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Kinetic spraying deposition behavior of bulk amorphous
NiTiZrSiSn feedstock
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Abstract

A kinetic spraying process, which is basically a solid-state deposition process, was used for the formation of a fully amorphous coating. By
using a pre-heating system for the powder carrier gas and using helium for the process gas, it was possible to form an amorphous coating. The main
process parameters evaluated during this study were gas species [N2 and He] and pre-heating temperature [RT (belowTg) and 550◦C (liquid metallic
region)]. Aside from the empirical approach, in-flight particle velocity within the kinetic spraying process was measured using a SprayWatch-2i
s ng process.
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ystem. The deposition behavior of a NiTiZrSiSn bulk amorphous powder was observed when it was sprayed using the kinetic sprayi
n order to predict the temperature-dependent deformation behavior of the bulk amorphous material during impact, Vickers microhard
ndirect method, was measured at various temperatures.

While the bulk amorphous feedstock material was being coated, both the kinetic and thermal energies of the in-flight particles were
he former affected the deposition of the bulk amorphous coating, while the latter had more effect on the mechanical properties of t
article deposition behavior was considered from the viewpoint of the environmental effect, such as particle–energy combination, on then
ehavior. The bonding of the impacting NiTiZrSiSn bulk amorphous particle was primarily caused by temperature-dependent deform

racture (local liquid formation) behavior.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Because of the unique material properties of bulk metallic
lasses, the possibilities for their structural applications have
een investigated extensively[1–3]. Though they show high spe-
ific strength and hardness, low friction coefficient, and superior
esistance to localized corrosion[3], the catastrophic nature of
heir failures still limits their industrial applications[4,5]. There-
ore, various kinds of hybrid materials have been suggested in
rder to enhance ductility. Coating technology is considered to
e the most effective method for producing two-dimensional
ybrid materials, especially for hard and brittle materials. Too
hatty, the effects of thermal energy and oxidation behavior
f the in-flight bulk metallic glass particle on the microstruc-

ural evolutions of the as-sprayed coatings were investigated

∗ Corresponding author. Tel.: +82 2 2220 0388; fax: +82 2 2293 4548.
E-mail address: chlee@hanyang.ac.kr (C. Lee).

in vacuum and atmospheric plasma spraying and high-vel
oxy-fuel spraying processes[6,7]. Both thermal and chemic
instability deteriorate the glass-forming ability of the bulk me
lic glass[8]. Considering the susceptibilities of bulk meta
glass feedstock to thermally activated processes, such as c
lization and oxidation, the kinetic spraying process was ch
to form a uniform, amorphous overlay. The deposition of i
vidual particles is largely dependent on their kinetic energy
the impact behavior. Impacting particles need to have suffi
kinetic energy to develop intimate contact between splat and
strate and between splats during kinetic spraying. Unlike o
metallic materials commonly used in engineering applica
bulk metallic glass materials exhibit unique mechanical pro
ties that depend on temperature and strain rate[4,5,9–12]. With
respect to temperature dependence, the deformation be
can be divided into two parts according to the temperature:
metallic glass deforms inhomogeneously below the glass tr
tion temperature through localized shear band formation[9–12].
Meanwhile, so-called superplasticity is achieved by heatin
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Fig. 1. Layout of modified kinetic spraying system.

Table 1
Process parameters

Designation Gas Process gas Carrier gas temperature Parameter held constant

Pressure (MPa) Temperature (◦C)

NL Nitrogen 2.9 600 RT
Spray distance: 30 mm; feeding rate:
4 rpm(36 g min−1); gun travel rate: 0.01 m s−1

