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Oxidation resistance of Si-coated TZM alloy
prepared through combined process of plasma spray and laser surface melting
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Abstract: Plasma thermal spraying of Si coating layer on titanium—zirconium—molybdenum (Ti—Zr—Mo), TZM alloy, was conducted
for the surface protection of the Mo substrate that is unstable in air at high temperatures. Although the plasma thermal spraying alone
could protect the Mo alloy from oxidation at a high temperature for a short time, the post laser surface melting process further
improved the oxidation resistance of Si-coated alloy. In the case of the post laser treated specimen, MoSi compounds, mainly MoSi,
phases, were formed during the additional annealing process, and the oxidation resistance could be even further enhanced. The
corrosion behaviors of Si-coated specimens in 3.5% NaCl solution were also investigated; however, no significant variations with

respect to the post treatment procedure were found.
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1 Introduction

Mo alloys such as TZM (Ti—Zr—Mo) have gained
much attention for high temperature applications in the
areas of aerospace and nuclear industries because of
their excellent mechanical properties at elevated
temperatures [1]. However, the Mo alloys usually exhibit
poor oxidation resistance since a volatile MoO; forms
almost instantly when the alloys are exposed to oxidizing
environment at a high temperature like 873 °C [2].
Therefore, in order to utilize the Mo alloys in practical
applications, various protective coating processes such as
pack cementation and plasma thermal spray are applied
to the surface of the alloys [3—9]. Silicon has been
widely used as the coating material since resultant SiO,
layer provides an excellent oxidation resistance [3,8].
The plasma thermal spray coated alloys generally show
improved oxidation resistance as compared to the
substrate alloy [8,9], but some pores are inherent to the
thermal spray coating and undoubtedly harmful to the
oxidation resistance.

Post thermal spray treatments like laser surface
melting can be desirable to obtain higher oxidation
resistance. Some research results showed that post laser
treatments contributed to the removal of porosity and the
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strengthened coating adhesion in various coating/
substrate systems [10—13]. However, there has been no
literature on the clarified effects of the post laser surface
melting on the oxidation behaviors of Si-coated Mo
alloys. Furthermore, the mixing of the Si coating layer
and the substrate may occur during the laser surface
treatment. And this mixing can cause not only the
increased interface stability between the coating and the
substrate but also the formation of MoSi compounds.
Microstructural changes in the Si/TZM system owing to
the laser surface melting have not been fully elucidated.
Additional annealing treatment of Si-coated Mo alloys at
high temperatures should cause the interface reactions,
resulting in better interfacial bonding and intermetallic
compounds formation. Because the general corrosion of
the Si-coated Mo alloys can be also industrially
important, the influence of post treatments on the
corrosion resistance of the alloys also needs to be
investigated.

2 Experimental

TZM Mo alloy (M0o—0.5Ti—0.1Zr—0.02C) sheet was
used as the substrate in this research. Silicon was
deposited on the sand blasted and ultrasonic cleaned
TZM substrate via air plasma thermal spray process.
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A mixture of Ar and H, was used as the plasma gas and
Ar was used as the powder carrier gas. The plasma
spraying process parameters employed in this research
are as follows: 400 A, Ar gas pressure of 100 MPa, H,
gas pressure of 6 MPa, and spray distance of 100 mm.

The as-sprayed Si coatings on the specimens were
then surface-treated by using a continuous wave (CW)
diode laser with a maximum power of 300 W (PF—1500F
model; HBL Co.,) and a power supplier (Pwpl14Y04K
model; Yesystem Co.,). The laser process parameters
such as laser power, specimen velocity, powder injection,
and gas flow were set-up based on a preliminary study.
The applied power for the laser treatment ranged up to
300 W, and the scanning speed was 14 mm/s. To prevent
any oxidation during the process, an inert gas (Ar) was
continuously blowed into the melting zone. An
isothermal heating of the Si-coated specimens under Ar
atmosphere at 1100 °C was carried out to observe the
interface reactions between the Si coating layer and the
Mo substrate.

Oxidation test was conducted in air at 1100 °C to
measure the mass change of Si-coated specimens of
about 12 mm X 12 mm x 10 mm in size that were
prepared by different procedures. The test was carried
out only up to 120 min because severe spalling of the Si
coating layer occurred and even some parts of surface of
the substrate became detached after that. Electrochemical
experiments to evaluate the corrosion behavior in an
aqueous solution at room temperature were also carried
out using a potentiostat (ZIVE SP1). The reference
electrode used for the tests was a saturated calomel
electrode (SCE) and platinum plate was used as a counter
electrode. 3.5% NaCl solution was used as the electrolyte
and potential scan rate for polarization tests was 1 mV/s.
Microstructural analyses were performed using a SEM,
equipped with energy dispersive X-ray spectrometer
(EDS), and an X-ray diffractometer (XRD).

