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Wear behaviour of laser cladded Ni-based-WC-La2O3 hybrid composite coating 
on H13 steel at elevated and ambient temperatures

P. Ashtari 1 , N. Parvini Ahmadi 2, S. Yazdani *3

Faculty of Materials Engineering, Sahand University of Technology, Tabriz, Iran

Hybrid composite coatings have distinct advantages over single composite coatings due to their multipur-
pose applications. Moreover, nickel-based composite coatings are widely used in corrosive and fatigue 
environments due to their good wear and corrosion resistance. In this study, NiCoCrAl/tungsten carbide/1-4 
wt% lanthanum oxide composite coatings are deposited on H13 hot work tool steel by laser cladding. The 
wear resistance of the coatings is evaluated when sliding against alumina ball both at room temperature and 
700 °C. The results show that the wear rate of the coatings decreases at room temperature by adding 1-3 wt% 
lanthanum oxide (72.55×10-6 mm3 N-1 m-1 for NiCoCrAl/tungsten carbide/2 wt% lanthanum oxide). The co-
efficient of friction also decreases at this amount of lanthanum oxide and for the samples with 2 and 3 wt% 
lanthanum oxide, the steady-state of wear starts earlier than the others. At the high temperature of 700 °C, the 
presence of lanthanum oxide changed the wear mechanism from adhesive to abrasive and improved the wear 
performance of the coatings. At higher levels of lanthanum oxide, debris removals is observed on the coatings 
leading to three-body and severe wear.
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Lasers have already been successfully used in sur-
face engineering to improve the mechanical and elec-
trochemical properties of metals 1). Currently, methods 
such as plasma spraying, arc welding, laser cladding and 
high-velocity oxy-fuel spray process are used for the 
deposition of metal-based composite coatings, of which 
laser technology is increasingly used due to its many ad-
vantages such as good coating/substrate bonding, reduc-

tion of defects such as porosities, cracks, etc. 2-4). The low 
heat input in this method results in very little mixing of 
coating and substrate (dilution). It also creates a narrow 
heat-affected zone, resulting in minimal deformation and 
warping 5-7). Nowadays, laser cladding of hard composite 
coatings on industrial parts is a common method to in-
crease the wear resistance of the surface 1). The applica-
tion of these coatings leads to an extension of the useful 
life of parts such as dies, cylinders and rollers that are 
subject to wear and corrosion 8, 9).

Nickel-based alloys, because of their good wear 
and corrosion resistance, are often used in corrosive 
environments where they are subject to wear and fatigue. 
However, they do not meet the expected industrial 
requirements compared to the new coatings that offer better 
properties, considering that the new applications in indus-
tries such as aerospace, oil and gas, etc. require good wear and 
corrosion resistance at high temperatures. The metal 
matrix composites are used in many applications such 
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and save replacement costs. For example, H13 tool steel 
is ideal for the substrate as it is a commonly used material 
with high impact strength, wear resistance and ductility 
for hot forging dies. The steel is pressed under high pres-
sure against the die blanks to form working hubs, which 
are then used to make working dies called master dies. 
The working die is shaped to fit into the press in prepara-
tion for application. After heat treatment, the material is 
pressed into the desired shape, resulting in high stress and 
cyclic fatigue on the die head. During production, the die 
head must maintain the exact dimensions for the produc-
tion of the parts. Various coatings have been investigated 
to improve wear resistance at high temperatures on a va-
riety of high entropy alloys that do not perform well at 
high temperatures 4). On the other hand, very few studies 
have been conducted on metal-based hybrid composites 
as coatings to extend the life of industrial components. 
Most studies focused on polymer-based hybrid compos-
ites used as biomaterials. Based on this information, we 
have conducted experiments to optimise the composition 
and process to extend the lifetime of H13 hot work tool 
steel.

This work aims to develop a new hybrid composite 
coating to extend the life of forging and extrusion dies 
and provide an option for repairing damaged tools. Laser 
coating of H13 with a nickel-based hybrid composite can 
provide a cost-effective and more durable option for the 
industry that is comparable to similar composite coatings.

