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Surface properties of the in situ formed ceramic-
reinforced composite coating on TA15 alloy

Abstract: A hard composite coating was fabricated by
laser alloying of the Co-Fe-Al+B,C-Si,N, mixed powders
on TA15 (Ti-6Al-2Zr-1Mo-1V) titanium alloy in an open
system. The composite coating mainly consisted of y-Co,
TiB,, TiB, TiC,,N,, SiC, Ti3Al, FeAl, and Co-Ti intermetal-
lics. The TEM diffraction pattern results indicated that
the orientation relationship between TiB, and TiC N .
was (1 20)TiB,//(2 20)TiC N, . in such a coating. Further-
more, during the alloying process, a number of Mo and
Zr entered into the molten pool from the substrate due to
the dilution effect, which refined the microstructures of
the composite coating and also increased the amorphous
phase content.

Keywords: composites; sliding wear; TA15 titanium alloy.

*Corresponding author: Li Wei, Mechanical Engineering Faculty,
Laboratory of Metal Technology, Shandong Jiao’tong University,
Jinan 250023, China, e-mail: obinnali@126.com

Shan Shaofu: Mechanical Engineering Faculty, Shandong Jiao’tong
University, Jinan 250023, China

Fang Qianghan: Mechanical Engineering Faculty, Laboratory of
Metal Technology, Shandong Jiao’tong University, Jinan 250023,
China

1 Introduction

TA15 (Ti-6Al-2Zr-1Mo-1V) titanium alloy is an important
material, which has been extensively used in the aircraft
industry. It is a near a titanium alloy, which was devel-
oped as BT20 titanium alloy by the former USSR [1]. Laser
alloying is a promising technique for improving the wear,
fatigue, and corrosion resistance of the machine titanium
alloys [2].

Titanium borides have an excellent wear resistance,
and the composite coatings containing the titanium
borides have been observed on titanium alloys with dif-
ferent surface boronizing processing technologies. More-
over, Co-Ti or Fe-Al intermetallics also exhibited a lot
of the good properties, such as excellent wear and high
temperature resistance [3, 4]. SiC, TiB,, and Ti(CN) are
advanced ceramics that have been developed to satisfy the
applications where the wear resistance and high strength

are required [5, 6]. Laser alloying of the Co-Fe-Al+B,C-Si,N,
pre-placed powders on TA15 titanium alloy substrates
can form the ceramic-reinforced hard composite coating,
which improved the resistance of the substrate. This paper
will discuss the microstructures and wear properties of
the Co-Fe-Al+B,C-Si,N, laser alloying composite coating
on TA15 titanium alloys. This research provides essen-
tial theoretical and experimental basis to promote the
application of laser alloying technology in the field of the
surface modification.

2 Experimental

A 5-kKW continuous CO, laser (TJ-HL-T5000) was used to
prepare the alloying layer. The chemical compositions
of TA15 alloy in this study are as follows (wt.%): 6.06Al,
2.08Mo., 1.32V, 1.86Zr, 0.09Fe, 0.08Si, 0.05C, 0.070, and
balance Ti. The pure TA15 samples (10 mmx10 mmx35
mm or 10 mmx10 mmx10 mm) were used in this research,
and the thickness of the pre-placed layer was 0.7 mm.
The alloying surfaces were ground with emery paper to
remove the oxide scale and rinsed with alcohol before
laser alloying. Alloy powders of Co (>99.5% purity,
20~150 pm), Fe (299.5% purity, 50~150 um), Al (>98.5%
purity, 50~150 um), B,C (299.5% purity, 50~200 pm), and
Si,N, (299.5% purity, 50~100 pm), were used for the laser
alloying, and the water glass was used to be the binder to
form a layer. Process parameters of laser alloying: laser
power P=0.85~1.15 kW, scanning velocity V=3~75 mm/s,
and the laser beam diameter D=4.5 mm. The diameter of the
laser beam was obviously less than that of the width of the
samples, so the four-track lap alloying layer was adopted in
order to cover a whole alloying plane of the sample, and the
lap rate was approximately 35%. During the laser alloying
process, the surface oxidation was prevented by argon with
a flow rate of 40 L/min. The compositions of the pre-placed
powders used in this experiment were 20 wt.% Co+20 wt.%
Fe+20 wt.% Al+30 wt.% B,C+10 wt.% SiN,. Before the laser
alloying process, the pre-placed alloying powders should
be mixed up until smooth, and the pre-placed alloying
powder layer with the depth of 0.8 mm was smeared on the
substrate; the water glass was used to be the binder.
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The wear resistance of the composite coating was
tested by SFT-2M disc wear tester. HV-1000 microsclero-
meter was used to test the microhardness of the composite
coating. SMX-1000/1000L X-ray diffractometer (XRD) was
used to determinate the phase constituent of the compos-
ite coating. The microstructural morphologies of the com-
posite coating were analyzed by means of S-520 scanning
electron microscope (SEM) and JEM-2010 high-resolution
transmission electron microscope (HRTEM).