3 Results and discussion

Figure 1 shows a typical granular microstructure of
TZM alloy, whose feature is similar with that of standard
TZM alloy, used as the substrate [8]. The grain size
varied between 10 and 50 um and some carbides were
observed. SEM images with EDS profiles in Fig. 2
represent the cross sectional images of the coating layers
that were prepared through various processes. Formation
of a thick and a little porous Si coating layer is observed
in the as-plasma thermal sprayed specimen. The
microhardness of the surface Si coating layer for the
as-sprayed specimen was found to be significantly higher
(HV ~474) than that of the substrate (HV ~334). The
porous Si coating layer was remelted and then solidified
rapidly through the post laser surface treatment,

Fig. 1 Typical optical micrograph of TZM alloy used as
substrate

Element Mole fraction/%
Si 63.90
Mo 36.10
Total 100.00

Fig. 2 SEM images with EDS profiles showing effect of
processing on coating layer: (a) As-sprayed; (b) Post laser-
treated; (c) Isothermally heated
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therefore, the majority of porosity in the coating could be
eliminated [10]. A more compact coating structure is
shown in the post laser surface remelted specimen as
compared to the as-plasma sprayed specimen (Fig. 2(b)).
But no MoSi compounds were observed at the laser
treated Si coating/substrate interface.

As shown in Fig. 2(c), some interfacial reactions
apparently occurred during the isothermal heating at
1100 °C so that the original Si coating layer was
converted into MoSi compounds. The main compound
was indentified as MoSi, phase by EDS analysis. XRD
analyses in Fig. 3 revealed that two kinds of MoSi
compounds, namely MoSi, and MosSi;, were formed in
the isothermally heated specimen [8]. It is postulated
that the interface bonding between the plasma sparyed Si
coating and the substrate became stronger by the post
laser surface melting. As aforementioned, many previous
research results showed that laser surface treatments
reduced the porosity and strengthened coating adhesion
in a variety of thermal spray coated specimens [10—13].
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Fig. 3 XRD analyses of phases formed on surfaces of Si-coated
specimens prepared through different processes

Any interface reactions were not observed when the
identical isothermal heating at 1100 °C was directly
applied to the as-plasma thermal sprayed specimen
without the laser surface melting process. As
demonstrated in Fig. 4, no MoSi compounds were found
at the interface and the orginal Si coating layer remained
unchanged possibly due to the relatively loose
mechanical bonding at the interface.

Oxidation resistance of coated specimens evaluated
as mass change is compared in Fig. 5. Although the mass
of specimens should be increased due to formation of
oxides such as SiO,, rather mass loss was observed in
this study [4]. Unlike the case of compact coating
process such as pack cementation, the as-sprayed or the
post laser treated specimens are likely to have some
porous areas in the coating layers. In the case of porous
coating, oxygen reactions may diffuse through the

coating layer and some oxidation reactions may take
place at the coating/substrate interface. The mass of the
as-plasma thermal sprayed specimen remained almost
unchanged up to 30 min, but a significant mass loss
owing to spalling occurred after that. The post laser
surface treatment could apparently improve the oxidation
resistance of the as-sprayed specimen. In the case of
combined process of the plasma thermal spray and post
laser surface treatment, the coated specimen could
endure up to 60 min. This enhanced resistance should be
related to the reduced porosity in the coating layer.
Apparently, the oxygen diffusion through defected
coating layer should be easier than it through the denser
layer. Another reason might be related to the bonding
characteristics of the interface. The interface between the
as-sprayed coating and the substrate is mechanically
bonded, while the interface bonding appears to become
stronger (metallurgical bonding) after the laser
treatment [10]. This factor can be important if there are
some macro-defects in the coating layer.

Fig. 4 SEM image with EDS profile of plasma sprayed Si
coating layer after isothermal heating at 1100 °C
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Fig. 5 Oxidation behaviors of as-sprayed and post treated
specimens at 1100 °C

It is worthwhile to emphasize the fact that the
oxidation resistance of TZM alloy could be effectively
increased by the plasma thermal spraying of silicon on it,
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even though the as-sprayed specimen endured under
oxidation environment only up to 30 min. It is well
known that the bare TZM alloy is easily oxidized within
a short period time at high temperatures [2]. Considering
that air plasma spraying is an economical and convenient
process, this enhancement method can be utilized in
various industries.

The most oxidation resistant specimen is the one
that was prepared via the combination of plasma
spraying, post laser surface melting, and final isothermal
heating under an inert atmosphere. The diffusion and
reaction took place between the Si layer and the Mo
substrate. So, the coating layer could be more compact
and the interfacial bonding could be strengthened.
Furthermore, MoSi, is known to be an excellent material
against oxidation at very high temperatures [4]. Figure 6
shows surface morphologies of the specimens after the
oxidation test. The as-sprayed specimen indicates a
relatively rough suface, which is a typical feature of
plasma sprayed coating. The post laser surface melting
process appears to make the surface smooth; however,
the laser treated specimen and the as-sprayed specimen
apparently show some pits on the surface layers in
Figs. 6(a) and (b). Meanwhile, comparatively perfect and
smooth surface is found in the case of isothermally
heated specimen. SEM-EDS analysis results reveal that
the main phase formed on the suface is SiO, and a little
amount of molybdenum oxide, typically MO; phase, is
present. Similar EDS analysis results were obtained for
the as-sprayed and the post laser surface treated
specimens, but a little higher content of Mo (~2.67%,
mole fraction) was detected. This is possibly attributed to
partly exposed Mo substrate because of the surface pits.
Thermodynamically possible reactions for the oxidation
of MoSi, have been reported as follows [3,8].

