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ABSTRACT

Metallic glasses, especially those based on zirconium have garnered significant attention due to their unique amor-
phous structure, offering a combination of high strength, corrosion resistance, and unique wear properties. The
cold spray process, a solid-state coating deposition method, has emerged as a promising technique for applying
metallic glass coatings, preserving the amorphous structure. The presented studies aimed to analyze the micro-
structure and mechanical properties of a cold sprayed Zr-based amorphous powder. The coating was sprayed using
the Impact Innovations 5/8 system with the robot Fanuc M-20iA at Kielce University of Technology. The feed-
stock used for this study was commercial AMZ-4 powder. The high kinetic energy of feedstock particles and their
morphology caused significant deformation, and particular splats strongly adhered to the substrate and each other.
Throughout the cross-section, the coating was homogenous and exhibited negligible porosity. On the other hand,
histograms and probability distributions of the hardness and Young’s modulus of cold sprayed coating showed
significant differences. X-ray diffraction analysis indicated that the deposited coating had the same amorphous
structure as the feedstock.

Keywords: cold spraying, amorphous coating, microstructure, mechanical properties.

INTRODUCTION

The development of coatings with significant-
ly better properties has always been associated
with research on new materials and new surface
engineering technologies, which has allowed for
their more effective application. Metallic glasses,
in comparison with traditional materials, possess
a number of properties that make them very inter-
esting for new applications in various industries.
These unique properties include, among others;
high wear and corrosion resistance, high hard-
ness, and elastic modulus. These properties result

from the short-ordered structure, in contrast to the
classical crystalline structure of commonly used
metals and alloys. It is precisely the absence of
grain boundaries, which cause reduced properties
of crystalline materials, that is the reason for their
significantly better wear and corrosion resistance
[1-3]. Their production involves a rapid cooling
process (> 10 K/s), preventing an ordered crys-
talline structure formation. Such a process can
be carried out but only for very small volumes
of material due to the possibility of very rapid
heat dissipation so as not to allow its crystalliza-
tion. Therefore, amorphous materials are often
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produced in the form of powders, tapes or wires,
significantly limiting their application possibili-
ties. Another problem is the limited plasticity
of metallic glasses, resulting from their special
atomic structure. Therefore, no slip bands occur
in the case of deformations as in crystalline ma-
terials. As a result, this leads to the formation of
brittle cracks at a much lower stress level than in
the case of traditional materials. Therefore, pro-
cesses that would allow coatings deposition di-
rectly onto machine parts while preserving their
amorphous structure and assumed dimensions are
particularly interesting. This would eliminate the
need for additional plastic deformation [4—6].
New possibilities in the deposition of amor-
phous coatings have been created by the break-
through cold gas spraying process, developed in
the 1980s. The cold spray process was originally
developed in the mid-1980s at the Institute of
Theoretical and Applied Mechanics of the Rus-
sian Academy of Science in Novosibirsk by Prof.
Anatolij Papyrin and his colleagues [7, §]. In this
process, metal powder of relatively small parti-
cles (1-50 um in diameter) is applied to deposit
a coating. Powder particles are injected into a
high-velocity gas stream (300—1200 m/s) and ac-
celerated towards the substrate (Figure 1a). Upon
impact, the particles in the solid state (opposite to
other thermal spray processes where particles are
plastic or molten after heating) deform to form a
splat and create a bond with the substrate. Subse-
quent new particles impact the substrate and form
bonds with previously sprayed and deformed par-
ticles. This process occurs after the powder parti-
cles exceed the critical velocity v_. The degree of

particle deformation is very high because of the
very high speed of the powder particles, despite
the lack of heating. As a result, a uniform coat-
ing with a small number of pores and very high
adhesion and cohesion is formed. The cold gas
spraying process and the coatings obtained have
several advantages, including: phase composition
stability, high density, low oxide content, low re-
sidual stresses, high deposition rate, minimal sub-
strate heating, preservation of the nanocrystalline
structure of sprayed nanomaterials, high hardness
compared to traditional coatings [10—12]. Coat-
ings can be deposited using low-pressure systems
operating at pressure of 0.6—1.0 MPa and tem-
peratures of up to 550 °C [13], as well as high-
pressure systems at 5 MPa and 1100 °C, respec-
tively (Figure 1b). High-pressure systems (Fig.
1b) allow for the use of a wider range of powders,
and the coatings have significantly better proper-
ties [14—17]. This process also allows for the use
of amorphous powders. Metallic glasses can be
produced in this process because the temperature
of amorphous powders does not exceed the glass
transition temperature, which allows for super-
plastic deformation ability and maintenance of
the amorphous structure of the feedstock. Other
thermal spray technologies (plasma, HVOF) do
not ensure compete preservation of the amor-
phous structure because crystalline phases ap-
pear in the coatings [18, 19]. There are studies on
the properties of cold sprayed iron-, aluminum-,
nickel-, and copper-based amorphous coatings in
the literature [20—23]. Some works are devoted to
using amorphous Zr-based AMZ4 powder for la-
ser additive manufacturing bulk metallic glasses

