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Abstract
Laser cladding of the Al3 Ti+TiC+(Ni-coated WC) pre-placed powders on titanium alloy
can form the Ti3 Al/Al3 Ti matrix composite coating, which improves the surface performance
of the substrate. With addition of nano-Y2 O3 , this composite coating exhibited a ﬁner microstructure. In this study, the Al3 Ti+TiC+(Ni-coated WC)+nano-Y2 O3 laser-cladded coatings
have been researched by means of X-ray diﬀraction and scanning electron microscope. The
function of nano-Y2 O3 acted as the heterogeneous nuclei, and the growth of the grains was
hindered by Y2 O3 and Y. Y2 O3 can also decrease the temperature of the molten pool. Thus,
the probability that grains traverse potential barrier decreased, leads to more stability of the
grains.
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1. Introduction
Laser cladding is a rapid-solidiﬁcation process,
which can greatly improve the wear resistance of the
titanium alloys. Carbide metals are known for a high
resistance to all types of wear [1]. Compared to the
other carbides, WC combine favorable properties, such
as high hardness, high density and a good wettability
with molten bonding metals.
Laser cladding reinforced coating on metal surface
is an available surface modiﬁcation technique, which
was developed in recent years. Nevertheless, the application of the laser cladding was not widely enough
due to the unavoidable cracks or other defects in the
cladding layer. Nano-materials have strong acoustic,
optic, electric, magnetic and thermodynamic characteristics because of their quantum size and surface effect. In the ﬁeld of surface engineering, nano-materials
have been found in the research reports on spraying and laser surface alloy, etc. [2, 3]. In the ﬁeld
of surface engineering, nano-Y2 O3 can further reﬁne
the microstructures of the laser-cladded coatings, and
also reduce the tendency of cracking [4, 5]. Moreover,

rare earth oxide reinforced metal matrix composites
have potential application in the aerospace industry.
Through the experiment, it was found that Al3 Ti was
suitable to be used as the laser cladding powder. During the cladding process, a portion of Al3 Ti was able
to react with Ti, leading to the formation of Ti3 Al,
which also showed high micro-hardness and good wear
resistance.
In this paper, the eﬀect of nano-Y2 O3 on microstructures and phase constituents of the Al3 Ti+TiC+
(Ni-coated WC) laser-cladded coating is introduced.
This research provided essential experimental and theoretical basis to promote the application of the laser
cladding technique in the manufacturing and the repairing of the aerospace parts.

2. Experimental
A 1.5 kW continuous wave CO2 laser, with a beam
diameter of 4 mm, was employed to melt the surface
of the samples. During the laser cladding process, the
powders were dissolved into the melted pool. During
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T a b l e 1. The parameters and the materials of laser cladding process in the experiment
Number

Substrate materials

Sample 1
Sample 2
Sample 3

Ti-6Al-4V alloy

Powders composition
(wt.%)
Al3 Ti + 30TiC + 15(Ni-coated WC)
Al3 Ti + 30TiC + 35(Ni-coated WC)
Al3 Ti + 30TiC + 35(Ni-coated WC)
+ 1.5 nano-Y2 O3

the laser cladding process, surface oxidation was prevented by inert gas (Ar) with the ﬂowing rate of 30
l min−1 .
The materials used in this experiment were Ti-6Al-4V alloy and the pre-placed powders of Al3 Ti
(≥ 99.5 % purity, 150–250 µm), TiC (≥ 98.5 % purity, 100–250 µm), Ni-coated WC (≥ 99.5 % purity,
50–100 µm, 15 wt.% Ni) and Y2 O3 (≥ 99.5 % purity,
10–200 nm) for the laser cladding, and the thickness
of the pre-placed coating was 0.6–0.8 mm. The size of
the Ti-6Al-4V alloy (6 wt.% Al, 4 wt.% V, ≤ 0.3 wt.%
Fe, ≤ 0.1 wt.% C, ≤ 0.15 wt.% Si, ≤ 0.2 wt.% O, balance Ti) was 10 mm × 10 mm × 10 mm. It should be
mentioned that too high power can burn out a portion of the pre-placed powders, which can greatly inﬂuence the quality of the coatings. Reversely, the laser
power induced the inter-diﬀusion of substrate material to cladded material, and the laser surface alloying
can not occur completely with too low power. Hence,
the power was in the range of 850–1000 W. During
the cladding process, the parameters of these three
samples were the same. The parameters and the materials of the experiment are shown in Table 1.
The samples were polished and etched in a hydroﬂuoric acid + nitric acid aqueous solution. The volume
ratio of hydroﬂuoric acid, nitric acid and aqueous solution was 1 : 2 : 3. DMAX/2500PCX X-ray diﬀraction
(XRD) was used to determine the phase constitutes of
the laser-cladded coatings. The microstructural morphologies of the coatings were analyzed by means of
QUANTA200 scanning electron microscope (SEM).
The elements distributions of the coatings were measured using JXA-880R electron probe micro-analyzer
(EPMA).

