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Abstract. A wear resistant coating was successfully made on an annealed Ti-6Al-4V titanium alloy by laser
surface cladding using 60wt.%WC+wt.% 40NiCrBSi powder blends. Coaxial laser cladding was performed by
means of Yb:YAG disk laser with a 3-KW continuous wave. Different laser interaction times were attempted to
get the optimal conditions for promising mechanical properties. The new contribution was to accomplish larger
clad layer thickness with applying the shortest possible laser interaction time that can achieve superior clad layer
properties. This will decrease energy consumption with an expectedmoney saving which is an essential factor for
successful engineering solutions. A high powder flow rate of 20 g.min�1 was intended in order to obtain a thick,
nonporous and crack free clad layer. The clad samples were subjected to thoroughmicrostructure investigations,
in addition to microhardness and wear evaluation. The coating so produced exhibits multiple hardness values
and exceptional wear resistance under adhesive/sliding wear conditions. The obtained results expose clad layer
with superior quality that was achieved at a laser interaction time of 0.3 s. An enhancement in themicrohardness
values of the clad layers by more than fourfold was attained and the wear resistance was thus significantly
improved.

Keywords: laser surface treatment / coaxial laser cladding process / laser powder cladding / laser interaction
time / titanium alloy / microhardness / wear resistance
1 Introduction

Titanium alloys are broadly used as essential components
in aerospace, chemical, petrochemical and marine indus-
tries thanks to their low density, high specific strength, and
extraordinary corrosion resistance. Nevertheless, the
service life of the titanium alloys deteriorates due to their
poor wear resistance such as high friction coefficient and
low abrasion wear resistance, which inhibit applying them
as engineering tribological components [1,2]. One of the
most effective procedures in enhancing the wear resistance
of titanium alloys is the surface modification. Coatings by
means of plasma spray are known to modify these alloys
properties. However, wear resistance of the plasma sprayed
coatings was even poorer to the original Ti-6Al-4V
substrate due to the porous and loose structure of the
coating [3]. Laser cladding (LC) is being currently
employed to achieve this aim. The laser cladding process
offers precise control of the coating on the substrate due to
the high focusing of the laser beam, microstructure control,
ndence: sreda@niles.edu.eg
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minimal substrate distortion due to confined heating with
low energy input and minimal dilution with the substrate
material [4–6].

Recent studies concerning the creation of a composite
coating on the titanium alloys are mainly restricted to
improving the hardness and abrasion wear resistance [7,8].
Ni-based alloys were usually used as a binding material for
cladding of titanium alloys [9] as they exhibit superior high-
temperature, wear and corrosion resistance properties, and
easily adhere to the substrate. WC+Ni-based alloy
powder blends were performed as metal matrix composites
on several engineering materials to enhance their hardness
and wear resistance [10,11]. Nonetheless, the published
work concerning this cladding composite with high
contents of the WC ceramic on titanium alloys is scarce.
Accordingly, our recently published work [12] deals with
performing a high percentage of WC coating on Ti-6Al-4V
titanium alloy. This high content of WC particles aims at
rising wear resistance of Ti-6Al-4V. The goal was to create
a uniform distributed layer of hard WC particles that is
crack-free and nonporous to enhance the wear resistance of
such alloy. This was achieved by varying the laser cladding
parameters (specific heat input [J.mm�2]) to reach the
onsAttributionLicense (https://creativecommons.org/licenses/by/4.0/),
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Fig. 1. SEM micrographs of the 40NiCrBSi+60WC powder
blend.
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optimum conditions for favorable mechanical properties. A
high quality clad layer was achieved at a specific heat input
of 60 J.mm�2 with maximum clad thickness of 1mm using
powder flow rate of 6 g.min�1. A microhardness level of the
best clad layer reached 1195Hv and the wear resistance was
largely improved. Based on such encouraging results, the
present study was carried out in order to to reach the
shortest possible laser interaction time that can achieve
superior clad layer properties and larger clad layer
thickness. Therefore, a higher powder flow rate of 20 g.
min�1 at the optimum specific heat input of 60 J.mm�2 was
attempted.

