scar profiles of the coatings
obtained with 400 J/mm at 30 and 90° impact angles. The
characterization of eroded surface could be done by the degree
of energy absorption in the erosion test and the dominant
erosion profiles. During erosion when the particles impact
the surface, assuming that the erodent particles were not de-
formed, their kinetic energy would be transferred to the target

Fig. 6 SEM micrographs of
surfaces after erosion test of Ni-
60 %WC coatings at 90° a BSE
image of eroded surface coating
with 315 J/mm, b BSE image of
eroded surface coating with 700 J/
mm, c SE image eroded surface
coating with 315 J/mm, d SE
image eroded surface coating
with 700 J/mm

Fig. 7 a The effect of impact angle on the erosion rate of the coatings of
different thicknesses, b and c 2D depth profiles of the Ni-60 %WC
coatings captured by optical profilometer: for a 90° impact angle and a

30° impact angle, respectively, d comparison of profiles of erosion scars at
different impact angles
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through elastic and plastic deformations. Most of the elastic
energy would be released while the plastic energy
would plastically deform the target material. Therefore,
the size of the eroded surface could be used to represent
the input energy. The qualitative observation of the
eroded surface at different impact angles was character-
ized by an optical profilometer with a 1-μm scanning
step. Figure 7c shows the samples tested under a 30°
impact angle, which have a longer, nearly elliptical con-
tact areas and shallower erosion scars. The depth of
erosion profile varied from 210±3 μm for 30° to 330
±3 μm for 90°, while the size of the eroded surface was
400 and 280 mm2 for the 30 and 90° orientations, re-
spectively. The scar volume for the 30° impact angle
was 84 and 92.4 mm3 for the 90° impact angle.

The impact angle also affected the eroded surface rough-
ness, due to the governing impact mechanisms at different
angles. Figure 8 presents the effect of impact angle on the
surface roughness of Ni-60 %WC for the coating with 400 J/
mm linear laser energy. The maximum roughness, Ra oc-
curred at the 90° impact angle with a value of 17.2 μm while
the minimum roughness was 7.8 μm that occurred at 30°
impact angle. The scanned surface for each impact angle
showed the degree of the surface roughness. The optical pro-
file of the eroded surface showed a smooth surface without
any deep craters for the impact angle of 30°. The roughness of
the optical profile at 90° of the impact angle indicated that the
impinging slurry jet hit the surface with the high energy leav-
ing a crater footprint. Therefore, the possibilities for crack

initiation, micro-pit generation, cavity formation, and granular
fracture were increased at 90° of impact angle.

4.3 Effect of adding nano-WC particles on erosion rate

It has been shown [18] that the microstructural properties of
the coating and size of the carbides particles are the prevalent
surface coating characteristics that affect the erosion rate of the
coating. A coating material with finer microstructure can with-
stand induced strain by impinging particles for longer period
of time [22]. Additionally, the nanocrystalline grain structure
has the potential to dramatically improve the mechanical prop-
erties of the hard-facing material [23]. Previous studies show
[24] that the particle size of the carbides in hard-facing mate-
rials has also a substantial effect on the erosion rate of these
materials. Variation of carbide size and its distribution would
affect the erosion behavior of the coating. The addition of
nano scale WC particles to the Ni-WC coating enhances the
strength of the coating by dispersion the nanoparticles be-
tween micro carbides and reinforcing the Ni-binder.
Yarrapareddy and Kovacevic [9] showed that the nano-based
coating exhibits better performance under the erosion by
strengthening the matrix. They showed by adding 5 % nano-
WC to Ni-WC coating, the penetration depth after erosion
under 45° impact angle decreased from 0.85 to 0.7 mm. Balu
et al. [25] also show that addition of 10 % nano-WC particles
enhance the microhardness around 12 % of the coating and
subsequently increase the coating erosion resistance up to
36 % at 60° impact angle.