The microstructure and wear behaviour of H13 hot 
work tool steel at room temperature and elevated tem-
perature of 700 °C laser coated with 30 wt% tungsten 
carbide and nickel-based alloy powder and a mixture of 
lanthanum oxide in the range of 1-4 wt% as a second 
reinforcement are investigated in this study.

2. Materials and methods 

H13 hot work tool steel was used as the substrate with 
chemical composition given in Table 1. The specimens 
for the low and high temperature wear tests were cut into 
disc shapes with a diameter of 30 mm and a thickness of 
10 mm and then polished.

Nickel-based superalloy powder (NiCoCrAl) with 
a particle size of 45-125 µm was used as the material 
for the matrix of the composite coating. The powder 
properties are listed in Table 2.

as rollers, piston rods, turbines, etc., which require long
service life 2, 9, 10). The addition of ceramic particles 
such as tungsten carbide, titanium carbide or vanadium 
carbide into the matrix of a nickel-based alloy leads to 
better wear performance of the composite coatings. 
Tungsten carbide is widely used because of its good 
wettability with nickel and its high hardness 2, 11-16). 
Numerous studies have been conducted on the effect 
of various ceramic particles, especially carbides and 
oxides, on nickel-based alloys at both room temperature 
and high temperatures, generally indicating that these 
particles improve the wear and corrosion resistance of 
the coatings 15, 17-22). In addition, the addition of micro/
nanoparticles of lanthanide oxides (such as samarium, 
cerium and yttrium) to the composite coating has been 
reported to play an important role in increasing wear 
and corrosion resistance at elevated temperatures 22, 23).

In hybrid composites, known as 2nd generation com-
posites, two or more different particles (in terms of sub-
stance or size) are added to the matrix, giving the coating 
unique properties. They have the potential to be used in 
various industries such as aerospace, automotive, med-
ical and also to reduce energy consumption. Despite 
the increasing demand for metal matrix composites, es-
pecially aluminum-based ones, which has led to exten-
sive research in this field, there are few studies on the 
fabrication and characterization of hybrid metal matrix 
composites. According to the published reports, hybrid 
metal matrix composites offer comparable or better 
properties than common metal matrix composites 24-26). 
There are reports of improvements in the mechanical 
properties, especially wear resistance, of alumini-
um-, titanium- or copper-based hybrid composites, 
which showed better results compared to simple 
composites 26-31). 

AISI H13 is a chromium, molybdenum and vanadi-
um-containing hot work tool steel with high hardenabil-
ity and excellent toughness routinely used for the manu-
facture of dies, extrusion mandrels, plastic moulds, cores, 
die holder blocks and hot work punches. However, for 
the majority of hot forming applications such as forg-
ing and die casting, both the wear/erosion and corrosion 
resistance of AISI H13 tool steel at room temperature 
and elevated temperatures need to be improved. Several 
studies have used different methods of laser treatment 
(e.g. cladding, laser hardening) to extend the longevity 

Element Fe C Si Mn Cr Mo V 

Wt% Bal. 0.36 0.97 0.23 5.41 1.6 1.17 

 

Element Ni Co Cr Al W 

Wt% 36.164 32.178 19.862 9.291 2.505 

 

Table 1. Chemical composition of H13 hot work tool steel (wt%).

Table 2. Chemical composition of NiCoCrAl powder (wt%).
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and particle size less than 20 µm was added to the base 
powder mixture in amounts of 1, 2, 3 and 4 wt%. The 
scanning electron micrographs of the powders used are 
shown in Fig.1 (a-c). The prepared powder was mixed 
in a Turbula mixer for 30 minutes at a speed of 60 rpm. 
The laser cladding system was equipped with a powder 
feeder connected to a 400 W pulsed Nd: YAG laser sys-
tem. The spot diameter was 2 mm and was constant for 
all samples. Argon was used as shielding and carrier gas 
with flow rates of 20 L min-1 and 15 L min-1 respectively.