2 Materials and methods

2.1 Materials

The substrate material used in this study is the commercial
Ti-6Al-4V (grade 5) titanium alloy received in annealed
condition. Samples of 50mm� 30mm� 5mm were ma-
chined by wire cutting for the cladding process. The
nominal chemical composition (wt.%) of the alloy was
6.62% Al, 3.89% V and balance Ti. A Commercial powder
blend (Fig. 1) of 60% WC and 40% NiCrBSi with the
chemical composition (wt.%) of 3.8C and balanceW and
8.0Cr, 1.6B, 3.5 Si, 0.3C, and balance Ni, respectively were
selected as the laser cladding powder materials [13].
Particle size analysis shows that the particle size ranged
from 45 to 125mm, with a mean particle size of 90mm.

2.2 System setup and the coaxial laser cladding
process

Coaxial laser cladding was used for the fabrication of metal
matrix composite coating on the Ti-6Al-4V substrate. The
source of radiation is TRUDISK 3001Yb:YAG disk laser
manufactured by TRUMPF with 3KW of maximum laser
power, a 1030-nm wavelength. Argon gas was blown into
the melt pool to provide shielding during the laser
cladding process. Nine clad tracks were performed
adjacent to each other to achieve the overlapped coating
with 50% overlap. A constant specific heat input
(calculated from the following equation: Hs=P/n.D,
where Hs is the specific heat input (J.mm�2), P is the laser
power in watt, n is the beam scanning speed in mm.s�1

and D is the beam diameter in mm [14]) was used with
five corresponding different laser interaction times
(defined as the amount of time the laser beam is in
contact with material and calculated from the equation:
R=D / n where R is the laser interaction time (s), n is the
beam scanning speed in mm.s�1 and D is the beam
diameter in mm [15]). This constant specific heat input
was selected from our previous work and results of the best
clad layer. A constant laser power of 1000W was used
with a range of laser beam spot sizes and laser scanning
speeds in order to achieve different laser interaction times
as presented in Table 1. A different laser interaction times
were considered in this study for the following reasons: our
literature survey on the influence of the interaction time
on the cladding process suggested that this subject had
been little studied and one of our objectives was to
produce large clad layer thickness with superior clad layer
properties while using the shortest possible laser interac-
tion time. This will reduce energy consumption and
consequently surface treatment cost.

Microstructure examination of the laser clad composite
coatings was analyzed using an Axiotech 30 optical
microscope (OM) and QUANTA FEG250 SEM attached
with EDAX to analyze the chemical composition of the
phases. Clad cross sections were etched with 92mL H2O,
6mL nitric acid, and 2mL hydrofluoric acid (48%
concentration) [16].

2.3 Measurement of the mechanical properties

The microhardness profiles along the depth direction of the
laser clad metal matrix composite coating were determined
by HMV Vickers micro-hardness tester with a testing load
of 980mN and a loading time of 15 s. Wear resistance of the
coating was evaluated on a TE79 pin-on-disk type
fractional and wear tribometer, where clad samples of
8mm� 8mm� 5mm were used as the pins and a stainless
steel alloy of diameter 100mm and hardness of 65HRC as
the disks. The testing parameters are: normal loads=15N,
time=5min and fixed sliding at speeds=800mms�1

(150 rpm). The wear test was carried out on the top flat
surface of the clad layer. A flat contact area was achieved
by mechanical polishing using SiC papers and diamond
cloth before the wear test.
3 Results and discussion

3.1 Initial attempts

Variables values of specific heat input with different laser
interaction times were used with a constant powder feed



Table 2. Initial conditions of laser cladding process.

