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Abstract TizAl matrix composite coatings were synthe-
sized on a TC4 titanium alloy with Ti, Al and BN mixed
powder by in situ laser cladding. Then, the effect of ZrO,
addition to the composite coatings was investigated. The
phase composition, microstructure and element distribution
of the composite coatings were characterized by scanning
electron microscopy, x-ray diffraction and electron probe
microanalysis. Results showed that the Ti;Al matrix com-
posite coatings were reinforced by TiB,, TiB and TiN
phases. The quality and mechanical properties of the
composite coating can be significantly improved with ZrO,
addition under optimum laser power of 1000 W. The
microhardness of the composite coatings was 2-3 times
higher than that of the substrate, and the wear resistance of
the composite coating without and with ZrO, addition was
enhanced by nearly 4 and 7 times compared to the sub-
strate. The better properties of the composite coating with
ZrO, addition were mainly attributed to the formation of a
ZrO, network. The network-like distribution of ZrO, pro-
vided dispersion strengthening and grain refinement
effects. This research is expected to provide a new coating
material to obtain high-performance TizAl matrix com-
posite coating.
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Introduction

Titanium and its alloys have emerged as indispensable
structural components for various applications such as
aviation, aerospace, weapon and automobile manufacturing
due to their high specific strength and exceptional corro-
sion resistance (Ref 1-4). Nevertheless, the utilization of
titanium alloys in transmissions and under sliding contact
conditions is restricted owing to their low hardness and
insufficient wear resistance (Ref 5-7). In order to overcome
these shortcomings, surface modification with laser tech-
niques were widely utilized; in particular, the laser clad-
ding surface modification of titanium with an appropriate
coating has been extensively applied in recent years (Ref 8-
10). Moreover, numerous studies indicated that ceramic-
reinforced composite coatings with metal or metal alloy
matrix are the most desirable material system. In this
composite system, ceramics act as reinforcing phases,
metals or alloys serve as the binder phases, so that the
synthesized composite coatings exhibit good mechanical
properties with proper process parameters (Ref 11, 12).
Recently, ceramic particles-reinforced TizAl matrix
composite coatings have been widely fabricated on tita-
nium alloy by in situ laser cladding, owing to their favor-
able compatibility with titanium alloy substrate and good
wear resistance (Ref 13, 14). Feng et al. (Ref 15) fabricated
(Ti3Al + TiB)/Ti composite coatings on Ti6Al4V sub-
strates by in situ laser cladding process with mixed Ti and
AlB, powder. The results showed that the average hardness
of the composite coating increased significantly compared
to the substrate because of dispersion strengthening and
solid solution strengthening. The average wear loss of the
coating was only 12.5% that of the substrate. Liu et al. (Ref
14) prepared a TiN/TizAl intermetallic compound com-
posite coating with Ti and AIN mixed powder, and its
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microhardness was 3 times higher than that of the Ti6Al4V
titanium alloy substrate. In summary, nitrides and carbide
ceramics were often added into Ti3;Al matrix to improve
the properties of the composite coating, including TiC, SiC,
WC, TiN and so on (Ref 16, 17).

However, defects identified as cracks, pores and inclu-
sions are easily generated during laser cladding of Ti;Al
matrix composite coating. Various studies undertaken have
concluded that the absorption of rare earth (RE) in the
cladding material systems can reduce the dilution ratio (Ref
18-20), improve coating toughness (Ref 21, 22) and reduce
cracking tendency (Ref 23-25). However, the RE was a
non-renewable resource; careful selection and optimization
of the added quantity are a prerequisite. By comparison, the
easily accessible oxide ceramic ZrO, has excellent high
temperature strength, high hardness and wear resistance
(Ref 26, 27). It also has the effect of eliminating the defects
and refining the microstructure of coatings produced by
laser cladding. Therefore, the addition of ZrO, ceramic
reinforcing phase to TizAl matrix composite coating is a
potential method to reduce cracks and improve the hard-
ness and wear properties. Moreover, there is no clear report
on the enhancement effect of ZrO, on TizAl matrix com-
posite coating by in situ laser cladding.