Powder feeder

Gas —x
1.5-3.5 MPa

Gas heater,
373-873K

Substrate

Laval type nozzle

Figure 1. Cold spray: (a) schematic [9], (b) Impact Innovations 5/8 high-pressure system
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[24-27]. However, there is very little research in
on the properties of Zr-based cold sprayed coat-
ings, especially dedicated to the possibilities of
using amorphous AMZ4 powder in this process.

MATERIALS AND METHODS

Commercial amorphous powder AMZ4
(Zr, Cu, Al Nb ., at%) was applied as
feedstock in this study (Heracus AMLOY Tech-
nologies GmbH). Crystallization temperature
of powder was 472.2 °C [28]. The particle size
distribution of this powder was tested with a HE-
LOS H2398 laser diffractometer from Sympatec
GmbH. Cold spray process was performed with
an Impact Innovations 5/8 System in cooperation
with a Fanuc M-20iA robot. Gas mixture 50% ni-
trogen and 50% helium was used as the process
gas to deposit amorphous coating. The maximum
system parameters including temperature 800 °C
and pressure 3.5 MPa were applied to ensure the
maximum velocity and temperature of the amor-
phous powder grains. The coating was deposited
with a stand of distance onto a 1H18NOIT steel
with dimensions of 400 % 30 x 5 mm. The nozzle
traverse speed was 400 mm/s, and the deposition
step size was 2 mm. To obtain the appropriate
thickness of coating two layers were deposited on
sample. The deposition process involved cooling
the specimens and keeping them at a temperature
of below 80 °C (Testo Quicktemp 850-2 laser
thermometer). The substrate preparation before
the cold spraying process includes degreasing and
sandblasting with EB14 electro corundum under
0.5 MPa air pressure. For metallographic studies
a sample of the deposited coating was cut using
an “ISOMET - low-speed saw” (BUEHLER)
equipped with a diamond blade. Next, the AMZ4
powder and coating samples were embedded in
resin and then polished with increasingly fine,
i.e. 3 um, 1 um and 0.25 pm, diamond suspen-
sions on a “LaboPol — 5” (STRUERS) polishing
machine. A SEM microscope Jeol JSM-7100F
and Jeol JSM 5400 equipped with an ISIS 300
Oxford (EDS) microprobe for chemical compo-
sition analysis were used to analyse the micro-
structure of the powder and the deposited coat-
ing. The coating porosity was determined through
image analysis according to ASTM-E2109. The
phase composition of the powder and as-sprayed
deposit was studied using a Bruker D8 Discover
diffractometer, while that of the powder feedstock

using a Philips X’Pert PW 1710 diffractometer
equipped with the Diffrac. EVA V3.0 and High-
Score Plus 4.8 software with the ICDD PDF-4+
crystallographic database. Co-Koa radiation (A =
1.78897 A) was used in both cases. The microme-
chanical tests have been carried out on polished
cross-sections of the deposited coating by means
of a Nanovea tester with a Berkovich indenter
(the Olivier and Pharr methodology), 20 mN ap-
plied load and 50 mN/min loading rate. Forty nine
measurements were made on each cross-section
of the cold sprayed amorphous coating. The hard-
ness (HV0.3) of the coating was measured using
the Innovatest Nexus 4000 tester (Innovatest,
Maastricht, Netherlands). Five readings were car-
ried out for each coating. The morphology of the
as-sprayed coating was analyzed using a Talysurf
CCI-Lite non-contact 3D profiler.