Laser cladding parameters Parameter value

Specific heat input 6, 8, 10, 15 J.mm�2

Laser interaction time for each
specific heat input value

0.03, 0.05, 0.07, 0.09 s

Table 1. Experimental conditions of laser cladding process.

Laser cladding parameters Parameter value

Specific heat input 60 J.mm�2

Powder flow rate 20 g ·min�1

Feeding gas 5 L ·min�1

Shielding gas 5 L ·min�1

Defocus distance 15mm

Laser scanning speed (n [mm.s�1]) Laser beam spot sizes (D [mm]) Laser interaction time (R[s])

7.45 2.2361 0.3
5.766 2.8867 0.5
4.883 3.4156 0.7
4.3 3.8729 0.9
3.9 4.2817 1.1
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rate (20 g.min�1) for achieving the optimum clad layers
that are free from porosities and cracks without a high
dilution ratio as presented in Table 2. Range of laser
interaction time values less than 0.1 s was performed. Nine
tracks with 50% overlap were performed in order to cover
the sample surface for the wear resistance test.

3.1.1 Surface topography of the laser clad Ti-6Al-4V
specimens

Figures 2 to 6 present the plan view of the laser clad
specimens. The lowest specific heat input value (6 J.mm�2)
with the corresponding two different interaction times 0.03
and 0.05 s produces an unfavorable surface appearance as
shown in Figure 2. Large cavities/voids and irregular
powder distribution along the coated surface were
observed. This cavities/voids on the cladding surface
may be due to the wrong ratio of powder feed rate
corresponding to laser scaning speed (underfill-type
defects). In other words, there is a lack of energy.

Upon increasing in the specific heat input from 8 to 15 J.
mm�2 (Figs. 3–5) micro cracks were detected beside the
pores. The residual stress in the composites intensely
affected crack creation of metal matrix coating by laser
cladding process. Clad fracture is expected if the residual
stress exceeds the strength of the materials [17]. The
residual stresses of WC/NiCrBSi composites mainly
depend on microstructure-developed stress and thermal
stress. The thermal stress was induced by high temperature
gradient during laser cladding process and the different
coefficient of thermal expansion betweenWC and NiCrBSi
matrix [18]. The residual stresses might not be sufficient
enough for generating the cracks due to the high toughness
and ductility of the titanium alloy [19]. However, during
the rapid heating and cooling process of laser cladding, high
temperature gradient would lead to the generation of
thermal stresses in WC particle because the coefficient of
thermal expansion of WC particle is lower than that of
NiCrBSi based alloy.

Basedon theseunsuccessful trialswith clad layers, longer
laser interaction time above 0.1 s was attempted with the
optimum specific heat input of 60 J.mm�2 (obtained from
our recently published work [12]). There were no visible
voids, inclusions, pits or cracks on the surface of clad samples
as presented inFigure 6. Therefore, the bestfive high quality
sampleswere chosen inorder to investigate theclad structure
of the Ti-6Al-4V samples and study the influence of the clad
powderonthewear resistance.Thebestfivehighqualityclad
samples were achieved at the processing parameter as listed
in Table 1. These values of laser interaction time are still
lower than those listedbefore in our recent publishedwork (1
and 2 s) [12].

3.2 Microstructural analysis

Themicrostructure of Ti-6Al-4V basemetal is shown in the
optical micrograph in Figure 7. The microstructure
comprises two phases: equiaxed a with intergranular b
of a relatively uniform grain size. Additionally, the
microstructure of laser clad Ti-6Al-4V samples is shown
in Figure 8, where the laser clad coatings can be separated
into three zones: clad zone (CZ), interface zone (IZ) and the
heat affected zone (HAZ) with a strong metallurgical bond
between the clad zone and the substrate base metal, this
observation is in accordance with previous studies [20].
Similar microstructures were observed in all samples
regardless the difference in the laser interaction time
values. The clad layer looks free from pores and cracks as
well as with amostly uniform distribution of particles in the
composite matrix even when shorter laser interaction time
(0.3 s) is employed. This could be due to the higher powder
flow rate (20 g.min�1) applied.



