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a b s t r a c t

Laser cladding of the Fe3Al + TiB2/Al2O3 pre-placed alloy powder on Ti–6Al–4V alloy can form the
Ti3Al/Fe3Al + TiB2/Al2O3 ceramic layer, which can greatly increase wear resistance of titanium alloy. In this
study, the Ti3Al/Fe3Al + TiB2/Al2O3 ceramic layer has been researched by means of electron probe, X-ray
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diffraction, scanning electron microscope and micro-analyzer. In cladding process, Al2O3 can react with
TiB2 leading to formation of amount of Ti3Al and B. This principle can be used to improve the Fe3Al + TiB2

laser cladded coating, it was found that with addition of Al2O3, the microstructure performance and
micro-hardness of the coating was obviously improved due to the action of the Al–Ti–B system and hard
phases.
ntermetallics
-ray diffraction

. Introduction

Intermetallic compounds have been the subjects of intense
tudy spurred by the demands of the aircraft and aerospace indus-
ries [1]. Due to their low density, high strength, and excellent
orrosion resistance, titanium and its alloys are extensively used
n aeronautical and chemical industries [2]. However, titanium and
ts alloys show poor resistance to wear and oxidation [3]. Laser
ladding is a laser processing technique, and laser cladding ceramic
oating or the ceramic particles reinforcement composite coating
4] is suitable for improving the surface performance of titanium
lloy.

Titanium aluminides are attracting more and more attention
ecently due to their merits of low density, high specific strength,
lastic modulus, wear resistance, oxidation resistance and better
echanical behavior with temperature [5]. TiB2 ceramics have

xcellent physical and chemical properties such as high melting
oint, high hardness, good wear resistance and thermal and chem-

cal stability [6]. Moreover, TiB2 is also compatible with liquid
ron aluminide at 1450 ◦C [7], Slaughter and Das [8] showed that

e3Al alloys containing TiB2, fabricated by a rapid solidification rate
rocess, exhibited better room temperature elongation and high
ensile strength. Addition of Al2O3 to these metal borides can fur-
her improve their fracture toughness, flexural strength, and impact
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resistance, which renders the Al2O3-reinforced boride composites
a promising candidate for a variety of the applications including
cutting tools, wear-resistant parts and high-temperature structural
materials [9].

In our research, it was found that laser cladding of the
Fe3Al + TiB2/Al2O3 alloy powder on Ti–6Al–4V alloy can form
the Ti3Al/Fe3Al + TiB2/Al2O3 ceramic layer, which can significantly
increase the micro-hardness of the Ti–6Al–4V alloy. Our present
work is aimed at the investigation of the microstructure and phase
structure of the Ti3Al/Fe3Al + TiB2/Al2O3 ceramic layer.

2. Experimental

The materials used in this experiment were Ti–6Al–4V alloy and alloy pow-
ders of Fe3Al (≥99.5% purity, 200 �m), TiB2 (≥99.5% purity, 250 �m) and Al2O3

(≥98.5% purity, 250 �m) for laser cladding. The size of Ti–6Al–4V alloy was
10 mm × 10 mm × 10 mm. The thickness of pre-placed alloy powders layer was
0.6–0.8 mm. The parameters and the materials of the experiment are shown in
Table 1.

Cross-flow CO2 laser cladding equipment 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, leading to the surface of samples,
and the surface oxidation was prevented by inert gas (Ar) with the flowing rate of
25 L/min. After laser cladding, the samples were polished and etched in a hydroflu-
oric acid + nitric acid aqueous solution. The volume ratio of hydrofluoric acid, nitric

acid and aqueous solution was 1:2:3.

The micro-hardness distributions of the coatings were measured by HV-1000
microsclerometer. Microscope analysis and QUANTA200 scanning electron micro-
scope (SEM) were used to observe the microstructure characteristics of the coatings.
DMAX/2500PCX X-ray diffraction (XRD) was used to determinate the phase consti-
tutes of the coatings.

dx.doi.org/10.1016/j.jallcom.2011.01.199
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Table 1
The parameters of laser cladding process in the experiment.

Number Substrate materials Powders composition/wt.% Laser power/W Scanning
speed/mm s−1

Spot
diameter/mm
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Sample 1
Ti–6Al–4V alloy

Fe3Al–45TiB2–20Al2O3

Sample 2 Fe3Al–45TiB2

Sample 3 Fe3Al–35TiB2

. Results and analysis

.1. Microstructure

Fig. 1a and b shows the microstructure of the overview cross-
ection of the coatings of samples 1 and 2. As can be seen from
ig. 1a, after laser cladding, the coating of sample 1 was free of
ores and cracks with a sound metallurgical combination to the
i–6Al–4V alloy substrate, and the structure of the coating of sam-
le 1 exhibited compact and homogeneous. However, the pores and
n-melted TiB2 block were present in the coating of sample 2, and
here was not an obvious interface zone between the coating and
i–6Al–4V alloy substrate.