AMZ4 amorphous powder

AMZ4 amorphous powder was used in the
cold spray process to deposit the coating. From
Figure 2a, it can be seen that the particles are
spherically and irregularly shaped, which is
characteristic of the high-pressure inert gas at-
omization process. Most of grains have a smooth
surface, but the surface of larger grains has ir-
regularities resulting from insufficient atomisa-
tion (Figure 2c). Very fine satellite particles are
also visible, most of which are attached to larger
grains. Their presence reduces the flowability of
the powder and adversely affects the microstruc-
ture of the sprayed coating. The cross-section of
the powder grains does not reveal any pores and
inclusions (Figure 2b, d). Based on the analysis of
the distribution of elements in the powder grains
(Figure 3a), it can be concluded that all alloy
components are evenly distributed and there is no
presence of their oxides. The results of EDS point
analysis of the chemical composition of the pow-
der grains (Figure 3b) revealed that they differed
from that declared by the manufacturer (Table 1).
In the case of main components, i.e. Zr and Cu,
the difference are small, but atomic share of Al
is 11% lower and the share of Nb is 76% higher.

There is a very large variation in the size of the
powder grains, which adversely affects the micro-
structure and properties of cold sprayed coatings.
As can be seen in Figure 4, their range is 5-90 pm
with parameters d10 = 12.8 pm, d50 = 26.9 pum
and d90 = 63.2 um. The grain size range is much
larger than the manufacturer’s [25]. Such a wide
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e

Figure 2. Microstructure of the AMZ4 powder; (a) grain morphology, (b) grain cross-section,
(c) morphology of single grain, (d) cross-section of single grain

Figure 3. AMZ4 powder grains: (a) distribution of elements, (b) EDS point analysis measurement locations

range of grain sizes can be used in laser processes
[26, 27, 29] but in the case of cold gas spraying
it should be narrowed down to smaller sizes e.g.
15-30 pum. Figure 5 presents the X-ray diffraction
pattern recorded for AMZ4 powder with halo peak
which indicates its amorphous structure.
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Microstructure of cold sprayed AMZ4 coating

Figure 6a presents the microstructure of the
cold sprayed amorphous AMZ4 coating. The
thickness of the sprayed coating was 493 & 34 um.
There are almost invisible boundaries between
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Table 1. Results of powder grains EDS point analysis, at.%

Spectrum label Zr Cu Al Nb Total
11 59.64 28.56 9.44 2.35 100.00
13 59.11 29.25 8.97 2.68 100.00
12 58.92 29.13 9.17 2.77 100.00
14 58.32 29.71 9.33 2.64 100.00
15 58.64 29.39 9.33 2.64 100.00
18 58.91 29.04 9.35 2.70 100.00
17 58.37 29.53 9.36 2.75 100.00
16 59.13 29.07 9.25 2.55 100.00
19 58.74 29.30 9.18 2.79 100.00
110 58.42 29.89 9.12 2.58 100.00
Average value 58.82 + 0.39 29.29+0.26 9.25+0.13 264 +£0.12 100.00
T T T T 10.0
100.04 X,, = 12.8 ym M SO

X 1%, =26.9 um & qf 8.0

® 80.04x, =632pum 74 i(o\'

2 1 [ 6.0 i

o J .

3 60.0- ¢4 5

5 s 45 i B

D 40.0- [ 44 © 3

o b \ o

= : T & E

g iR 5

S 200+ 4 4 3{ 20

= £f %

3 —_
O 0.0 s QJ&?zxmmzr:,v.xzz:c;: 0.0
T T T T
0.1 1 10 100 1000

Grain size (Um)

Figure 4. Particle size distribution of AMZ4 powder

2 Theta, degrees
Figure 5. X-ray diffraction of AMZ4 powder

the lamellas (Fig. 6b, c¢). The sprayed amorphous
particles formed a very dense coating, and the de-

is the remains of alumina grains used in the grit-
blasting process. The small number of pores that

formed particles strongly adhered to the substrate
(Fig. 6d). The black phase visible on the interface

are visible close to the surface of the coating is
the result of the lack of compaction of the coating
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by subsequently impacting powder grains (Fig.
6a, b). Porosity of deposited coating was 0.8 %.
A cross-section of the AMZ4 coating after
etching shows its more detailed microstructure
(Figure 7). Upon impact onto the surface, most
particles, even very large ones (white arrow), ex-
perienced significant plastic deformation and flat-
tening and, as lamellae, constitute a basic element
of the coating microstructure. However, there are
also a few particles visible there that, despite their
small size, have not been deformed and have re-
tained a spherical or almost spherical shape (red
arrows). The different lamella morphology is di-
rectly related to the velocity and temperature of

c)»