Fig. 2. Morphology of the plane view of the laser clad Ti-6Al-4V specimens processed at specific heat input=6 J.mm�2 and
interaction time of: (a) 0.03 s and (b) 0.05 s.

Fig. 3. Morphology of the plane view of the laser clad Ti-6Al-4V specimens processed at specific heat energy=8 J.mm�2 and laser
interaction times of: (a) 0.03 and (b) 0.05 s.

Fig. 4. Morphology of the plane view of the laser clad Ti-6Al-4V specimens processed at specific heat energy=10 J.mm�2 and laser
interaction times of: (a) 0.03 and (b) 0.05 s.
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Additional information about the clad zone, the
interface zone and the heat affected zone was obtained
via SEM. The clad zone is composed of regular
undissolved WC/W2C particles dispersed in NiCrBSi
matrix, as shown in Figure 9(a). The interface zone
possesses a microstructure of fine dendrites plus few
undissolved WC particles (Fig. 9(b)) while the HAZ
exhibits acicular martensite á-Ti as a result of the re-
crystallization of the fully lamellar a+b microstructure
of the substrate, as displayed in Figure 9(c). The heat
affected zone (HAZ) was not perceived in samples which
were processed at a lower powder flow rate (6 g.min�1)
(our previous work [12]) and this can be attributed to the
preserved heat capacity of the powder coating due to the
large amount of the deposited powder (20 g.min�1). It is
also commonly known that laser beam is absorbed more
efficiently when the powder cloud is thicker (i.e. higher
powder feed rate).



Fig. 5. Morphology of the plane view of the laser clad Ti-6Al-4V specimens processed at specific heat energy=15 J.mm�2 and laser
interaction times of: (a) 0.03 s and (b) 0.05 s.

Fig. 6. Morphology of the plane view of the laser clad Ti-6Al-4V specimens processed at specific heat energy=60 J.mm�2 and laser
interaction times of: (a) 0.5 s and (b) 0.7 s (after wire cutting).

Fig. 7. Optical micrograph of the as-received Ti-6Al-4V (a phase
as light regions on the micrograph while the b phase as darker
regions).

Fig. 8. Light micrographs of the cross-section of the laser clad
samples processed at specific heat input of 60 J.mm�2 and laser
interaction time of 1.1 s, clad zone (CZ), interface zone (IZ) and
heat affected zone (HAZ).
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Fig. 9. SEM micrographs of sample processed at specific heat input of 60 J.mm�2: (a) clad zone; (b) interface zone; and (c) HAZ.
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3.3 Microstructural features of WC and TiC particles
in NiCrBSi composite matrix

According to the XRD results in Figure 10, the matrix
phases in the metal matrix coating layers, processed at
specific heat input of 60 J.mm�2 mainly consisted of b-Ti,
Ni, TiC, WC and W2C. At this level of the specific heat
input, there was adequate heat input level to partially
dissociate the WC particles and to form TiC. These results
are in accordance withWu et al. [21], Guojian et al. [22] and
Farayibi [23].

WC particles in the clad layer were further processed in
order to study particle/matrix interaction. There are two
different reaction layers around the WC corresponding to
different laser interaction times according to the following
reactions: Ti+WC; TiC+W and 2WC; W2C+C) [18].
Figure 11(a) shows a particle with a uniform reaction layer,
while Figure 11(b) shows amixed reaction layer around the
WC particle. The regular reaction layer around the
reinforcement particle is observed to be 3mm thick at
short laser interaction time (0.3 s) whereas, at longer laser
interaction times (0.9 and 1.1 s), the layer around the
particle is characterized by mixed reaction layer with
thickness of 7mm. This may be attributed to the abundant
time of heating at the longer laser interaction time which
leads to more fragmentation of the WC particles from its
edges and vice versa. Also, the shape of the fragmentations
around the WC particles was observed to be clearly
dependent on the laser interaction time.