In this study, a new laser cladding material system
consisting of Ti, Al and BN mixed powders was used to
fabricate TizAl matrix composite coating by in situ laser
cladding. The laser power was optimized, and phase
composition and microstructure evolution of the composite
coatings with and without ZrO, addition were investigated;
the effect of ZrO, addition on the properties of the com-
posite coatings was studied, and the microhardness and
wear resistance of the composite coatings were prelimi-
narily discussed.

Materials and Experimental Methods

In this experiment, a commercial TC4 titanium alloy was
used as the substrate material, and its chemical composi-
tion is given in Table 1. Rectangular specimens with
dimension 30 mm x 15 mm x 8 mm were cut by a mil-
ling machine. The substrate was ground to achieve a sur-
face roughness ~ 1.6 pm by mechanical polishing and
then cleaned with anhydrous ethanol and acetone. Com-
mercially pure Ti powder (99.6% purity, 75-90 um), Al

Table 1 Chemical composition of the TC4 titanium alloy (wt.%)

Ti Al \ Fe C o N H

Bal 5.5-6.8 3.5-4.5 0.3 0.1 0.2 0.05 0.015

powder (99.9% purity, 75-90 pm), pure BN powder
(99.9% purity 2-5 pm) and ZrO, powder (99.9% purity,
1-3 pm) provided by Liaoning ZhongSe New Materials
Technology Co., Ltd (Liaoning, China) were selected as
the laser cladding materials. The experiment adopted pre-
placed powder method and single-pass cladding. The
mixed powders were homogeneously ground in an agate
mortar and then preplaced on the substrate surface by an
organic binder (5% polyvinyl alcohol solution) in a mass
ratio of 5:1 with a thickness of 2.0 mm. Then, the pre-
placed coatings were dried using a drying cabinet at room
temperature.

The laser cladding experiment was carried out on TC4
alloy by a continuous semiconductor laser, which was a
laserline LDF 4000-100 with a six-joint robot manipulator,
and the wavelength was 900 nm. The schematic of the laser
cladding process is shown in Fig. 1. Argon was blown into
the molten pool as shielding gas with a pressure of 0.2 MPa
to prevent oxidation during laser cladding. In order to
determine the optimal laser power, laser cladding speci-
mens numbered from specimen 1 to 5 (without ZrO,), all
with molar ratios of 8Ti:6Al:3BN, were fabricated under
specific cladding parameters listed in Table 2. Then, a
specimen with molar ratios of 8Ti: 6Al: 3BN: 1ZrO, was
prepared through the optimum laser power and numbered
specimen 6.

After laser cladding, the specimens were sectioned
perpendicularly to the scanning direction by wire electrical
discharge machining cutting. Metallographic specimens
were prepared using standard mechanical polishing pro-
cedures and were chemically etched in a solution of HF,
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Fig. 1 Schematic of the laser cladding process
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Table 2 Parameters of the laser

Scanning speed, mm/s Spot diameter, mm

cladding process in the Number Laser power, W

experiment Specimen 1 900
Specimen 2 1000
Specimen 3 1100
Specimen 4 1200
Specimen 5 1300

[V B, SRV, BV Y |
W W W W W

HNO;3; and H,O in volume ratio of 2:1:12 at room tem-
perature for approximately 50 s.

The dilution ratio # is an important factor affecting the
performance of cladded coatings, and is commonly calcu-
lated by Eq 1:

n=h/(h+H) (Eq 1)

where £ is the molten depth of substrate, H is the thickness
of the composite coatings, and the corresponding dimen-
sions are measured using Image Pro Plus image processing
analysis software.

The phase composition of the cladded coatings was
examined using an XRD-6000 x-ray diffractometer with
Co Ka radiation at 40 and 40 mA by scanning an angular
range from 20° to 100°. The microstructure of the cladded
coatings was characterized using Zeiss SupraS5 scanning
electron microscope (SEM). The element distribution was
evaluated with an electron probe microprobe analyzer
(EPMA-1600). Dye penetration test was applied to identify
the number of defects including cracks and holes on the
cross section of the cladded coatings, the experimental
details were based on the standard ASTM E165. A Vickers
microhardness tester (DHV-1000) was employed to mea-
sure the microhardness profile of the coating along the
depth direction with a load of 9.8 N and duration 15 s.
Three points were measured at each position, and the
average of the three points was taken as the microhardness
value. A CFT-I comprehensive friction wear tester (CFT-I)
was employed to identify the wear resistance of the sub-
strate and cladded coatings, using a reciprocating sliding
mode; the counterpart was a SizNy ball with a diameter of
3 mm, and the sliding speed was 200 mm/min at a load of
10 N for a duration of 40 min. The ball counterpart would
be replaced after every sliding test.