3. Results and analysis
3.1. Microstructure of Al3 Ti+TiC+(Ni-coated
WC) laser-cladded coating
As is shown in Fig. 1a, there was a metallurgical
combination between the coating of sample 2 and
the Ti-6Al-4V alloy substrate, and the α-Ti acicular martensite was obviously present in the interface
zone. The presence of α-Ti acicular martensite can
greatly improve the ductility of the titanium alloys

Laser power Scanning speed Spot diameter
(mm)
(W)
(mm s−1 )

850–1200

2.5–5

4

at room temperature. Moreover, the bulk-shape precipitates were present in the clad zone. The surface of
this coating was not smooth, and there were protuberant block-shape precipitates adjacent on it (Fig. 1b).
It was known that the melting point of TiC (3420 ◦C)
was higher than that of WC (2870 ± 50 ◦C). Thus, during the freezing time, TiC precipitated ﬁrstly from the
molten pool, then WC precipitated around it. It was
found that a number of the precipitates were present
in the interface zone of coating of sample 2 (Fig. 1a).
However, few of the precipitates were produced in the
interface zone of sample 1 (Fig. 1c). It is reasonable
that with the decrease of the WC content, less WC
phases were able to grow up primarily and precipitated around TiC. Moreover, it was known that the
density of WC (15.63 g cm−3 ) was signiﬁcantly higher
than that of TiC (4.93 g cm−3 ). Thus, it can be speculated that the density of the precipitates in coating
of sample 2 was higher than that of sample 1 due to
the action of the high content of the WC protuberant
precipitates. Therefore, according to Fig. 1c, it can be
deduced that the precipitates of sample 1 have a very
marked trend to ﬂoat on the surface of molten pool
during the solidiﬁcation process.
As is shown in Fig. 1c,d, the microstructure of the
coating in sample 1 was eutectic γ-Ni, and was in
cell and cell-dendrite morphologies. Furthermore, it
was also found that the ﬁne size spherical WC precipitates were present in this coating. In fact, when
cooling and solidiﬁcation started, the partially melted
WC particles provided the nuclei for heterogeneous
nucleation and grew up into the spherical precipitate
in shapes related to local composition and temperature gradient [6]. However, the WC precipitates had
very limited time to grow up due to the rapid supercooling rate in molten pool, thus resulting in the ﬁne
size (Fig. 1d).
3.1.1. EPMA analysis
Electron probe micro-analyzer (EPMA) line scan
results showed the distributions of the Ti, Al, W and
C elements in coating of sample 2 (Fig. 2a). It was noticed that when the precipitate was scanned, the peaks
of Ti and C decreased. Moreover, the diﬀraction peak
of W was highest in the protuberant block-shape precipitates (Fig. 2b). Thus, it was considered that the
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Fig. 1. SEM micrographs of the coatings in samples 1 and 2: (a) the interface zone (sample 2), (b) the TiC and WC
precipitates (sample 2), (c) the interface zone (sample 1), (d) the clad zone (sample 1).

protuberant precipitate mainly consisted of WC, and
the bulk-shape precipitates below it were TiC. On the
other hand, it was noted that the diﬀraction peaks
of Ti and Al in the matrix of the coating were uniform. Combining the XRD results, it was considered
the matrix of the coating mainly consisted of Ti3 Al
and Al3 Ti. Furthermore, there were also weak diﬀraction peaks of C and W in the matrix. It was proved
that after laser cladding, a portion of the WC pre-placed powder dissolved into the matrix of the coating.
3.2. XRD analysis
The overlap of XRD patterns of the coatings surface of sample 1, 2 and 3 illustrated a signiﬁcant
phase evolution after the laser cladding. As is shown
in Fig. 3, it was found out that the phase area of the
coating surface of sample 1 consisted of γ-Ni, Al3 Ti,
Ti3 Al, TiC, WC and WCx . In fact, during the cladding process, a large amount of liquid Ti entered into