The EDAX analysis of the dendrite structure of the
interface zone shows that thematrix contains about 25wt.%
titanium(Fig.12(a)).At lowerpowderflowrateof6 g.min�1,
itwas foundthat the titaniumcontentdecreasedbyhalf.The
dendrite structure near the HAZ zone normally displays a
higher Ti content due to the dilution of the Ti-6Al-4V
substrate. TheTi content increases from 25wt.% to 60wt.%
while theW decreases from 50 to 18wt.%. Additionally, the
EDAX analysis of the HAZ confirms that this zone contains
only the main elements of the substrate Ti-6Al-4V titanium
alloy (Ti, Al and V), and no existence of the other cladding
elements (W, Ni and C) as shown in Figure 13.

3.4 Measurements of the clad layer, interface and
HAZ thicknesses

The total clad layer thickness was evaluated by means of
SEM, from the highest point of the clad zone to the deepest
point of the interface zone, as typically shown in Figure 14



Fig. 11. The reaction layer around theWCparticle in case of: (a) short laser interaction time (0.3 s) and (b) long laser interaction time
(1.1 s).

Fig. 10. X-ray diffraction spectrum of the clad layer with 60WC+40NiCrBSi powder blend at specific heat input 60 J.mm�2 [12].
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(a). The measured clad layer thickness value was an
average of five measurements for each condition. The
data obtained (Fig. 14(b)) display that the clad thickness
increases with the increase in the laser interaction time.
The obtained thickness of the shallowest clad layer was
2.077mm and was associated with the shortest laser
interaction time (0.3 s), while the deepest clad thickness
was 2.41mm and was achieved with the longest laser
interaction time (1.1 s). The obtained clad thicknesses at
all selected laser interaction times are thicker than those
previously reported in other studies [24]. Additionally, at
the same specific heat input (60 J.mm�2) our earlier study
[12] records only a 1-mm clad thickness at the powder
flow rate of 6 g.min�1 in comparison to the present
2.41mm clad thickness at the higher powder flow rate of
20 g.min�1. The total clad thickness recorded in this
paper was 2.4mm corresponding to the higher powder
feed rate of 20 g.min�1. It is recalled that a corresponding
1-mm was obtained in earlier study at the powder feed
rate of 6 g.min�1.
Furthermore, the thickness of the interface zone and the
HAZ were measured and both of their thicknesses were
found to increase with the laser interaction time. Increasing
laser interaction time increases the interface zone thickness
from 308 to 472mm which affects the added matter
thickness (deposited material) as presented in Figure 15.
The HAZ thickness also significantly increases from 1.361
to 2.474mm when the laser interaction time is increased
from 0.3 to 1.1 s.

3.5 Dilution ratio and microhardness distribution
3.5.1 Dilution ratio

The dilution ratio was calculated based on the clad layer
geometry [25,26]. It is known as the ratio of the clad depth
below the substrate (Dc) divided by the summation of the
clad height and the clad depth (Tc), according to the
equation: DR=Dc/Tc. Figure 16 clarifies that the dilution
ratio of the laser clad layer increases with the increase in the
laser interaction time. This can be attributed to the



Fig. 13. EDAX analysis of the HAZ of samples processed at laser interaction time of 0.3 s.

Fig. 14. (a) Measurement of the clad thickness; (b) clad thickness vs. the laser interaction time.

Fig. 12. EDXanalysis of the dendritic structure of the interface zone for sample processed at laser interaction time of 1.1 s. (a) far from
the HAZ; (b) near the HAZ.
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Fig. 16. Dilution ratios versus the laser interaction time (s).

Fig. 15. The added matter thickness vs. the laser interaction
time.

Table 3. The calculation of clad weight.