NH 550◦C
HL Helium RT
HH 550◦C

bulk metallic glass within the supercooled liquid region where
the viscosity is markedly lower. Generally, the sudden decrease
of the flow stress is observed at temperatures of about two-thirds
of the melting point. From the viewpoint of impact engineering,
heat is generated by friction and deformation during impact and
is dissipated by thermal conduction. Accordingly, the heat bal-
ance achieved by the heat generation rate and the dissipation rate
affects the thermomechanical properties of impacting particles.
When the strain rate is high, as generated during kinetic spraying,
the heat is adiabatically generated and reduces the flow stress for
deformation, which is known as adiabatic shearing[13]. In order
to facilitate the transition to adiabatic shearing, the kinetic spray-
ing system was modified as shown inFig. 1. For the conventional
kinetic spraying system, the working gas is fed into a gas con-
trol unit and is separately supplied as process gas and powder
carrier gas. In order to increase the gas velocity, the process gas
is generally heated, but the powder carrier gas is generally not
heated. In this situation, the injected particles can be heated dur-
ing the limited time they reside within the nozzle. On the other
hand, it can be expected that the in-flight particle temperature
will be much higher when an additional heating system is used
as shown inFig. 1. In this study, the bulk metallic glass particle
deposition behavior and the coating formation were investigated
from both the kinetic energy and thermal energy viewpoints. To
do this, working gas species and additional heating were chosen
for the process parameters as shown inTable 1.

2

red
u ,

the as-atomized particles were sieved to obtain a feedstock
with particle sizes below 45�m (−45�m + 5�m). Phase, size,
morphology, and thermal properties of the feedstock were inves-
tigated using X-ray diffractometry, laser scattering, scanning
electron microscopy, and differential scanning calorimetry (SDT
Q 600), respectively. For the differential scanning calorime-
try, particles were heated at a rate of 0.167 K s−1 within an
inert argon gas environment. Mild steel substrates were finely
polished for enhancing individual particle deposition but grit-
blasted for coating formation. The size of the substrate was
50 mm× 70 mm. Process parameters are listed inTable 1. Other
parameters were kept constant except for the process gas species
and the powder carrier gas temperature. Powder feed rate was as
low as possible (<5 g min−1) for individual particle deposition
studies, but was increased to 9 g min−1 for coating formation.
In-flight particle velocity was measured by SprayWatch (which
was manufactured by Oseir Ltd., Finland). A high speed cam-
era (SprayWatch camera unit) was used to monitor the spray-
ing processes. A laser device (HiWatch laser unit) was used
for particle illumination. These two units were connected to
a personal computer, which was used for system controlling,
calculation, and display. The SprayWatch system mounting is
shown inFig. 2. The effective size of the measured region was
20 mm× 20 mm× 1 mm. The center of the measured region was
30 mm from the nozzle exit in the axes direction. A multi-pulse
imaging technology was used in this system. During one expo-
s itted
( , as
s the
i nce
m -
. Experimental work

NiTiZrSiSn bulk metallic glass feedstock was manufactu
sing an inert gas atomization method[11]. Before spraying
ure of the camera, three or more laser pulses were em
Fig. 3a). Then, the particle’s stretch image was obtained
hown inFig. 3b. The particle velocity was calculated from
nterval time of laser emission and the particle flying dista

easured from the image, as shown inFig. 3c. Splat morphol
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Fig. 2. Mounting of the SprayWatch system.

ogy was observed using a scanning electron microscope (JSW-
6300) with an energy-dispersive spectrometer. Cross-sectional
microstructures of the as-sprayed coatings were investigated
and porosity was measured using image analysis (Image-Pro
Plus 4.5). Phase composition of the overlays was also identified
by X-ray diffraction. To measure the bond strength of coat-
ing/substrate, the Stud Pull Coating Adherence Test was carrie
out using a Romulus Bond Strength Tester. The coating spec
imens were cut into 10 mm× 12 mm squares. Aluminum test
studs with a 2.70 mm diameter head and 12.5 mm length wer

attached on the coating surfaces, which were micro-polished
with 0.3�m alumina. The tests used a unique ultra-strong, non-
stressing, thermally curing epoxy bonding agent (with ultimate
strength higher than 85 MPa), which was already applied on the
face of the studs. The test stud assemblies were placed in an
oven and cured at 150◦C for 90 min. After a stud pull test, the
bond strength could be evaluated.