In cladding process, the reaction between TiB2 and Al2O3 con-
umed a portion of TiB2 in coating of sample 1. Thus, it can be
educed that the dilution rate of Ti–6Al–4V alloy to coating of
ample 1 was higher than that of sample 2. Therefore, after laser
ladding, the freezing time of the molten pool of sample 2 was
horter than that of sample 1, which led the steam not have enough
ime to escape and the pores were formed in coating [10]. On the
ther hand, because of the short freezing time of molten pool, the
iB2 powder in coating of sample 2 cannot melt completely and
n-melted TiB2 block was retained in coating of sample 2 (see
ig. 1b).

.2. XRD analysis

The diffraction results were compared with the results pub-
ished by the Joint Committee on Powder Diffraction Standards
JCPDS), and the measured values were close to the d values pub-
ished by JCPDS. As was shown in Fig. 2, it was located that the
oating surface of sample 3 consisted of Ti, �-Al, Fe3Al, Ti3Al, TiAl,

l3Ti and TiB2 phases (see Fig. 2). This phase constitute was ben-
ficial to improve wear resistance of the Ti–6Al–4V alloy surface,
nd the reinforcement of the coating of sample 3 was mainly con-
ributed to the action of the Ti3Al/Fe3Al + TiB2 hard phases. In fact,

ig. 1. Microstructure of the overview cross-section of (a) the coating of sample 1
nd (b) the coating of sample 2.
700–1300 2–7 4

in cladding process, a portion of the Fe3Al phases in the coating of
sample 3 can be dissolved due to the high temperature generated
by the impingement of laser beam and powders, thus resulting to
deliver Fe and Al particles in the molten pool of Fe3Al + 50 wt.%TiB2.
Moreover, it should be also considered that the Al particles in the
molten pool also came from the Ti–6Al–4V substrate. Thermody-
namically, a portion of the Al particles had high affinity with Ti from
the Ti–6Al–4V alloy substrate, thus the follow react between Al and
Ti may take place leading to the formations of the Ti3Al, TiAl and
Al3Ti phases.

As shown in Fig. 3, it can be seen that there were mainly Ti,
�-Al, Fe3Al, Ti3Al, Al2O3 and TiB2 phases in the coating surface of
sample 1, and the reinforcement of the coating of sample 1 was
mainly contributed to the action of the Ti3Al/Fe3Al + TiB2/Al2O3
hard phases and the grain refinement. Moreover, the matrix of
the coating mainly consisted of the Ti3Al/Fe3Al phases. It was also
noted that the diffraction peak of TiB2 of the coating of sample
1 was significantly weaker than that of the coating of sample 2.
Nevertheless, its diffraction peak of Ti3Al was stronger. It was rea-
sonable to deduce that in laser cladding process, a large number
of the Ti3Al phases were produced in the coating of sample 1, in
contrast amount of the TiB2 phases vanished. It revealed that the
chemical reactions between a part of the Al2O3 and TiB2 phases
took place as follows:

Al2O3 + 6TiB2 → 2Ti3Al + 12B + 3/2O2 (1)

It was interesting to note that the feature of the phase con-
stituents of the coating of sample 1 was absence of the TiAl and Al3Ti
phases, which had been found in the coatings of samples 2 and 3.
As mentioned previously, a portion of TiB2 in the coating had been
lost due to the reaction of Eq. (1), thus resulting the increase of the
dilution rate of Ti–6Al–4V alloy to the coating. Therefore, amount
of the un-consumed TiB2 in coating can obtain enough energy from
the laser beam, and then dissolved to deliver Ti and B particles into
molten pool. On the other hand, increase of the dilution rate caused
more Ti and Al from the Ti–6Al–4V alloy substrate enter into the
molten pool. Nevertheless, as known that the mass fraction of Ti
was significantly greater than that of Al in Ti–6Al–4V alloy. Hence,
it can be speculated that with the increase of dilution rate, a Ti-rich
molten pool was obtained. Thus, Ti can further react with TiAl3 or
TiAl leading to the formation of Ti3Al, and these reactions can be
described as follows:

8Ti + TiAl3 → 3Ti3Al (2)

2Ti + TiAl → Ti3Al (3)

Eqs. (2) and (3) indicated that a large number of the Ti3Al phases
were produced, which can greatly increase the micro-hardness and
the wear resistance of the coating of sample 1.

3.3. Microstructure of the Ti3Al/Fe3Al + TiB2/Al2O3 ceramic layer
Fig. 4a shows that the Al2O3 and TiB2 precipitated phases were
dispersed in the Ti3Al/Fe3Al matrix of the coating of sample 1. In
freezing time, the molten pool generated during laser cladding
undergoes a high cooling, so fine Al2O3 dendrite and TiB2 pre-
cipitated. In fact, the TiB2 precipitated phase was formed by the
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Fig. 2. X-ray diffraction diagram of the coating of sample 3.