Laser
interaction
time

Speciment weight
before cladding
process (M1) (g)

Speciment weight
after cladding
process (M2) (g)

Clad
weight
(M) (g)

0.3 33.12 38.33 5.21
0.5 34.68 41.08 6.4
0.7 32.22 38.80 6.58
0.9 33.18 40.87 7.69
1.1 33.84 41.84 8
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decrease in the supplied laser energy with the short
interaction time and vice versa. Least dilution ratio was
accompanying to the shortest laser interaction time (0.3 s).

The clad weight (M) was calculated as presented in
Table 3. Obviously, the clad weight increased with laser
interaction time indicating more energy absorption by the
powder. Hence, both the clad layer thickness and dilution
ratio were increased. However, the minimum layer
thickness ranged from 2 to 2.4mm while the dilution ratio
varied in larger proportions, from 25 to 47%.

3.5.2 Microhardness distribution

Figure 17 displays the variation of microhardness across
the clad sections as well as the starting alloy. The clad
zones have the highest values microhardness. A step
decrease in the hardness values from clad zone towards the
substrate due to the difference in microstructure. These
results are observed in all conditions of different laser
interaction times. The microhardness of composite matrix
lies between 1200–1900HV0.1. Clearly, the hardness level
increases by 3–4 times down to ∼2mm below the surface
contrasting the 400mm at the lower powder flow rate (6 g.
min�1). This is attributed to the further preservation of the
large amount WC particles in the NiCrBSi matrix due to
the higher amount of the powder feeding rate (20 g.min�1).
This is also besides the uniform distribution of TiC clusters
along the clad layer due to the appropriate combination
between the specific heat input and laser interaction time.
The mean microhardness of the composite matrix is 1384,
1361, 1450, 1358, and 1425HV0.1 for samples processed at
the laser interaction times of 0.3, 0.5, 0.7, 0.9, 1.1 s,
respectively. Normally, high hardness values refer to
measurements that have been carried at the boundaries
or inside theWCparticles and therefore, theywere excluded
from presentation in Figure 17. Otherwise, the interface
zones hardness values ranges from 950 to 1100HV0.1. The
reduction in the hardness at the interface zone is clearly
associated with the presence of the dendritic structure with
fewer numbers of theWCparticles as well as the influence of
the dilution of the clad region content with Ti-6Al-4V
substrate material. Finally, the recrystallized regions of the
substrate in the HAZ have hardness value range of 680–
418HV0.1.Thishardness level is close todouble thehardness
level of the unaffected region of the substrate. This is a
consequenceof thepresenceof the á-Timartensitic structure
as a result of the localized metallurgical change due to rapid
heating and cooling and those high hardness values are
similar to values reported in the literature [27]. It is to be
noted that present values were obtained under a load of
980mN and the expected rapid heating and quenching
induced by laser re-melting process can elevate the micro-
hardness of a’-Ti martensite obtained.

Hardness indentations near the embedded WC particle
and along the HAZ are displayed in Figure 17. The
elevation of in the hardness values near the WC particle
inside the clad matrix is due to the interdiffusion and
microstructure modification around the particles and the
large amount of WC and TiC clusters along the clad zone.
The ratio of the composite matrix mean hardness to the
embedded WC particle hardness is ∼1:2.4. While large
hardness indentation was observed to be in the HAZ due to
the lower hardness values in this zone (Fig. 18(c)).

3.6 Wear resistance of the laser clad samples

The primary purpose of producing WC/NiCrBSi compos-
ite on Ti-6Al-4V alloy substrate via laser cladding is to
improve its wear resistance. After laser cladding, the wear
resistance of the laser clad layers was increased which is in
accordance with previous studies [21–23]. From Figure 19,
the weight loss of the best laser clad sample (0.0027 g) is
significantly less than that of the as-received Ti-6Al-4V
sample (0.781 g) (i.e. ∼ 0:4%) which reflect the remarkably
higher wear resistance as a result of laser cladding. In
addition, the weight loss of samples processed at short laser
interaction time (0.3 s) is less than that processed at the
longer interaction time (1.1 s) (0.0027 g vs. 0.0037 g). This
may be due to the increased dilution with the titanium
substrate in the case of the longer interaction time of laser
with the samples (dilution ratio of 25% vs. 47%).