 30 wt% commercial WC-12Co powder (ZHUZHOU 
Jiangwu Boda) with a particle size of 15-45 µm was add-
ed to the matrix powder as carbide reinforcement. Ac-
cording to the results of a similar study, the addition of a 
higher amount of tungsten carbide (up to 50 wt%) does 
not have a great influence on the wear resistance 15). This 
composition was used as a basis to maintain the tough-
ness of the coating and to evaluate the effects of adding 
lanthanum oxide in more detail. The lanthanum oxide 
(Sigma-Aldrich L4000) with purity greater than 99.9% 

Fig. 1. Scanning electron microscopy images of the powders used for laser cladding of the coatings (a) NiCoCrAl 
(b) tungsten carbide (c) lanthanum oxide.
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ness tester at a load of 100 g. Cross-sectional examina-
tions of the cladded coatings as well as the morphology 
of the coatings, the distribution of ceramic particles and 
the sliding wear tracks, were assessed using a MIRA3 
TESCAN scanning electron microscope. The chemical 
composition of the claddings was characterised by ener-
gy-dispersive X-ray spectroscopy (EDS).

3. Results and discussion
Scanning electron micrographs of the surface of the 

coating show the distribution of tungsten carbide and 
lanthanum oxide reinforcer seen as small white 
particles (Fig. 2 (a-e)). The coatings have the least 
porosity and defects, which are the advantages of the 
laser cladding method.

SEM images and maps of the distribution of 
elements in the cross-section of the coatings are shown 
in Fig 3.

The pulse duration and frequency of the Nd: YAG la-
ser were set to 3.5 ms and 35 Hz, respectively. The clad-
ding was performed at a laser power of 300 W, a scanning 
speed of 3 mm s-1, a powder feed rate of 300 mg s-1 and an 
overlap ratio of 50 %. The total thickness of the coatings 
after cladding and machining was 150 µm.

A ball-on-disc wear tester (Ducom, India) was used 
to perform the sliding wear tests on all specimens at both 
room temperature and 700 °C according to the ASTM 
G99 standard 23). An alumina ball with a diameter of 9 
mm was used as the abrasive. The applied load and slid-
ing distance were chosen to be 15 N and 200 m, respec-
tively. The wear radius of the coated discs was 12 mm. 
After the tests, the samples were cleaned with acetone, 
then dried and weighed with an electronic balance with 
an accuracy of ±0.1 mg. The wear test was repeated three 
times for each coating.

Hardness was measured with a Leco M-400-G1 hard-

Fig. 2. Scanning electron microscopy images of the coatings surface
(a) NiCoCrAl-30 wt% tungsten carbide-1 wt% lanthanum oxide
(b) NiCoCrAl-30 wt% tungsten carbide-2 wt% lanthanum oxide
(c) NiCoCrAl-30 wt% tungsten carbide-3 wt% lanthanum oxide
(d) NiCoCrAl-30 wt% tungsten carbide-4 wt% lanthanum oxide

(e) NiCoCrAl-30 wt% tungsten carbide.
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Fig.3: a) Cross-section SEM images of NiCoCrAl/WC+ 4wt% La2O3 coating after 100 h oxidation at 700℃ and maps 
of the distribution of b) La c) Co d) Cr e) Ni f) Fe and g) W in the coating.

(b)

(a)

(c)

(d) (e)

(f) (g)
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For samples with tungsten carbide and lanthanum 
oxide reinforced particles, the hardness further increased 
to about 850±10 HV0.1. The increase in hardness is not 
only due to the rapid solidification during laser cladding, 
which increases corrosion and wear resistance, but also 
to the effect of the reinforced particles on the movement 
of dislocations32, 33). Recent research has shown that the 
addition of lanthanum oxide particles to the matrix in-
creases the oxidation resistance of the coating at high 
temperatures and increases hardness 22, 23). The changes 
in hardness can be explained by the fact that lanthanum 
oxide particles with uniform distribution contribute to 
the increase of heterogeneous nucleation sites in the 
melt, which subsequently leads to fine dendrites and 
equiaxed grains 21), where the structure of two coatings is 
compared, Fig. 5.