3 Results and analysis

3.1 XRD and SEM analysis

The XRD results indicated that this composite coating
mainly consisted of y-Co, TiB,, TiB, TiC N, , SiC, Ti Al, FeAl
and Co-Ti intermetallics (see Figure 1). The XRD results
also indicated that Ti,Al, FeAl, TiB, TiB,, TiC N, SiC, and
Co-Ti intermetallics can be produced through the in situ
metallurgical reactions during the laser alloying process.
The production of Ti Al indicated that a Ti-rich molten
pool was obtained during the alloying process, which was
favorable to the production of TiB. In fact, the energy of
the laser beam showed the Gauss distribution, the bottom
of the molten pool absorbed less energy than those of the
other locations. The different locations absorbed different
amounts of energy, i.e., the middle of the coating absorbed
more energy than the edge of the laser beam.

It was noted that the composite coating was metal-
lurgically bonded to the TA15 substrate in the sample
(see Figure 2A). As shown in Figure 2B, the TiC N,
bulk shape and the Ti-B stick shape precipitates were
dispersed uniformly in the matrix, which increased
the microhardness of the composite coating, and the

Ti-B compounds played an important role in refining
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the microstructure of the alloying coating. Moreover,
due to the dilution effect of the substrate to the laser
layer, a number of Mo entered into the alloying layer
from the substrate. Mo and its compounds refined the
microstructure of the composite coating, which played
an important role in improving the wear resistance of
the coating [7].

Owing to the rapid cooling rate of the molten pool, a
small amount of elements, such as Si, B, and Mo had no
time to precipitate from the liquid and solution in y-Co to
form a supersolution, which caused the solution strength-
ening. As shown in Figure 2C, the Ti-Co binary interme-
tallic alloy had uniform and dense microstructures con-
sisting of the primary dendrites and a few interdendritic
eutectic-like structures. In fact, the upper layer absorbed
the most energy from the laser beam, so the crystals,
such as Ti-B compounds and SiC took a long time to grow
up, leading to the formation of the coarse structure (see
Figure 2D).

3.2 Microstructure analysis

Figure 3A shows the structure of the test area in the alloy-
ing layer. Figure 3B is the composite electron diffraction
pattern of TiB,[001] and TiC ,N,[332] zone axis. The dif-
fraction pattern indicated that the orientation relation-
ship between TiB, and TiC N, was (120)TiB,//(220)
TiC,,N,» The HREM analysis result indicated that the SiC
high-resolution lattice phase was produced in the alloy-
ing layer, which corresponded to its (103) crystal plane
(see Figure 3C). The HREM analysis result indicated that
the Mo,(Si, Al),C high-resolution lattice phase was pro-
duced in the alloying layer, which corresponded to its
(310) crystal plane (see Figure 3D). The production of SiC-
Mo,(Si, Al),C further refined the microstructures of the