Fig. 17. Microhardness profiles of samples processed versus the distance below surface for different laser interaction time.

Fig. 18. Microhardness indentations. (a) Inside the WC particle; (b) the composite matrix; (c) along the HAZ.

Fig. 19. Clad layer weight loss versus laser interaction time.

Fig. 20. Volume fraction of the carbide particles vs. laser
interaction time.
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Additional factor that may influence the wear resis-
tance results is the volume fraction of the WC particles in
the clad matrix. Therefore, the volume fraction of the WC
particles was determined and plotted versus the laser
interaction time as presented in Figure 20. The general
trend is an increase in the WC volume fraction (14.7 to
28%) with the increase in laser interaction time 0.3 and
1.1 s, respectively. In spite of the lower volume fraction of
WC particles that corresponds to the laser interaction time
of 0.3 s, high hardness values of the clad layer were
obtained. This may be due to the preservation of WC
particles in the clad matrix. The fact that theWC particles
were partially dissolved during the prolonged laser
interaction time may be the reason for the reduction in
the wear resistance of the clad layer.

The enhanced wear resistance of the metal matrix
composite coating depends on several factors. These factors
may include: a uniform distribution of the reinforcement
(WC and TiC), high fraction of the reinforcement in the
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composite matrix due to high powder feeding rates and
composite without cracks and pores [28]. Additionally,
microhardness of the laser clad composite is an important
factor to be considered. In this study, an improvement in
the microhardness values (for example, 1450 vs. 350HV of
the base alloy) was achieved; i.e. more than fourfold
increase of the hardness after laser cladding.

4 Conclusions

(1) A (60% WC–40% NiCrBSi) metal matrix composite
layer was successfully deposited on Ti-6Al-4V alloy by
coaxial laser cladding using Yb:YAG disk laser with laser
interaction time values ranges from 0.3 to 1.1 s. (2) Laser
interaction time values below 0.1 s were found insufficient
for producing good quality of clad samples. (3) The
achieved clad layer was divided into three zones based on
dissimilar microstructures: clad, interface and HAZ zones.
The clad zone is mainly composed of undissolved WC and
TiC particles embedded in NiCrBSi metal matrix while the
interface zone displays a fine dendritic structure with few
undissolved WC particles. The third zone (HAZ) with its
acicular martensitic structure was not perceived in samples
processed at lower powder flow rate (6 g.min�1). (4) By
means of the high powder flow rate (20 g.min�1), the clad
thickness is increased more than twice that resulting from
lower powder flow rate (6 g.min�1). (5) A high microhard-
ness gain (for example, 1450 vs. 350HV of the base alloy) is
achieved; the hardness values of the surface after laser
cladding were enhanced by more than four fold. Also, the
HAZ hardness values range from 418 to 680. (6) The wear
resistance after the laser cladding process was significantly
enhanced by ∼250 times over that recorded for the as-
received samples and the weight loss was found to be
directly dependent on the dilution ratio. (7)Anoptimization
of the laser cladding process corresponds to the lowest laser
interaction time (0.3 s)which results in a high quality of clad
layer with uniformly dispersed of WC particles in the
NiCrSiBmatrix, andnonporous crack free layer. It exhibits a
high averagemicrohardness value (1384HV) and exception-
al improvement in the wear resistance, as a result of the
lowestdilution ratio(25%)withthetitaniumalloysubstrate.
This laser interaction time value (0.3 s) is less than half the
laser interaction time value (1 s) that was achieved in our
previous study which means a reduction in energy
consumption by more than half.
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