Results and Discussion

Optimization of the Laser Power

Figure 2 shows the cross-sectional microstructures of
composite coatings obtained under different laser powers.

Specimen 1 exhibited some holes and unmelted particles as
shown in Fig. 2(a). This was attributed to the insufficient

@ Springer

laser power; unmelted particles stayed in the molten pool,
forming inclusions and holes. As the power increased, the
unmelted particles gradually dissolved until they disap-
peared completely. However, with increased power, cracks
were generated in the bonding zone of specimens 4 and 5
as shown in Fig. 2(d) and (e), and the greater the power, the
larger the cracks. Overheating of the system leads to
excessive residual stress in the coating, which was the main
reason of the cracks (Ref 28). Additionally, the dilution
ratio was an important factor affecting the quality of the
coating; dilution ratios were 12.6, 13.7, 15.1, 18.9 and
21.0% for specimens 1-5, i.e., dilution increased with laser
power. Overheating of specimens 4 and 5 by the laser led
to excessive dilution of the coating by the substrate, thus
resulting in increased possibility of coating cracking and in
a deterioration of the coating performance such as hardness
and wear resistance (Ref 29). The average hardness and the
number of defects in specimens 1-5 are shown in Fig. 3. By
combining Figs. 2 with 3, it is inferred that when the laser
power was 1000 W, the cladding layer of specimen 2 has
the best quality, the lowest number of defects and the
highest hardness with dilution ratio 13.7%. Then, speci-
mens 2 and 6 were characterized further to investigate how
the properties of the composite coating are changed by the
addition of ZrO,.

Phase Analysis

X-ray diffraction (XRD) patterns corresponding to cladded
specimens 2 and 6 are shown in Fig. 4. The composite
coatings mainly consist of TizAl, TiB,, TiB, TiN and Ti
phases. Under heating by the high-energy laser beam, the
cladding materials and a thin surface layer of the substrate
melted rapidly and the molten pool formed (Ref 30, 31).
Subsequently, complicated reactions occurred in the mol-
ten pool, and various phases emerged as mentioned above.
Based on the XRD results, it can be interpreted that the
dominant phase was TizAl. Moreover, a portion of the BN
phase dissolved owing to the high temperature induced by
irradiating the powder with the laser beam, thus resulting in
delivering B and N elements in the molten pool. Chemical
reactions then occurred between the diffused B/N and
titanium due to their high affinity.
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Fig. 2 Overview of the cross-sectional microstructure of the composite coatings in (a) specimen 1, (b) specimen 2, (c) specimen 3, (d) specimen

4 and (e) specimen 5
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Fig. 3 Average hardness and the number of defects in specimens 1-5

The main chemical reactions generated in the molten
pool were characterized as follows:

3Ti + Al — TisAl (Ref 32) (Eq 2)
Ti + B — TiB(Ref 33) (Eq 3)
Ti + N — TiN(Ref 34) (Eq 4)
3Ti + 2BN — TiB, + 2TiN(Ref 35) (Eq 5)

It was worth noting that the peaks of m-ZrO, and t-ZrO,
phases were also observed in the coating of specimen 6,
and no other phases were detected because of the addition
of ZrO,. Zirconia (ZrO,) has a high melting temperature
(2527 °C) and exists in three different forms (Ref 36).