a
b

c

d

e

Fig. 8 a The surface roughness
of the Ni-60 %WC coatings at
different impact angles, captured
eroded surface by profilometer b
at 90°, c at 60°, d at 45 °, e at 30°
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The microstructure of coating with addition of 5 % nano-
WC is shown in Fig. 9. The addition of nano-WC into the
coating increased the ratio of surface area of the carbides per
unit volume. This led to a finer microstructure of the binder
and more uniformWC distribution. Figure 9b shows the over-
all microstructure of the coating with nano-WC consists of the
γ-Ni dendrites phases (marked 1) and some small blocky car-
bides (marked 2) in the Ni-matrix that was a combination of
agglomerated nano-WC particles and precipitates WC in an
Ni-alloy solvent. The nano-WC particles had a preferential
melting due to the higher energy of contact points between
closely spaced nanoparticles, causing the formation of large
clusters (marked 2 in Fig. 9b). The uniform distribution of
blocky carbides along the clad enhanced the hardness of the
coating. Comparing the microstructure of Ni-binder (see
Fig. 9c, d) shows the average grain size of the Ni-matrix with
adding nano-WC particles is finder (1 μm) than in the Ni-
60 %WC coating of (3 μm). The addition of nano-WC to
the Ni-WC coating could improve the microhardness and frac-
ture toughness of the coating [23, 26, 27]. In this study, the
effect of adding nano-WC particles was investigated by
adding nanoparticles as three different mass fractions: 3, 5,
and 10 wt%, respectively. The effect of added nano-WC on
the erosion resistance was investigated by measuring the ero-
sion value under different impact angles.

Figure 10a shows the erosion value as a function of the
impact angle of the coatings modified with nano-WC com-
pared as well as for a non-modified Ni-WC coating, for a 210-
s exposure time. At all impact angles, the mass loss of the
coatings with added nano-WC decreased. The minimummass
loss among the examined coatings was a coating modified
with 5 % nano-WC. In the coatings modified by nano-WC,
a contributing factor to the lower erosion value was the higher

hardness of the binder. The larger WC grains were more read-
ily cracked and chipped off than in the case of smaller WC
particles.

Additionally, the introduction of nano-WC to the coating
increased the ratio of the surface area of the carbides with
respect to Ni-matrix per unit volume. This increase led to a
finer microstructure of the binder and more uniform WC dis-
tribution. Fang et al. [23] reported that the fracture toughness
of the MMC coatings by adding nanoparticles improved be-
cause of the reduction in the grain size and number of micro-
scopic flaws. Additionally, as the grain size was reduced, the
area of interfaces between WC and Ni-matrix increased.
Therefore, the grain interfaces opposed the crack path and its
propagation [23]. Figure 10b compares the volume loss of Ni-
WC coating with nano-WC versus the coating hardness at the
impact angle of 90°. There was an approximately inverse log-
linear relationship between the target hardness and volume
loss. It is shown that the volume loss decreased for the coat-
ings modified with nano-WC. A 5 % nano-WC showed the
best performance where the mass loss was reduced for 30 %
comparing to unmodified Ni-60 %WC cladding. This figure
also shows that addition of nano-WC increases the microhard-
ness to the level of 1400 HV500g. The increase in the micro-
hardness by adding nano-WC particles could be attributed to
the enhancement of the WC distribution and decrease the
mean free path (area of Ni binder between the two adjacent
WC particles). It should be mentioned that no significant im-
provement in the coating microhardness and erosion value
was observed by adding 10 % nano-WC. This could be attrib-
uted to a high density of aggregation of nano-WC particles
causing the porosity and non-uniform distribution of nanopar-
ticles. Based on the results shown in Fig. 10, it could be con-
cluded that the optimum mass fraction of nano-WC particles

a b

c d

Fig. 9 a Overall view of coating
modified with 5 % nano-WC, b
higher magnification of B area
microstructural features, c
microstructure of Ni binder in Ni-
60 %WC coating, d
microstructure of Ni-binder of Ni-
55 % WC–5 % nano-WC coating
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with respect to the improvement in the microhardness and
erosion resistnace should be at 5 wt%.

The SEM micrographs of worn surfaces of Ni-WC
coating with addition of 5 and 10 wt% of nano-WC
particles under 90° of impact angle are shown in
Fig. 11. The back scattering images of eroded surfaces
(see Fig. 11a, b) showed the uniform distribution of
secondary carbides among the primary WC particles.
In coating with 10 % nano-WC, the combination of
aggregated nano-WC particles and secondary carbides,
forming a large cluster, could be observed. The number
of craters, pits, and cleavages in the Ni-WC coating
with added nano-WC particles decreased in comparison
to the worn surface of Ni-60 %WC coating, demonstrat-
ing the increase in the erosion resistance. Furthermore,

WC pullout was not observed, indicating a strong bond-
ing between the WC particles and the Ni-binder. The
impact of high velocity abrasive particles at a 90° im-
pingement angle caused the fracture and corner chipping
off WC grains (Fig. 11c). The shallow grooves and
scratches manifest the low degree of erosion of the coating
with 5 % nano-WC. The lack of pit and deep cavities in the
worn surface with 5 % nano-WC clearly demonstrated the
effect of higher hardness of this coating on the erosion resis-
tance as a result of the reinforcement of the Ni-binder by nano-
WC particles and secondary carbides. The traces of the deep
and abundant cleavages inmetallic phase in the eroded surface
of the coating with 10% nano-WC indicate the higher erosion
value and material loss in comparison to the coating with 5 %
nano-WC.