2MoSi;+70,=2M00;+4Si0, (1)
5MoSi,+70,=MosSi;+7Si0, ©)

When MoSi, phase is exposed to air at a low
temperature (<800 °C), the oxidation is governed by
Eq. (1). However, when the exposure temperatue is
higher (>800 °C), there is enough time for Si to diffuse
toward the surface so that SiO, layer covers the surface
with the formation of MosSi; between inner layer of
MoSi, and outer layer of SiO, (Reaction (2)). Although
the specimens were oxidized at a high temperature of
1100 °C in the present experiment, MoOj; phase was also
found. It is postulated that the reason why MoO; phase
formed is not because Reaction (1) dominantly occurred
but some parts of surface coating layers were detached
during the oxidation test. The plasma spray coating layer
often possesses some porous spots even after the post
treatment such as laser surface melting and isothermal
heating although it becomes more compact after the

treatment. Therefore, oxygen may penetrate rapidly
through the imperfect region, resulting in some pits in
the coating and the formation of MoO; phase.

10kV X500

50pm

Element Mole fraction/%
Si 32.92
(0] 66.39
Mo 0.687

Fig. 6 SEM images of surface morphologies for different
specimens: (a) As-sprayed; (b) Post laser-treated; (c) Iso-
thermally heated

The electrochemical test was also conducted to
compare the general corrosion resistance of the coated
specimens at room temperature. Figure 7 shows the
polarization curves for the Si-coated specimens prepared
through different processes in 3.5% NaCl solution. It is
presented that the corrosion potential (@) tends to
become nobler when the post laser process is employed
after the plasma spray. Additional isothermal heating
process further moves upward the corrosion potential.
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Meanwhile, as shown in Table 1, the corrosion current
density (J.or) Was rather slightly increased by conducting
the post processes after the spray, but the degree of
increase was not significant. The corrosion resistance of
the Si-coated specimens in 3.5% NaCl solution appears
to be generally high regardless of the coating preparation
method. The post laser treated or isothermally heated
coating is denser than the as-sprayed coating. Since the
smoother and denser surface of the coating layer is more
effective for preventing infiltration of solution through
the coating, better corrosion resistance is expected to be
obtained in the post processed specimens. However, it
has been known that the substrate, Mo alloy, possesses
higher corrosion resistance in aqueous solution [14],
therefore, no significant variations of the corrosion
resistance in terms of the coating procedure seem to be
observed in this study.
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Fig. 7 Polarization curves for Si-coated specimens prepared by

different processes in 3.5% NaCl solution

Table 1 Electrochemical parameters of Si-coated specimens
obtained from polarization test in 3.5%NaCl solution

Corrosion Corrosion current
Specimen potential, density,
Peon(V8 SCE)YV  Joon/(WA-cm 2)
As-sprayed —0.340 17.67
Post laser-treated —0.266 28.39
Isothermally heated —-0.251 25.49

4 Conclusions

Some pores and cracks were found in the as-sprayed
Si coating layer, while comparatively compact coating
could be obtained after the laser surface melting. The
oxidation tests conducted at 1100 °C under atmosphere
indicated that the post laser process enhanced the
oxidation resistance of TZM alloy. The additional
isothermal heating process under Ar caused the
formation of intermetallic compound between the silicon

coating and the substrate, and resulted in the further
enhancement of the oxidation resistance. It is suggested
that the increased oxidation resistance is mainly due to
the improved soundness of the coating layer and the
strengthened bonding at the interface. Although the
corrosion potential for the Si-coated specimens in 3.5%
NaCl solution was slightly increased by the post laser
treatment and the annealing process, the general
corrosion resistance of specimens appears to be similar
regardless of whether the post treatment was carried out
or not.
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BT RUR L R E AL & & Si R
Ti-Zr-Mo S &I E L 1E8E
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8 E: BT Mo BATEMTSA I AFE, KRR THEHR T 20K Si iRE T Ti-Zr-Mo A &K LAY Mo %
o BIRENE A A5 B T AR L 2R Mo A &R IMNAE mili T B A WA AL, HEESMBOERTIE
WL 2RI St BHR G &P ERE . X T EEBOCABIRE S, TERE S IR K T IE R T 8 S (E 2
B5y N MoSiy), HEPUAMMRER R —BoE. H4h, BT Si BURFERTE 3.5% NaCl B H K AT 9,
SR A WO R I Ab T 20 AR BERE T R FEF el 6 5 R 8 O 3R T 78 1 Adh BB PO i JF el P BB TE AR B 22
KR Ti-Zr-Mo A4 Sis Ffh: ZETWHR: BB

(Edited by Wei-ping CHEN)