Fig. 3. X-ray diffraction diagram of the coatings of samples 1 and 2.
Fig. 4. The microstructure of the coating of sample 1, (a) near the surface, (b) T
iB2 precipitate phase, (c) interface zone, and (d) �-Ti acicular martensite.
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ig. 5. SEM microstructure of the coating of sample 2 on Ti–6Al–4V alloy, (a) near
he surface and (b) TiB2.

elting–dissolution–reprecipitation mechanism, i.e. TiB2 melted
nd dissolved into the molten liquid and during the cooling process
iB2 nucleates and grew into the final reinforcement. In addition,
ost of the TiB2 precipitated phases exhibited the fine acicular
orphology due to the preferential growth of TiB2 particle along

he c axis ({0 0 0 1} direction) during the rapid cooling process of
aser cladding [11] (see Fig. 4b). Moreover, combining the XRD
esult, it indicated that there was also �-Al in the matrix of the coat-
ng, nevertheless, due to the refinement of TiB2, the grain boundary
f �-Al cannot be exhibited clearly in SEM micrograph. The XRD
esult also indicated that the Al–Ti–B system was present in the
oating of sample 1, which was composed of the TiB2, Al3Ti and
l phases, and the production of the Al–Ti–B system can further
efine the structure of the coating [12–14]. Furthermore, the coat-
ng of sample 1 also demonstrated enough toughness, which can
e proved by the fact that non cracking was shown in the coating
15].

Fig. 4c shows the microstructure of the region near the interface
etween the coating of sample 1 and the substrate. It demonstrated
hat TiB2 showed distinctly different microstructures from the sur-
ace of coating to the interface. According to Eq. (1), in the cladding
rocess, amount of boron was present in the molten pool, near the

nterface there also existed large amount of liquid titanium from
he substrate in the molten pool, so the liquid titanium can react
ith boron leading to the formation of amount of TiB2 in the inter-

ace zone. Moreover, during the freezing process when the cooling
◦
ate was greater than 200 C/s, the martensite transformation com-

leted without the diffusion, and the �-Ti acicular martensite was
roduced in the heat-affected zone [16] (see Fig. 4d).

Fig. 5 shows the microstructure of the coating of sample 2 on
he Ti–6Al–4V alloy substrate. As mentioned previously, amount
Fig. 6. The micro-hardness distributions of the coatings of samples 1 and 2.

of the un-melted TiB2 blocks and TiB2 precipitate phases retained
in the coating of sample 2 after laser cladding (Fig. 5a). It was also
noted the coating of sample 2 presented a microstructure essen-
tially consisted of the fine TiB2 reinforcing particles dispersed in
the Ti3Al/Fe3Al matrix, and the TiB2 particles exhibited faceted and
blocky morphology, because of the rapid super-cooling rate, a part
of the TiB2 phases had very limited time to grow up, thus result-
ing in the fine size of a part of the TiB2 particles in the Ti3Al/Fe3Al
matrix (see Fig. 5b). On the other hand, it should be considered that
the amount of the TiB2 particles was engulfed during solidification
within �-Al solid solution phases and appeared as small clusters
[17].

3.4. The micro-hardness distribution

The micro-hardness distributions of the coatings of samples 1
and 2 as a function of depth from the top of coating to the Ti–6Al–4V
alloy are shown in Fig. 6. It was found that with the increase of the
distance from the surface to the Ti–6Al–4V substrate, the micro-
hardness decreased.

Under the action of the Ti3Al/Fe3Al + TiB2/Al2O3 phases and the
grain refinement, the micro-hardness of the coating of sample 1
was in the range of 1200–1400 HV0.2, which was 3–4 times higher
than that of the Ti–6Al–4V alloy substrate. As mentioned before,
especially the productions of Ti3Al and the Al–Ti–B system signif-
icantly increased the micro-hardness and wear resistance of this
coating.

In addition, the micro-hardness of the coating of sample 2
was in the range of 650–800 HV0.2 due to the strength of the
Ti3Al/Fe3Al + TiB2 hard reinforcement phases. It was noted that the
micro-hardness of the coating of sample 2 was lower than that of
the Fe3Al + TiB2/Al2O3 coating due to lack of the action of Al2O3.

4. Conclusions

In this study, it was found that laser cladding of the
Fe3Al + TiB2/Al2O3 pre-placed alloy powder on Ti–6Al–4V alloy can
form the Ti3Al/Fe3Al + TiB2/Al2O3 ceramic layer. In fact, in cladding
process Al2O3 can react with TiB2 in molten pool leading to the pro-

duction of a large amount of B and Ti3Al. This principle can be used
to improve the microstructure performance and micro-hardness
of the Fe3Al + TiB2 laser cladding layer on Ti–6Al–4V alloy. It was
located that the Fe3Al + TiB2/Al2O3 coating surface mainly consisted
of Ti, �-Al, Fe3Al, Ti3Al, Al2O3 and TiB2 phases, and the present of the
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l–Ti–B system can refine the microstructure of the coatings. Due to
ction of the grain refinement and hard phases, the micro-hardness
f the Ti3Al/Fe3Al + TiB2/Al2O3 ceramic layer on Ti–6Al–4V alloy
as significantly increased.
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