It should be noted that due to the high melting point 
of lanthanum oxide (2315 °C) and the rapid solidifica-
tion, the particles remained in the melt in solid form. It 
is assumed that the drop in hardness in the intersection 
is caused by the dilution effect resulting from the partial 

3.1. Coatings hardness

The microhardness profile across the cross-section 
of the coating and substrate shows that the hardness of 
the substrate is about 300±10 HV0.1, which increases 
to an average of 518±10 HV0.1 for the sample with the 
nickel-based alloy (NiCoCrAl) coating, Fig. 4.

Fig. 4. The variation of microhardness with distance 
from the surface across the substrate/coatings interface.

Fig. 5. Optical microscopy images of cross section of coatings a) NiCoCrAl-30wt% WC –2wt%La2O3 ,
b) NiCoCrAl-30wt% WC and c) NiCoCrAl (×1000).
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loss of each coating during the wear test.

Due to the differences in density and composition of 
the coatings, the amount of weight loss in the wear test 
may not be a good criterion for evaluating wear resis-
tance. Therefore, a unique criterion was used to calculate 
the wear rate according to equation 2 34).  

where WR is the wear rate (mm3 N m), m is the average 
mass loss (mg), F is the applied force (N), L is the sliding 
distance (m) and ρ is the density of the materials (g cm-3).
The results of these calculations show that adding rein-
forced particles to the coating decreases the wear rate by 
2.5 to 3.5 times (Fig. 6).

melting of the substrate. Since the coating formed very 
quickly and the coefficients of thermal expansion of the 
coating and the substrate are different, residual stresses 
are created in the coating. The residual stresses, togeth-
er with the gradual decrease in hardness at the interface 
between the coating and the substrate, increase the adhe-
sion and reduce the brittleness of the coating, which is 
considered to be an advantage that could protect it from 
cracking 32).	

3.2. Wear behaviour at room temperature

The densities of NiCoCrAl, tungsten carbide and 
lanthanum oxide were determined by the Archimedean 
method to be 7.38, 15.59 and 6.46 gr cm-3, respectively. 
Accordingly, the density of the coatings is calculated us-
ing the composite density formula given in equation 1 34). 
The results are shown in Table 3 together with the weight 

(1 𝜌𝜌𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐⁄ ) = (𝑋𝑋𝑖𝑖 𝜌𝜌𝑖𝑖⁄ ) + (𝑋𝑋𝑗𝑗 𝜌𝜌𝑗𝑗⁄ ) + (𝑋𝑋𝑘𝑘 𝜌𝜌𝑘𝑘⁄ ) 

𝑊𝑊𝑊𝑊 = 𝑚𝑚 𝜌𝜌𝜌𝜌𝜌𝜌⁄  

Coating Density 
 (g cm-3) 

weight loss 
(mg) 

NiCoCrAl 7.38 5.6 
NiCoCrAl-30 wt% tungsten carbide 8.77 2.6 

NiCoCrAl-30 wt% tungsten carbide-1 wt% lanthanum oxide 8.75 2 
NiCoCrAl-30 wt% tungsten carbide-2 wt% lanthanum oxide 8.73 1.9 
NiCoCrAl-30 wt% tungsten carbide-3 wt% lanthanum oxide 8.72 2.2 
NiCoCrAl-30 wt% tungsten carbide-4 wt% lanthanum oxide 8.70 2.6 

 

Table 3. Density and weight loss of coatings.

Fig. 6. Wear rate of the coatings as obtained from the ball-on-disc wear test.

Eq. (1)

Eq. (2)
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brittleness of the coating. In addition, the increased num-
ber of obstacles against dislocations could be the source 
of microcracks. A microcrack forms near a lanthanum 
oxide particle and it can be assumed that the strong 
plastic deformation around two lanthanum oxide 
particles is responsible for the crack formation, Fig. 7.