3. Results and discussion

3.1. Feedstock materials

Characteristics of the NiTiZrSiSn bulk metallic glass can
be seen inFig. 4. Spherical particles having a smooth surface
resulted from the gas atomization process. The particle sizes var-
ied from 5�m to 45�m, and the mean particle size was 25�m.
In the X-ray diffraction of the feedstock, a diffuse peak is shown
in Fig. 4c, a typical diffraction pattern for an amorphous material.
An endothermic heat flux corresponding to the glass transition
was observed at 546◦C [Tg: glass transition temperature] and
an exothermic one due to the onset of crystallization began at
597◦C [Tx: the onset point for the crystallization]. The super-
cooled liquid region [�T = Tx − Tg] was 51◦C.

3.2. Individual particle deposition
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Fig. 5shows individual particle deposition behavior on a m
teel substrate as a function of the working gas species and c
as temperature. The deposition of bulk metallic glass par
nto steel was regarded as that of a hard and elastic parti
soft and plastic substrate:Fig. 9a and b shows typical featur
f the bulk metallic glass particle and substrate combina
hen nitrogen was used as the process gas. It was diffic

ocate individual bulk metallic glass splats on the substrate.
ulk metallic glass particle (mainly small particles) was de
mbedded into the substrate by relaxing the impacting pa
nergy caused by the severe localized deformation of the
trate. In this case, the geometry between the impacting pa
nd the substrate seems to be a critical factor for splat form
nd was largely dependent on the impact velocity and pa
ize. On the other hand, the ratio of the splat to the crate
arkedly increased by changing the process gas to helium
as further increased by additional powder heating. Also, t
as a significant change in the deposition behavior. It was
ent that partial melting of bulk metallic glass occurred du

mpact (Fig. 5c and d) as indicated by the liquid jet at the in
ace between the bulk metallic glass splat and the substr
c) and mass flow on the crater in (d).

Fig. 6 shows the effects of carrier gas temperature on
mpact behavior of a bulk metallic glass particle on a previo
eposited splat. Particles without any additional heating e

ted severe fracture with notable shear bands [white arrow
he surface, as shown in (a) and (b). Adiabatic melting was
ent in the fractured particle as shown in the rectangular b
b); this was the bonding mechanism of the bulk metallic g
n this situation. It could be deduced that the pressure bui
n the impacting splat resulted in fracture before softening
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Fig. 4. Characteristics of the NiTiZrSiSn bulk metallic glass feedstock.

that the fracture caused melting, which is typical of the frac-
ture behavior of bulk metallic glass[14–16]. The melt seemed
to act as a binder for the deposition; however, severe deforma-
tion without any evidence of fracture was dominant for particles
that were deposited using additional heating. In this case, adia-
batic heat generation and softening occurred before the pressure

reached the fracture strength because of the increased initial par-
ticle temperature at the moment of impact.

Three phenomena occurred when a particle with high kinetic
energy impacted on a substrate, as shown inFig. 7. Part A shows
low (or no) deformation due to low stress during impact. The
shear bands and fracture shown in part B were caused by high

subs
Fig. 5. Characteristic features of a splat on a mild steel
 trate according to the process gas species and additional heating.
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Fig. 6. Characteristic features of a splat deposition onto a splat according to the process gas condition.

hardness and elastic modulus due to high stress during impact.
The activation of the shear bands was direct evidence of plas-
ticity during high stress deformation of the bulk metallic glass
[17,18]. The shear band angle of the impacted particle on the
substrate was close to 48◦, as shown inFig. 7, which was sig-
nificantly different from 45◦ for metals that normally occur in a
bulk metallic glass[15]. Part C shows the interface melting and
viscous flow caused by adiabatic heating during impact.

Heat was generated due to the energy conversion process at
the moment of particle impact, and the heat accumulation rate
at the impacting interface was affected by heat generation and
dissipation rates. In the case of bulk metallic glass, the ther-
mal conductivity is generally low enough to be compatible with
ceramic materials[19]. Therefore, heat generation is localized.

