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Critical factors affecting the amorphous phase formation of NiTiZrSiSn

bulk amorphous feedstock in vacuum plasma spray
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Amorphous metallic materials show very attractive
properties in engineering points such as friction, wear,
and corrosion resistance [1–3]. Moreover, a lot of bulk
metallic glass [BMG] materials with much improved
glass forming ability [GFA] have been developed [4].
Higher GFA can enlarge the applications of BMGs in
industries. From the practical point of view, overlying
BGMs as protective coatings onto cheap structural ma-
terials is more effective considering the limited plastic-
ity. In the thermal spraying coating process [5], cool-
ing rate of the impacting particle is generally up to
105 Ks−1, while the critical cooling rates for amor-
phous phase formations of Zr-base, Fe-base, Co-base,
and Ni-base bulk amorphous alloys are reduced to be
lower than 102 Ks−1 [6]. However, in-flight particle ox-
idation during atmospheric plasma spraying [APS] and
high-velocity oxy-fuel [HVOF] spraying was inevitable
due to the turbulent nature of the plasma jet in the APS
process and the presence of free oxygen arising from
incomplete combustion of fuel gas in the HVOF process
mentioned in our other works [7]. As a matter of fact,
preferential oxidation of Zr and Ti in an in-flight particle
triggered the destabilization of the bulk metallic glass
particle because amorphous phase stability and forma-
bility are largely affected by the chemical composition-
dependent critical cooling rate. So the vacuum plasma
spraying process was chosen for the formation of a
NiTiZrSiSn bulk amorphous coating because the pow-
der is very sensitive to oxidation. The effects of the
plasma gas composition on the impacting particle en-
ergy state and the resulting phase composition were
investigated in this study.

A bulk amorphous NiTiZrSiSn powder was produced
using inert gas atomization. It was sprayed onto the
pre-treated copper substrate using a vacuum plasma
spraying system under the processing parameters as
summarised in Table I. In order to change the thermal
energy of in-flight particles, hydrogen gas flow rate in
the plasma gas mixture was changed. As the hydro-
gen gas flow rate was increased, the arc power was
increased owing to the increase of arc voltage. In addi-
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tion, the thermal conductivity of the plasma jet is also
increased. Accordingly, thermal energy of in-flight par-
ticle is increased due to the enhanced gas enthalpy and
thermal conductivity considering the heat transfer re-
action in thermal plasma spraying. In fact, the effects
of hydrogen gas flow were empirically confirmed using
DPV-2000 in the atmospheric plasma spraying process
of alumina–titania feedstock in our other work [8].

As shown in Fig. 1, a halo diffuse peak with sharp
crystalline peaks could be observed regardless of the
composition of the plasma gas mixture within the scope
of this study. However, the sharp peak intensities from
the crystallisation of in-flight amorphous particles gen-
erally decrease with the increase of the hydrogen gas
flow rate except for the V1 coating. The crystalline
phases present in the as-sprayed coatings were cubic
Ni(Ti,Zr) and orthorhombic Ni10(Ti,Zr)7 intermetallic
compounds. Note that Cu-crystalline peaks were also
observed in V1 coating: when the cross section was
observed, continuous overlapping did not occur in V1
coating. Plane-view morphologies of the as-sprayed
VPS NiTiZrSiSn coatings can be seen in Fig. 2. All
kinds of splat morphologies which are encountered in
thermal spraying process are present on the as-sprayed

TABLE I Process parameters

H2 gas Arc Arc Water Gun Net
flow voltage power power efficiency power

Desig. rate (V) (kw) (kw) (%) [kw]

V1 4slm 49 24.5 12.6 49 11.9
V2 6slm 53 26.5 13.0 51 13.5
V3 8slm 57 28.5 13.8 52 14.7
V4 10slm 61 30.5 15.0 51 15.5

Invariables
Arc current 500 A Feeding rate 45 gm−1

Spraying 250 mm Initial chamber pressure 5 × 10−4 bar
distance Working pressure 0.25 bar

Argon gas 40 slm Plasmatron travel rate 1 ms−1

flow rate

slm: Standard litre per minute.
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Figure 1 X-ray diffraction of the as-sprayed coating according to the hydrogen gas flow rate. [�: Cu, �: Ni10(Ti,Zr)7, and •: Ni(Ti,Zr)]

Figure 2 Plane-view morphology of as-sprayed coating according to plasma gas composition.

coating surface: well-shaped disc-like splats and highly
splashed splats are from the deposition of fully melted
particles, while spherical particles on the coat surface
result from that of unmelted part in a partially melted
one. Similar to the X-ray diffraction, hydrogen gas flow

rate has a critical influence on both unmelted spherical
particle number density and size also, except for the
V1 coating. In view of the interaction between in-flight
particles and the thermal plasma jet, the increase of
the unmelted particle number density in the as-sprayed
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Figure 3 Qualitative crystalline phase fraction according to hydrogen
gas flow rate.

coating resulted from the lower gas enthalpy and ther-
mal conductivity at the reduced hydrogen gas flow rate.
For the qualitative comparison, area fraction of the crys-
talline phase peaks was calculated: in the case of V1
coating, overlapped peaks from copper substrate were
not considered in the calculation. Also, the unmelted
particle number density at the same detecting area of
4 mm2 was measured using an image analysis. Except
for the V1 coating, both qualitative crystalline phase
fraction and unmelted particle number density were de-
creased with the increase of the hydrogen gas flow rate
as can be seen in Fig. 3. Through these results, it could
be deduced that the crystalline peaks in the coating re-
sulted from the presence of unmelted part of partially
melted splat in the coating.

In the case of the V1 coating, the melting degree
and the resulting amorphous phase fraction were ap-
parently improved. However, qualitative deposition ef-
ficiency estimated by the coating thickness was the low-
est and the splat size and unmelted particle size were
also the smallest. It means that most of the impact-
ing particles did not obtain a sufficient melting degree
enough to deposit at the moment of impact. Also large
particles did not melt effectively during flight since the
heating rate decreased with the increase of the parti-
cle size. Thus, both the decrease of unmelted particle
size with the increase of hydrogen gas flow rate and

the fine unmelted particle size in V1 coating are ra-
tional. From the viewpoint of the metallurgical prop-
erties of the bulk amorphous feedstock, thermal en-
ergy including temperature and melting degree of an
in-flight bulk amorphous powder had a critical influ-
ence on the phase evolution. When the particle was
heated above the melting temperature, liquid droplets
solidified to the amorphous phase during the VPS pro-
cess. However, the crystallized particles remained in
the coating if the particles were heated to a tempera-
ture between the crystallization temperature and melt-
ing temperature owing to the irreversible solid-state
crystallization.

Through this study, the amorphous phase fraction of
the VPS NiTiZrSiSn coating was found to be primarily
dependent on the in-flight particle melting degree. As
the particle melting degree increased, the amorphous
phase fraction also increased. Also, the increase of the
hydrogen gas flow rate improved the degree of in-flight
particle melting.
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