The variation of the coefficient of friction with 
sliding distance and the scanning electron micro-
graphs of the worn surfaces show that the coefficient of 
friction varies in the range of 0.54 to 0.72, Figs. 8 and 
9 a-f.

The wear rate is significantly reduced by the addition 
of 1-3 wt% lanthanum oxide, with the minimum rate in 
the coating being achieved at an amount of 2 wt% lantha-
num oxide. The reason for this could be the uniform dis-
tribution of the particles, which leads to the formation of 
equiaxed grains. Moreover, the high hardness of the coat-
ing is a reason for the good wear resistance according 
to the relationship between hardness and wear resistance 
explained by Archard’s equation 35, 36). However, the in-
crease in wear rate for the coating with 4 wt% lantha-
num oxide is due to the high hardness and the resulting 

Fig. 7: (a) Scanning electron microscopy image indicating a microcrack beside a lanthanum oxide particle on the worn 
surface of NiCoCrAl-30 wt% tungsten carbide-4 wt% lanthanum oxide coating and (b) energy dispersive X-ray spec-

troscopy result for oxide particle.

Fig. 8. Variation of friction coefficients with sliding distance at room temperature for coatings.
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For the samples containing 1-3 wt% lanthanum oxide, 
the variation of the coefficient of friction is smaller than 
for the others and a uniform sliding over a distance of 10 
m starts. The coefficient of friction of the coating with 
4 wt% lanthanum oxide is very variable and fluctuated 
during the test, which is due to the cracks, as explained 
above. The coefficient of friction of NiCoCrAl-30 wt% 
tungsten carbide and NiCoCrAl coatings reaches a steady 
state after a sliding distance of 100 and 70 m, respec-
tively. For the sample with 1 wt% lanthanum oxide, the 
coefficient of friction increases in the last 50 m of the 
sliding distance, which could be due to the detachment 
of the reinforced particles, which further affects the wear 

process (Fig. 8). The detachment of the reinforced parti-
cles can be observed. The grooves on the worn surface 
are indicative of abrasive wear, Fig. 9. When coated with 
2 wt% lanthanum oxide, the increase in hardness reduc-
es the width of the wear marks, Fig. 9b 37). Lamellar re-
moval of debris from the worn surface can also be seen, 
Fig. 9f. Some explanations have been proposed, e.g. that 
the compressive stress at the surface causes the cracking 
by plastic shear deformation under the worn surface38). 
However, it appears that the dislocation aggregations in 
the wear substrate are more acceptable to the alloy coat-
ing without reinforced particles. Accordingly, the dis-
locations are aggregated and interconnected under the 

Fig. 9. Scanning electron microscopy images of the wear tracks at room temperature for
(a) NiCoCrAl-30 wt% tungsten carbide-1 wt% lanthanum oxide
(b) NiCoCrAl-30 wt% tungsten carbide-2 wt% lanthanum oxide
(c) NiCoCrAl-30 wt% tungsten carbide-3 wt% lanthanum oxide
(d) NiCoCrAl-30 wt% tungsten carbide-4 wt% lanthanum oxide

(e) NiCoCrAl-30 wt% tungsten carbide and
(f) NiCoCrAl coatings.
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surface during wear, and eventually, cavities are formed 
below the surface. These cavities gradually become more 
numerous and join together to form cracks along with 
the surface. The cracks become larger and reach a critical 
size by which the materials are removed from the surface 
in a lamellar manner 2, 3, 38, 39). Some of these cavities can 
be observed in Fig. 10.

3.3. High-temperature friction and wear 
behaviour of coatings

The variations of the coefficient of friction of laser 
cladded coatings with the sliding distance (Alumina 
ball counterpart; sliding velocity: 0.1 m s-1, temperature: 
700 °C) are shown in Fig. 11 a-f.

Fig. 10. Scanning electron microscopy image of from the worn surface of NiCoCrAl coating indicating the holes (shown 
by arrows) created by dislocations aggregation.