A TiAl

e Ti
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*TiB,

+ m-ZrO,
0 t-ZrO,

<o
<o
<

(a) * I

Relative intensity

20 30 40 50 60 70 80 90 100
20 (degree)

Fig. 4 XRD patterns corresponding to cladded coatings (a) specimen
2, (b) specimen 6

Phase transformation of ZrO, ceramic occurred during the
cooling process. At high temperatures, it crystallizes in the
cubic crystal structure (above 2370 °C), the tetragonal
phase (t-ZrO,) appears in the middle temperature range
(1170-2370 °C), and when the temperature falls below
1170 °C, the tetragonal phase (t-ZrO,) transforms to
monoclinic phase (m-ZrO,) (Ref 37, 38).The original ZrO,
powder consisted of m-ZrO, phase, but the cladded coating
consisted of m-ZrO, and t-ZrO, phases. This can be
explained by the rapid heating and cooling process during
laser cladding. The high cooling rate restrained the t-ZrO,
transformation to m-ZrO, phase, so a small portion of
t-ZrO, phase remained at ambient temperature (Ref 39).
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Microstructure Characterization

Figure 5 shows the cross-section morphologies of speci-
mens 2 and 6, respectively. Dense and compact coatings
were fabricated on the substrates. Some pores were
apparently observed on the coating of specimen 2 (Fig. 5a),
while only three pores were detected in specimen 6 by the
dye penetration test; therefore, specimen 6 is compara-
tively defect-free (Fig. 5b). Obviously, the addition of a
small amount of ZrO, can improve the quality of the
composite coating obtained with an optimum laser power
of 1000 W. Figure 5(c) and (d) presents detailed mor-
phologies of the typical microstructure of the composite
coating, where fishbone structure, and needle-like, rod-like
and hexagonal like structures were observed. The fishbone
structure of specimen 6 was finer compared to specimen 2.
In addition, the typical morphologies of TiB and TiB, were

Fig. 5 Cross-section
morphologies of specimen 2 and
6. (c—f) are local magnified
SEM micrographs of c-f areas
as shown in (a) and (b),
respectively

@ Springer

spotted out, respectively. Based on the previous research,
TiB tends to grow into fine or dense needles (Ref 40), while
TiB, preferentially grows into bulk or hexagonal plate-like
structures (Ref 41). Moreover, the microstructure of the
bonding area plays an important role on the mechanical
properties of the coating (Ref 42); therefore, a closer
observation was carried out for both specimens. Sound
metallurgical bonds (the bonding zone) between the clad-
ding zone and the substrate were attained for both speci-
mens (Fig. Se and f). However, the microstructure of the
bonding zone in specimen 6 revealed much more refined
features than that in specimen 2, an amount of fine particle-
like reinforcements distributed evenly in the bonding zone
(Fig. 5f). Furthermore, comparing Fig. 5(c) and (d) with
(e) and (f), the amount of reinforcing phases decreased
remarkably from the coating to the bonding zone.
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Fig. 6 EPMA image of the
composite coating in specimen
2: (a) black scattered electron
image, (b—e) corresponding
elemental mapping of Ti, Al, B
and N

In order to further distinguish the distribution of certain
phases in the coatings, EPMA was implemented on spec-
imens 2 and 6. Figures 6 and 7 show the microstructure of
the coating with larger magnification compared to
Fig. 5(c) and (d). On the one hand, combining the results of
Fig. 6 and the XRD patterns, the composite coating of
specimen 2 was composed of coarse TiN, TiB,, TiB, Ti and
TizAl. As shown in Fig. 7(a), specimen 6 consists of a
continuous matrix phase (marked A), black inclusions
(marked B), black needles (marked C), gray-black den-
drites (marked D) and white network-like features (marked
E). The EPMA results are shown in Fig. 7(b), (c), (d), (e),
and (f); combining the results of XRD, SEM and EPMA,
the continuous matrix phase (marked A) was rich in Ti and
Al, so it is identified as TizAl. The black inclusion (marked
B) and black needle (marked C) were abundant in B;
accordingly, combined with the microstructure results of
Fig. 5(d), the black inclusion (marked B) was TiB, and the
black needle (marked C) was TiB. The gray-black dendrite
(marked D) was TiN, and the white network-like feature
(marked E) distributed across the matrix of TizAl corre-
sponded to ZrO,. Combining the microstructural investi-
gation and EMPA results of the coatings, the fishbone TiN
microstructure of specimen 2 was coarser than specimen 6,
and the TiB, microstructure changed from rod like to
hexagonal like. The reasons were mainly attributed to two
aspects. One is that ZrO, increased the nucleation rate
during crystallization because of its high melting temper-
ature and chemical inertness, resulting in increased nucle-
ation rate and grain refinement. The other is that the
network-like distribution of ZrO, inhibited the outward
growth of the matrix grains, further exerting a grain

R"d\'i‘ke Fishbone like
V4

refinement action (Ref 43). Therefore, the addition of ZrO,
can provide strengthening by grain refinement and also has
an effect of dispersion strengthening for the composite
coating. The composition and distribution of phases have a
key influence on the hardness and wear resistance of the
cladded coating.