the molten pool from the substrate due to the dilution
action, which could further react with Al3 Ti, leading
to the formation of Ti3 Al.
The XRD results revealed that the matrix of the
coating in sample 2 mainly consisted of γ-Ni and
Al3 Ti/Ti3 Al. Moreover, according to the EPMA results, there were also W and C in the matrix of the
coating. It was considered that during the cladding
process, the WC powders might partially melt into
the matrix of the coating, then mix with TiC, eutectic
γ-Ni and liquid Al3 Ti/Ti3 Al. This process greatly increased the density of the liquid in the molten pool,
and was also favorable to the production of WCx .
In addition, the TiC diﬀraction peak of the coating in sample 2 was signiﬁcantly lower than that of
sample 1. As mentioned previously, with the increasing of the WC mass fraction, more WC precipitates
were produced around TiC, which forced the precipitates to sink down into the bottom of the molten pool,
thus resulting in the lower diﬀraction peak [7]. However, it is interesting to note that with addition of
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Fig. 2. EPMA line scan results of the coating in sample 2: (a) the clad zone, and (b) Ti, Al, W and C.

In addition, a portion of TiC delivered Ti and C
atoms into the molten pool. Y can greatly reduce
activity of the C particles, which hindered the reaction between C and WC in a certain extent [10]. Thus,
WCx was not produced in the coating of sample 3.
3.3. Microstructure of Al3 Ti+TiC+(Ni-coated
WC)+Y2 O3 coating

Fig. 3. X-ray diﬀraction diagrams of the coatings in
samples 1, 2 and 3.

nano-Y2 O3 , the diﬀraction peak of TiC in sample 3
was higher than that of sample 1. Qu et al. reported [8] that nano-Y2 O3 suppressed the crystallization
and growth of the WC crystals in a certain extent.
Therefore, a portion of WC was not able to be precipitated around the TiC precipitate. As a result, a
large amount of the TiC precipitates had a trend to
ﬂoat on the surface of the molten pool, leading to the
enhancement of the TiC diﬀraction peak. It was also
noted that WCx was not present in the XRD pattern
of sample 3. In fact, during the cladding process, a portion of added Y2 O3 decomposed and released atomic
Y as follows [9]:
2Y2 O3 → 4Y + 3O2 ↑ .

(1)

As was shown in Fig. 4a, it was noted that the
precipitates of the coating in sample 3 exhibited a
smooth surface free of the protuberant precipitates.
Combining the energy dispersive spectrometer (EDS)
spectrum analysis of the bulk-shape precipitates ensured that only TiC was located in it. In fact, during
the solidiﬁcation process, Y2 O3 was likely to grow in
sphericity due to its c-style RE2 O3 crystal structure
(Fig. 4b). Consequently, the solidiﬁed nano-Y2 O3 ﬁne
grains gone on growing in front of precipitates and
prevented the growth of them. Hence, the average size
of the TiC precipitations in coating of sample 3 was
ﬁner than that of sample 2. In fact, once the molten layer formed, the dispersoids dissolved partially or
fully, and hence, nano-Y2 O3 can neither remain Y2 O3
nor nanometric in size. However, the energy distribution of the laser beam was uneven. Thus, a portion
of the nano-Y2 O3 particles in the edge of facula were
able to retain the nano-metric size, which diﬀused into
every location of the molten pool due to their high
diﬀusion coeﬃcient [11]. As is shown in Fig. 4b, some
Y2 O3 reinforcements with nanometer sizes existed in
the coatings. It was also noted that an agglomeration
of the Y2 O3 nano-particles was present in the coating (Fig. 4d), this indicated that nano-Y2 O3 could be
easily reunited because of the surface eﬀect. The agglomeration of nano-Y2 O3 particles was generally located on the grain boundaries, which suppressed the
crystallization and growth of the WC crystal (Fig. 4c)

J. N. Li et al. / Kovove Mater. 50 2012 169–175

173

Fig. 4. SEM micrographs of the composite coatings in sample 3: (a) the TiC precipitates, (b) nano-Y2 O3 , (c) the WC
crystals, (d) agglomeration of nano-Y2 O3 , (e) coating in sample 3, and (f) coating in sample(2).