Fig. 11. Variation of friction coefficient with sliding distance at 700 °C for coatings:
(a) NiCoCrAl-30 wt% tungsten carbide-1 wt% lanthanum oxide
(b) NiCoCrAl-30 wt% tungsten carbide-2 wt% lanthanum oxide
(c) NiCoCrAl-30 wt% tungsten carbide-3 wt% lanthanum oxide
(d) NiCoCrAl-30 wt% tungsten carbide-4 wt% lanthanum oxide

(e) NiCoCrAl-30 wt% tungsten carbide
(f) NiCoCrAl.
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debris that subsequently causes three-body abrasion. The 
coefficient of friction of the coating without reinforced 
particles shows many variations during the test, indicat-
ing adhesive wear as the dominant mechanism 37). In the 
last 30 m of the wear track, the coefficient of friction has 
reached a constant value of 0.39, indicating that the wear 
mechanism has changed to abrasive wear.

The scanning electron micrographs of the wear marks 
on the coatings are shown in Fig. 12 a-f. The dominant 
mechanism for all coatings, including the sample with 
lanthanum oxide, is abrasive wear, Fig. 12 a-d.

The coating without reinforced particles was sub-
jected to a combination of adhesive and abrasive wear. 

As can be seen, the coatings with 1-3 wt% of lantha-
num oxide have achieved a constant coefficient of fric-
tion at short sliding distances of about 10 to 25 m. The 
coefficient of friction of the coatings with 1 to 3 wt% 
of lanthanum oxide has been shown in Fig. 11 a-f. The 
coefficients of friction range from 0.37 to 0.39, which 
is the lowest compared to the other coatings, indicating 
improved wear resistance, Fig. 11 a-c. For the coating 
with 2 wt% lanthanum oxide, the steady-state of friction 
starts earlier due to the dense and uniform microstructure 
and high hardness 40). The friction coefficient of the sam-
ple with 4 wt% lanthanum oxide increased with a small 
slope, which can be attributed to the separation of worn 

Fig. 12. Scanning electron microscopy images of the wear tracks at 700 °C for
(a) NiCoCrAl-30 wt% tungsten carbide-1 wt% lanthanum oxide
(b) NiCoCrAl-30 wt% tungsten carbide-2 wt% lanthanum oxide
(c) NiCoCrAl-30 wt% tungsten carbide-3 wt% lanthanum oxide
(d) NiCoCrAl-30 wt% tungsten carbide-4 wt% lanthanum oxide

(e) NiCoCrAl-30 wt% tungsten carbide and
(f) NiCoCrAl coatings.
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coating is shown in Fig. 13.
Analysis of these three regions indicates the presence 

of oxygen, which was not detected in the other coat-
ings, Fig. 13 a-d. It has been reported that when chro-
mium is increased up to 33 wt%, the presence of 1 wt% 
lanthanum oxide accelerates the diffusion of chromium 
to the surface, leading to the formation of chromium 
oxide 63). The oxide residues were detected in region 2, 
Fig. 13 a. Energy-dispersive X-ray spectroscopy of the 
coating with 4 wt% lanthanum oxide is shown in 
Fig. 14.

It can be observed that the iron concentration in 
the worn region is high (54.7 wt%), indicating that the 
grooves are so deep that the coating has been worn down 
to the dilution region. The reason for the low wear resis-
tance of this coating could be related to the high num-
ber of lanthanum oxide particles that act as dislocation 
barriers and cause the separation of debris. These debris 

For the NiCoCrAl-30 wt% tungsten carbide coating, the 
particles detached and the wear mechanism was adhe-
sive. The detached particles subsequently acted as abra-
sive particles and resulted in intense three-body abrasive 
wear, which increased the friction coefficient of the com-
posite coating. A uniform distribution of the lanthanum 
oxide particles reduces this effect and prevents the parti-
cles from detaching 40). 