Fig. 10 a Erosion value of Ni-
WC coating versus impact angle
for different mass fractions of
nano-WC, b volume loss versus
coating hardness for different
mass fractions of nano-WC

a b

c d

Fig. 11 SEM micrographs of
worn surfaces after erosion testing
of Ni-WC coatings at 90° a BSE
image of eroded surface coating
with 5 % nano-WC, b BSE image
of eroded surface coating with
10 % nano-WC, c SE image of
eroded surface coating with 5 %
nano-WC, d SE image of eroded
surface coating with 10 % nano-
WC
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4.4 Effect of adding rare earth (RE) element (La2O3) particles
on erosion rate

In recent years, the RE elements were gradually introduced to
the laser surface treatment area [21, 28]. The addition of the
RE elements is believed to have beneficial effects on resistiv-
ity of the coatings exposed to erosive and corrosive environ-
ments [11]. Due to the particular atomic structure and out-
standing chemical appetence, RE elements possess excellent
physical and chemical characteristics [21]. Furthermore, the
RE elements purify microstructure (i.e., chemical reaction by
specific elements that forms slag) and eliminate pores and
micro-cracks.

In this study, the effect of using La2O3 as an RE element in
three different mass fractions (0.5, 1.0, and 2.0 %) on micro-
structural properties, chemical composition, microhardness of
the coating, and subsequently, the erosion resistance of the
coating was investigated. The cross-section micrographs of
the coatings with La2O3 addition show that homogenous coat-
ing with the even distribution of the big and small WC partic-
ulates in the surrounding matrix was achieved by adding 1 %
of La2O3. The microstructure of the coating with 1 % La2O3 is
shown in Fig. 12. Two different shapes of secondary carbides
were observed in the coating with addition of La2O3: bar-like
or lamellar carbides (marked by 1 in Fig. 12b) and butterfly
carbides (marked by 2 in Fig. 12b). The La2O3 could increase
the latent heat of melting, reduce liquid temperature, and in-
crease the solid temperature that could result in a decreased
grain size as well as in the formation of the precipitated car-
bides as lamellar carbides [11, 28]. Furthermore, La2O3 could
prevent the accumulation of the lamellar secondary carbides

near the vicinity of the primary carbides [21]. Therefore, stress
concentration around the primary carbides could decrease.
However, if the number of lamellar carbides exceeded a spe-
cific range, the crack possibility could increase [17]. This in-
crease might be attributed to the needle-like shape of the la-
mellar carbides that could turn these carbides into the stress
concentration sites instead of the hard-phase particles. The
large fraction of secondary phases formed in the coating mod-
ified by La2O3 could be the consequence of the high concen-
tration of alloying elements and the dissolution of certain
amount of WC manifesting in the increase in the hardness of
coating [11]. It is clear in Fig. 12c and d that the number of
precipitated carbides comparing with unmodified Ni-
60 %WCwas increased. This could mainly attribute to chang-
ing the solidification regime in coating modified by La2O3 as
described before.

The effect of addition of La2O3 on chemical composition of
Ni-WC coating was studied by an XRD analysis. Figure 13
compares the possible chemical phases in coating with and
without La2O3 modification of Ni-WC coating based on
XRD analysis. The overall phase identification has shown that
the major phases in coatings were γ-Ni with a cubic crystal
structure and WC, W2C, and CW3 with a hexagonal crystal
structure. The addition of La2O3, as the surface active element
that reacts easily with oxygen, carbon, and some stable com-
pounds caused the formation of new phases such as La2NiO2,
LaC2, and La2Ni5C3. In addition, some peaks corresponding
to WO3 were found. The Cr7C3, an intermetallic phase with
high hardness, was also observed in the modified coating by
La2O3. In coating with La2O3, a portion of the composed
phases was gathered at the top of the molten pool and after

Fig. 12 aOverall view of coating
modified by 1 % of La2O3, b
higher magnification of
microstructural features in B area,
c SE image of unmodified Ni-
60 %WC coating, d SE image of
Ni-WC modified with 1 % La2O3
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the solidification a slag (purification) was formed, while a
portion of it stayed in the clad forming composed phases.
Thus, by alloying the Ni/WC composite coating with RE ele-
ment, the inclusion content within the coating would be de-
creased and the coating would be more purified by deoxida-
tion [28].