When the thermal softening rate was higher than the stress
accumulation rate, a sudden transition of the deformation

ehav
Fig. 7. Deposition b
 ior of BMG particles.
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behavior from inhomogeneous deformation to homogeneous
deformation was expected. Therefore, plastic deformation
between impacting particles and splats resulted in intimate con-
tact. On the other hand, the stress accumulation rate was so
rapid that fracture occurred before deformation when the stress
accumulation rate was faster than the thermal softening rate.
Many factors affect both the thermal softening rate and stress
accumulation rate, including the kinetic energy of the impacting
particles, pre-existing defects in the splat, and the temperature
of both impacting particle and splat.

3.3. Deposition characteristics

Characteristic features of splat morphology of the kinetic
sprayed NiTiZrSiSn bulk metallic glass coatings were inves-
tigated. In the thermal spraying process, flattening and rapid
solidification due to in-pressure and heat transfer at the moment
of impact result in mechanical bonding between splats and sub-
strate and between splats. Deposition behavior is, however, quite
different in kinetic spraying, because the particles are deposited
in the solid-state. In general, severe deformation following the
removal of oxide film from the surfaces of impacting parti-
cles results in intimate contact with or without melting (as in
explosive welding). Therefore, plastic deformation is a key char-
acteristic of kinetic spraying.

iZr-
S mea-
s rmal
l kers
m pera-
t n
i po-

Fig. 8. Variation of Vickers microhardness as a function of indentation temper-
ature.

sition if the particle temperature was increased to near the glass
transition temperature at the impacting point.

Coating was overlaid at each process parameter; the cross-
sectional morphology is shown inFig. 9. As can be expected
from the individual particle deposition studies, no overlay was
obtained when using nitrogen as the working gas. When using
helium, the coating thickness was considered to be an indica-
tor of the deposition efficiency, other process parameters being
constant. When the carrier gas was heated, not only the coat-
ing thickness but also the density was increased, as shown in
Figs. 9 and 10. There was no marked difference between the
phase composition and thermal properties of the feedstock mate-
rial and coatings. Therefore, it was hypothesized that both the
cooling rate of the molten liquid formed during resolidification
and the thermal cycle for the solid-state part of the impacting
bulk metallic glass particles in the kinetic spraying process were

yed N
In order to verify the thermomechanical properties of NiT
iSn bulk metallic glass, the Vickers microhardness was
ured as a function of indentation temperature using a no
oad of 400 g of as-sprayed bulk metallic glass coating. Vic

icrohardness decreased with increasing indentation tem
ure and a sharp decrease was observed about 450◦C, as show
n Fig. 8. Consequently, plasticity could be realized during de

Fig. 9. Microstructures of as-spra
 iTiZrSiSn bulk metallic glass coatings.
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Fig. 10. Characteristics of as-sprayed NiTiZrSiSn coatings.

Fig. 11. In-flight NiTiZrSiSn particle velocity.
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faster than the critical thermal cycles for crystallization during
solidification and reheating. Increases in the Vickers microhard-
ness (Fig. 10c) and bond strength (Fig. 10d) of the coating
implied enhanced bonding between splats because the defective
microstructures, such as pore and splat boundaries, deteriorate
them. These behaviors were consistent with individual particle
deposition behavior.

In order to clarify the effects of the process gas species and
additional heating on the deposition of bulk metallic glass parti-
cles in kinetic spraying, in-flight particle velocity was measured
using a SprayWatch at a spraying distance of 30 mm. As shown
in Fig. 11, the overall particle velocities were markedly increased
by changing the process gas from nitrogen to helium. In addi-
tion, the effect of the additional heating of the carrier gas on the
particle velocity was negligible though slight data scattering and
flattening are observed.

Considering the particle velocity, splat morphology, and coat-
ing microstructure, bulk metallic glass particle deposition was
primarily dependent on the particle kinetic energy at the impact
velocity. Furthermore, the thermal energy resulting from the
additional heating helped create intimate contact between parti-
cles and splat. It was suggested that the deposition of the elastic
bulk metallic glass is determined by the adiabatic heat gener-
ation and resulting viscous flow, and the partial melting at the
impacting interface following adiabatic shearing on impact.
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Denser coatings were due to the enhancement of the viscous flow
of impacting particles, which was enabled by adiabatic shearing
when additional heating was applied.
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