It can be seen that the grooves in the sample with 4 
wt% lanthanum oxide are deeper than in the others. Less 
wide wear scars are seen in the samples with 2 and 3 
wt% lanthanum oxide than in the sample with 1 wt% 
lanthanum oxide. The higher hardness is the reason for 
the smaller width of the wear scars, but the coating has 
shown a different behaviour, Fig. 12a. For a more detailed 
investigation, energy dispersive X-ray spectroscopy was 
performed on the wear marks of the three coatings. The 
analysis for three regions of the 1 wt% lanthanum oxide 

Fig. 13. (a) Scanning electron microscopy image of worn surface indicating region and points of energy-dispersive 
X-ray spectroscopy of coating with 1 wt% lanthanum oxide. The energy-dispersive X-ray spectroscopy results for 

(b) region 1 (c) point 2 and (d) point 3.
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on the coating without reinforced particles is shown in 
Fig. 15a.

behave like abrasive particles and cause severe wear 40-44).
A scanning electron micrograph of the wear marks 

Fig. 14. (a) Scanning electron microscopy image of coating with 4 wt% lanthanum oxide worn surface (b) energy 
dispersive X-ray spectroscopy result for region 1. 

Fig. 15. (a) Scanning electron microscopy image of worn surface indicating points of energy-dispersive X-ray 
spectroscopy of NiCoCrAl coating. The energy-dispersive X-ray spectroscopy results for (b) point 1 and (c) point 2.
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and providing laboratory facilities. P.A. would like to 
thank Dr Mohsen GolzarShahri (Isfahan University of 
Technology) for the scanning electron microscopic 
analysis and his tireless help.

The wear grooves are not visible in the image. Two 
distinct regions can be observed, labelled 1 and 2. Ener-
gy-dispersive X-ray spectroscopy analysis of regions 1 
and 2 shows that there are no significant chemical differ-
ences in these regions, Fig. 15b and 15c. Consequently, 
the predominant mechanism in the coating is adhesive 
wear, Fig. 10f. The lower hardness of this coating com-
pared to the other coatings causes the temperature on the 
softer coating to rise, so that some parts of the surface 
stick to the ball and detach from the sample when the 
alumina sphere wears away 39).

4. Conclusions 

By investigating the effects of the addition of lantha-
num oxide particles in laser cladded NiCoCrAl/tungsten 
carbide hybrid composite coating on the wear behaviour, 
the following conclusions can be drawn. 

By applying the wear-resistant NiCoCrAl alloy coat-
ing, the base hardness increased from about 300±10 
HV0.1 to an average of 518 HV0.1. By adding tungsten 
carbide and lanthanum oxide reinforced particles, the 
hardness further increased to about 850±10 HV0.1.

The addition of 1-3 wt% lanthanum oxide to the 
coating significantly reduced the wear rate at room 
temperature. The lowest wear rate was observed in the 
sample with 2 wt% lanthanum oxide. This behaviour 
was associated with the high hardness of the coating, 
the uniform distribution of the particles and the forma-
tion of equiaxed grains, which consequently resulted in 
a homogeneous microstructure in the coating. However, 
when coated with 4 wt% lanthanum oxide, an increase 
in the wear rate was observed. This could be due to the 
high hardness and the resulting brittleness of the coating. 
In addition, the increased number of obstacles against 
dislocations could be the source of microcracks.

Microscopic examination of the wear marks on the 
coatings showed that the wear mechanism for all coat-
ings was abrasive wear. However, lamellar detachment 
was observed in the coatings without reinforced par-
ticles. This is related to the aggregation of dislocations 
under the surface, which led to the formation of cavities. 
These cavities gradually increased in size and coalesced 
into cracks along the surface. The cracks became larg-
er and reached a critical size, separating the wear layers 
from the surface. The measured coefficient of friction as 
a function of sliding distance confirms these results. 

The results of the wear test at 700 °C showed that 
the addition of lanthanum oxide changed the wear mech-
anism from adhesive to abrasive wear. However, when 
more than 3 wt.% lanthanum oxide was added, there was 
severe wear of the coating due to the detaching deposits.
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