The effect of adding the RE element (La2O3) on the erosion
resistance of the coating was studied according to the erosion
value and volume loss under different impact angles. Figure 14
compares the erosion value and volume loss of the Ni/WC
coatings with and without La2O3 after 210-s exposure time.
It is shown that the maximum improvement of erosion value
was achieved for a coating with 1 % La2O3, under impact
angle of 90°. In the coating modified with La2O3, the mini-
mum erosion improvement belongs to the coating modified

with 2 % La2O3 due to the inhomogeneousWC distribution in
this coating (see Fig. 1h). Therefore, according to erosion
value of coating modified with La2O3, the optimal mass frac-
tion of La2O3 is 1 %. The coating modified with 1 % mass
fraction of La2O3 had a uniform distribution of carbides par-
ticles and lowest erosion value.

Figure 14b compares the volume loss versus the coating
microhardness for different mass fraction of La2O3 at 45°
impact angle. It is shown that the microhardness of the coating
with La2O3 addition increased, this could be attributed to the
grain-refinement effect and formation of new intermetallic
compounds. The addition of La2O3 has promoted the forma-
tion of La2Ni22C3 and some intermetallic phases such as
Cr7C3. According to the results shown in Fig. 14, it could be
concluded that the optimum mass fraction of La2O3 with re-
spect to the erosion resistance of the coating should not be
larger than 1 %.

The SEMmicrographs of worn surfaces of Ni-WC coating
with 1 and 2 wt% of La2O3 under 90° impact angle are shown
in Fig. 15. The back scattering images of eroded surfaces
treated by La2O3 (see Fig. 15a, b) show the higher volume
fraction of lamellar and butterfly shapes of secondary carbides
than in the case of unmodified Ni-60 %WC coating (see
Fig. 6a, b). The morphology of eroded surfaces presents the
dominant brittle erosion behavior in the coatings modified by
La2O3 due to high volume fraction of secondary carbides. The
brittle behavior of lamellar carbides would result into cracking
and edge chipping and consequently cleaving. The cleavages
were formed as a result of the cracks intersections and delam-
ination. The cleavages in the coating modified by La2O3 were
confined into a small area. The key role of La2O3 during the
cladding is in making the microstructure grains finer and con-
sequently more grain boundaries could restrain the crack

Fig. 13 XRD spectra for Ni-60 %WC and Ni-WC-1 % La2O3 coating

Fig. 14 a Erosion value of Ni-WC coating versus impact angle for different mass fractions of La2O3, b volume loss versus coating hardness for different
mass fraction of La2O3
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propagation and prevent the degradation of a large area. The
number of deep scratches and grooves in coating with
1 % of La2O3 in comparison to Ni-60 %WC eroded
surface (see Fig. 6c) decreased because of the reinforce-
ment of the Ni-matrix by secondary carbides. However,
immense presence of secondary carbides in the coating
with 2 % of La2O3 increased the stress concentration
under erosion and caused deep cavities and higher mass
loss. According to the erosion responses (i.e., erosion
value and volume loss) of the coatings modified with
three mass fractions of nano-WC and La2O3, it was
found that the optimum mass fraction for nano-WC
was 5 % and for La2O3 was 1 %. The optimum mass
fraction occurred at the point that corresponds to the
highest hardness and the lowest erosion rate. It is also
worth to compare the coating erosion resistivity at the
optimum mass fractions of nano-WC (5 %) and La2O3