[12]. Therefore, the WC precipitates were not present
in the coating in sample 3.
As is shown in Fig. 4e,f, the microstructure of
coating in sample 3 was ﬁner than that of sample
2. It is known that nano-Y2 O3 was eﬀective in grain
reﬁnement, which acted as heterogeneous nucleation
sites in clad zone, so the growth of dendrites was restricted by forming more nuclei, thus resulting in the
compacter and ﬁner microstructure [13]. Moreover, it
should be mentioned that adding nano-Y2 O3 to the
coating was beneﬁcial in decreasing amounts of vacancies condensed at the composite grain boundaries, and
also reducing the internal stress of the laser-cladded
coating, which prevented the production of the micro-crack in coating.
As mentioned previously, the WCx diﬀraction peak
was not present in the XRD pattern of sample 3. It

can be speculated that a vast amount of the kinetic
process in the solid and liquids states deals with mass
transport limited by the potential barriers [14]. During
the laser cladding process, the potential barrier acted
as barriers against carrier transportation and as preferential sites for the electron-hole or the particles-hole
recombination [15]. Therefore, if the C particles intended to jump into the other site, leading to formation of
WCx , they should traverse the potential barrier ﬁrst.
We can write the Schrodinger equation as follows:
∇2 ψ + k 2 (x)ψ = 0,
k(x) =

1
2m[E − V (x)],
h̄

(2)
(3)

where V is the potential energy and h̄ is the Planck
constant, E is the energy of the C particles, ψ is

174

J. N. Li et al. / Kovove Mater. 50 2012 169–175

micro-hardness of the coating in sample 2 was in the
range of 1550–1700 HV0.2, and the micro-hardness of
the coating in sample 3 was also in this range (Fig. 5).
It was considered that nano-Y2 O3 hindered the crystallization and growth of the WC crystals in a certain extent. Thus, the micro-hardness of the coating in sample 3 should be decreased as it was free
of the WC dispersions. Nevertheless, as mentioned
previously, nano-Y2 O3 hindered the movement of the
dislocation and also reﬁned the microstructure of the
coating, which was beneﬁcial in increasing the micro-hardness of the coating. Hence, the micro-hardness
distributions of samples 2 and 3 were similar.

4. Conclusions
Fig. 5. The micro-hardness distributions of the composite
coatings in samples 1, 2 and 3.

the wave function, m is the particle’s mass. Furthermore,
P is the momentum of the particles, P =

2m[E − V (x)] = h̄k. If E > V (x), the particles are
able to traverse the potential barrier easily. It is known
that for harmonic oscilator E = h̄(n + 1/2)ω, where
ω is the angular velocity of vibration of the nearest-neighbor to the point vacancy. In addition, it is supposed that the height of the potential barrier is E1 .
According to the Boltzmann statistical distribution,
at temperature T, the probability that the C particles
have the energy E1 is proportional to the Boltzmann
factor as follows [16]:
p(E1 ) ∼ e−E1 /kB T .

(4)

Hence, it can be deduced that with decreasing temperature, the probability that the atom traverses the
potential barrier is decreasing. It is known than the
energy can be released during the process of the crystallization of WC. According to the principle mentioned previously, nano-Y2 O3 hinders the crystallization of WC, thus resulting in decrease of temperature
in the molten pool of sample 3. Therefore, it was considered that with decreasing temperature, few of the
C particles were able to traverse the potential barrier, which resulted in disappearance of WCx . This
principle may also explain the phenomenon of the agglomeration of nano-Y2 O3 .
3.4. Micro-hardness
It was found that the micro-hardness of the coating
in sample 1 was in the range of 800–1000 HV0.2 , which
is approximately 2–3 times higher than that of Ti-6Al-4V alloy substrate (about 360 HV0.2 ) mainly due to
the action of the Al3 Ti/Ti3 Al + WC/TiC phases. The

During the laser cladding process, the addition
of nano-Y2 O3 decreased the temperature of the molten pool, and also decreased the probability that the
grains traversed the potential barrier, thus resulting in more stability of the grains. Laser cladding
of the Al3 Ti+TiC+(Ni-coated WC) pre-placed coating on the Ti-6Al-4V alloy can form the coating with
a metallurgical combination to substrate, which increases greatly the micro-hardness and wear resistance of the Ti-6Al-4V alloy. The matrix of the coating mainly consisted of γ-Ni, Al3 Ti/Ti3 Al and WCx ,
and the TiC/WC precipitates were dispersed on the
matrix. Nano-Y2 O3 prevented the production of the
WCx /WC precipitates in the Al3 Ti+TiC+(Ni-coated
WC) laser-cladded coating in a certain extent. The
function of nano-Y2 O3 acted as heterogeneous nuclei,
and the growth of the grains was hindered by Y2 O3
and Y. With addition of nano-Y2 O3 , the coating exhibited the compact and ﬁne microstructure.
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