Microhardness and Wear Resistance

The microhardness distribution along the cross section of
the cladded coatings is shown in Fig. 8. It is evident that
the two specimens showed similar microhardness trends.
The microhardness of the coatings was 2-3 times higher
than that of the TC4 substrate, which was ascribed to the
comprehensive effects of TizAl, TiB,, TiB, TiN and ZrO,
strengthening phases. However, the average microhardness
of the coating on specimen 6 was higher than specimen 2.
This was mainly attributed to the dispersion strengthening
and grain refinement effect of the added ZrO,. It can also
be seen that the microhardness decreased as the testing
point moved closer to the substrate; this phenomenon was
strongly correlated with the distribution of hard phases
across the coatings, which was observed in SEM micro-
graphs. Together with the microstructure results discussed
above, it is believed that a larger number of reinforcing
second-phases lead to higher hardness (Ref 11).

Figure 9 shows the wear volume loss curves of the
specimens. It can be seen that the wear volume loss of the
substrate was significantly higher than that of the coatings.
The wear volume loss of the substrate, specimens 2 and 6,
was 2.69 x 107" m? 0.65 x 107" m’, 0.4 x 107" m’,
respectively. Hence, the wear resistance of specimens 2

@ Springer



516

J Therm Spray Tech (2020) 29:510-519

Fig. 7 EPMA image of the
composite coating in specimen
6: (a) black scattered electron
image, (b—f) corresponding
elemental mapping of Ti, Al, B,
N, Zr and O
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Fig. 8 Microhardness distributions along the cross section of the
cladded coatings in specimens 2 and 6

and 6 was enhanced by nearly 4 and 7 times compared to

the substrate. Furthermore, specimen 6 exhibited better
wear resistance than specimen 2, corresponding to its
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Fig. 9 Wear volume loss curves of the composite coatings

higher microhardness. The results were well-consistent
with the microhardness distributions.

In order to understand the wear mechanisms of the
substrate and coatings, their wear morphologies were
characterized with SEM (Fig. 10). Results showed that the
wear surface of the substrate was extremely coarse, with
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Fig. 10 Worn surface
morphologies of the substrate
and composite coatings. (a, b)
substrate, (c, d) specimen 2, (e,
f) specimen 6
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N %
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numerous spalling events. Serious plastic deformation
features and grooves occurred, indicating that the worn
surface of the substrate could easily undergo plastic
deformation and grooving due to its low hardness. Subse-
quently, after a certain number of wear cycles, spallation
was found to occur frequently on the wear surface of the
substrate along grooves (Fig. 10a and b). Therefore, the
wear mechanisms of substrate comprised adhesive and
abrasive wear. On the other hand, the wear surfaces were
smooth for both coatings with shallow plowing grooves
(Fig. 10c and e), coupled with some debris particles. The
shallow grooves were all parallel to the sliding direction,
revealing a predominant abrasive wear mechanism.
Moreover, it was apparent that the size of debris particles
on specimen 6 was significantly smaller than it was on
specimen 2. This was ascribed to the grain refinement and
dispersion strengthening effect of the ZrO, addition.

Conclusions

In this study, TizAl matrix composite coatings were fab-
ricated on TC4 titanium alloy by in situ laser cladding. The
effect of ZrO, addition on the microstructure and proper-
ties of TizAl matrix composite coatings were investigated.
The conclusions can be drawn as follows:

(1) The composite coatings were mainly reinforced by
TiB,, TiB and TiN phases.

(2) The network-like distribution of ZrO, in the TizAl
matrix inhibits grain growth and plays the role of
refining the microstructure of the coating.

(3) The composite coating with ZrO, addition exhibited
higher hardness and wear resistance than that
without ZrO, under optimum laser power of
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“

1000 W. This was attributed to the dispersion
strengthening and grain refinement effect of ZrO,.
The wear mechanisms of the substrate were adhesive
and abrasive wear, and the wear mechanism of the
composite coatings was mainly abrasive wear.
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