(1 %).
Figure 16 compares the erosion values between coat-

ings with optimum mass fractions. For all impact an-
gles, the coatings with 5 % of nano-WC had the least
erosion value. The erosion values of the coatings mod-
ified by nano-WC were comparatively lower than the
erosion values for coatings modified by La2O3; such
difference could be attributed to the shape of the sec-
ondary carbides in the coatings and corresponding hard-
ness. The dominant secondary carbide shape in coating
could play an important role in erosion resistivity. The
secondary carbide shape in the coating with nano-WC
was of mainly blocky carbide shape, while the coating
with La2O3 had lamellar and butterfly shapes. The

cracks easily would nucleated and propagated from the
lamellar carbides because of its geometry (i.e., stress
concentration due to needle-like shape). Additionally,
the chemical phases formed in the reaction with La2O3

could have contributed to the decrease in hardness [29].
The erosion scars and surface roughness of the Ni-WC

coatings with an optimum mass fraction of nano-WC and
La2O3 at the impact angle of 45° are shown in Fig. 17. The
material losses from the coatings, going form the largest to the
smallest one, were in order as: Ni-60 %WC, Ni-WC-1 %

Fig. 15 SEM micrographs of
worn surfaces after erosion testing
of Ni-WC coatings at 90° of
impact angle a BSE image of
eroded surface coating by 1 % of
La2O3, b BSE image of eroded
surface coating by 2 % of La2O3,
c SE image eroded surface
coating by 1 % of La2O3, d SE
image eroded surface coating by
2 % of La2O3

Fig. 16 a Effect of different mass fractions of nano-WC and La2O3 on
the coating hardness and its erosion rate, b comparing the mass loss of the
coatings with optimum mass fraction of nano-WC and La2O3 and
conventional Ni-60 %WC
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La2O3, and Ni-WC-5 % nano-WC, respectively. Figure 17d
compares the eroded surface roughness of the different coat-
ings at three impinging angles (30, 45, 60, and 90°). All coat-
ing compositions showed a maximum eroded surface rough-
ness at a 90° of impact angle as the consequence of high
impact energy and surface degradations caused by a cutting
action, chip formation, and pullout of the WC particles. Coat-
ings with higher hardness showed a lower roughness. Addi-
tionally, there were no deep cavities or pits formed by plastic
deformation. Coatings with lower hardness resulted in a
higher surface roughness, because of the pitting due to chip
creation, pullout of the WC grains from the weak matrix, and
the subsequent formation of deep cavities.

5 Conclusions

The erosion behavior of laser-cladded Ni/WC coatings under
different laser energy densities and modified with nano-WC
particles and La2O3 was studied. The slurry erosion tests were
executed at an AWJ machine at the different impact angles.
Based on the results of this study, the following conclusions
could be drawn:

& A dimensionless erosion value was introduced to quantify
the erosion resistance of Ni-WC MMC coatings. The ero-
sion value of laser cladded coatings showed a linear rela-
tionship with the exposure time.

& The laser energy density in fabricating the laser cladded
coatings had a great influence on the slurry erosion resis-
tance. The Ni-60 %WC fabricated with 315 J/mm2

showed higher erosion resistance than coatings fabricated
with 400 and 700 J/mm2.

& The Ni-WC composite coating showed a tendency for an
inverse log-linear relationship between coating hardness
and matrix volume loss.

& At low impact angles, the erodent particles slid on
the surface and generated grooves on the soft Ni
matrix because of the ductile material properties.
Repeated impacts led to degradation of the matrix
phase. Meanwhile, the reinforcing phase was sub-
jected to brittle fracture, which led to the fracture
propagation across the carbide grains.

& The addition of nano-WC strengthened the Ni-60 %WC
coating by dispersing between micro-WC particles and
decreasing the grain size of Ni matrix. The aggregation
of nano-WC particles with dissolved WC forms the
blocky secondary carbides that could enhance the erosion
resistivity of the coating.

& The modification of coating with La2O3 powder increased
the erosion resistance of the coating. The improved me-
chanical properties of La2O3 were a result of a purified
coating and finer grain size with La2O3.

& The 5 % nano-WC coating showed the highest hardness
value and lowest erosion rate. The 1 % La2O3 coating had
an erosion rate higher than that of the conventional Ni-
60 %WC coating but lower than the nano-WC coatings.

& The roughness of eroded surface at higher impact angle is
higher due to the presence of deep cavities and cleavages.
The coating modified with optimum mass fraction of
nano-WC and La2O3 had relatively lower eroded surface
roughness.

a

b

c

d

Fig. 17 3D profiles of the eroded
surfaces of a Ni-60 %WC, b Ni-
WC-1 % La2O3, c Ni-WC-5 %
nano-WC, d comparison between
roughness of the coatings at
different impact angles
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