composite coating [8, 9].
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Figure1 X-ray diffraction diagram of the Co-Fe-Al+B,C-Si,N, composite coating on TA15 titanium alloy.
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Figure 2 SEM micrographs of the composite coating in the sample, (A) the bonding zone, (B) the clad zone, (C) Ti-Co binary intermetallic
alloy, and (D) microstructure.
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Figure 3 TEM micrographs (A), the diffraction pattern (B), the HREM morphologies of SiC (C), and Mo,(Si, Al),C (D) in the composite coating.
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Figure 4 SEM micrograph (A), and the HREM morphologies (B) of TiB.

In fact, due to the dilution effect of the substrate on the
coating, a great number of Ti entered into the molten pool
from the substrate. The bottom of the coating was nearest
to the substrate, so the Ti density was the largest in this
location, which was favorable to the production of TiB. As
shown in Figure 4A, the stick-shape TiB precipitates were
produced in the coating. The HREM analysis result indi-
cated that the TiB high-resolution lattice phase was pro-
duced in the alloying layer, which corresponded to its (101)
crystal plane (see Figure 4B). The formations of the stick-
shape TiB precipitates were mainly attributed to the lattice
characteristics of TiB, which may act as the heterogeneous
nucleation of the matrix phase [10]. As mentioned previ-
ously, a Ti-rich molten pool was produced in this sample.
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Figure 5 Microhardness distribution of the composite coating in

the sample.
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Amorphous zone

Thus, a large quantity of the TiB phases was produced in
the composite coating. Moreover, also as shown in Figure
4B, the HREM irregular lattice fringe also indicated that
the amorphous phase was present in the alloying layer. In
fact, laser alloying is one of the surface amorphization tech-
nologies due to the sufficiently rapid heating and cooling
that inhibits long-range diffusion and avoids crystalliza-
tion [11]. There is a series of amorphous alloying with high
glass forming ability in Zr-based alloy systems. A number
of Zr played an important role in producing the amorphous
alloys, which was beneficial in improving the wear resist-
ance of the composite coating [12].

3.3 Microhardness and wear resistance

Under the actions of the phase constituent, the fine grain
strengthening and the solution strengthening, the micro-
hardness of the composite coating was in the range of
1350~1430 HV,,, which was approximately three to four
times higher than that of the TA15 substrate (about 390
HV ) (see Figure 5).

When the load was 54 N, SEM micrographs showed the
worn surface of the TA15 alloy. It was also noted that serious
adhesion patches, deep plowing grooves were present in
the worn surface (see Figure 6A). Owing to its lower micro-
hardness, under the action of the counterpart, a part of the
TA15 alloy can be easily peeled off, leading to the forma-
tions of the adhesion patches. However, due to the action
of the high microhardness of the composite coating, the
hard asperities on the surface of the counterpart had diffi-
culty penetrating it, leading to the improvement of the wear
properties, which prevented the formations of the adhesion



DE GRUYTER

L. Wei et al.: Ceramic-reinforced composite coating on TA 15 alloy =—— 391

Figure 6 Worn morphologies of the TA15 substrate (A) and the composite coating (B).

patches and deep plowing grooves (see Figure 6B). Further-
more, under the dry-sliding wear test, the moderate growth
dispersal precipitates, such as titanium borides, TiC N,
and Mo,(Si, Al),C, may withstand the external normal load
better, leading to the improvement of the wear resistance
[13]. Moreover, the productions of the amorphous alloys also
decreased the wear volume loss of the composite coating.
The wear volume loss of TA15 substrate was approximately

six times higher than that of the composite coating.

4 Conclusions

The correct choice of the laser alloying parameters pro-
vides the Co-Fe-Al+B,C-Si,N, laser alloying composite
coating on TA15 titanium alloy with the microhardness
distribution in the range of 1350~1430 HV,, which was
approximately three to four times higher than that of the
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