50 pm

the grain when it hits the substrate. This is also in-
fluenced by the grain size, the properties and mor-
phology of the substrate [30, 31]. Furthermore,
this variation in the behaviour of the impact grains
causes the formation of pores, which are an inher-
ent element of all thermally sprayed coatings. The
pores between the strongly deformed lamellae are
clearly visible (yellow arrows). Depending on
these factors, metallurgical bonds (white arrows)
or nanogaps (red arrows) are formed between the
lamellae (Fig. 7b). Although the AMZ4 coating
microstructure is typical for those obtained by cold
spray process, as for standard metal powders hav-
ing a crystalline structure, the coating formation

d)

Figure 6. Cross-section of AMZ4 coating; (a) microstructure, (b) upper part, (c) middle part,
(d) interface coating-substrate

Figure 7. Cross-section of etched AMZ4 coating; (a) microstructure, (b) interface coating-substrate
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mechanism in the case of amorphous feedstock is
different. In the first case, bonding of particles to
a substrate and then next to the deposited layer is
related to the adiabatic shear instability process
that occurs under the condition of extremely high
plastic deformation rate when the grain hits the
substrate [10, 11, 16]. However, such a coating
construction mechanism cannot occur in the case
of amorphous powders. In this case, the deposi-
tion behaviour of amorphous grains is governed
by viscous flow and melting at the interface sup-
ported by adiabatic heat generation. The viscosity
and velocity of particles at the moment of impact
directly on this process. As a result, metallurgical
bonding is created [1, 4, 32]. Depending on the
course of this process, nanocrystallization in this
area may occur [33].

Based on the analysis of the coating-substrate
interface, it can be concluded that there are no
metallurgical bonds between AMZ4 lamellae and
1H18NOIT steel substrate. The gap is much larger
than in the case of direct contact between lamel-
las. It can be assumed that the adhesion of the
AMZ4 coating is solely the result of the anchor-
ing of the lamellas in the roughness of the grit-
blasted steel substrate (Figure 7b).

Figure 8a presents the EDS mapping of cold
sprayed AMZ4 coating. The distribution of ele-
ments is uniform, and there is no segregation of
them. There is also no evidence that the powder

grains were oxidized during the cold spray. This
conclusion was further confirmed by EDS point
analysis (Figure 8b). All elements are evenly dis-
tributed over the entire thickness of the deposited
coating. Moreover, there was no change in their
share to the content in the sprayed powder (Tab. 2).

The surface of cold sprayed AMZ4 coating
is presented in Fig. 9. SEM examinations of the
surface showed that the internal structure of the
powder grains has a considerable effect on the
obtained surface microstructure. The degree of
plastic deformation depends on the grain size.
Grains of a size not exceeding 10 pm in diam-
eter did not acquire sufficient velocity, i.e. they
did not exceed the critical velocity v, and were
jammed in the unevenness of the coating surface
or bounced off (Figure 9a, b, c¢). Traces of the
remnants of the reflected grains are visible in the
form of “vein patterns” (Figure 9¢). Such a case
of metallurgical bonding residue was also report-
ed by Fan et al. [33] for a crater left by a single
grain of amorphous Zr-based alloy on a polished
aluminium substrate. Cracked lamellae are also
visible (Figure 9b, d); the energy during impact
was too low for a viscous fluid. Inhomogeneous
deformation typical for metallic glasses occurred,
causing shear cracks. Strongly deformed grains
of AMZ4 powder are well seen at higher magnifi-
cation with shear bands and shear cracks (Figure
9d). These thin lamellae are proof for the viscous

Figure 8. AMZ4 cold spray coating: (a) distribution of elements, (b) EDS point analysis measurement locations
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Table 2. Results of AMZ4 cold spray coating EDS point analysis, at.%

Spectrum label Zr Cu Al Nb Total
11 58.61 29.48 9.24 2.67 100.00
12 57.32 31.52 8.34 2.82 100.00
13 58.82 29.23 9.21 2.74 100.00
14 58.84 29.05 9.48 2.63 100.00
15 58.81 29.03 9.46 2.69 100.00
16 59.47 28.17 9.90 2.46 100.00
Average value 58.65 + 0.65 29.41+1.02 9.27 £ 0.47 2.67 £0.11 100.00

fluid or melting fluid and homogenous deforma-
tion of amorphous particles if energy of impact
with the ground is appropriate (Fig. 9¢c, d) [23].
Their deformation during impact on the substrate
eliminates or significantly reduces the voids in
the coating and reduces its porosity. The regular
shape of the grains produces well seen pores be-
tween the deformed particles indicating a negli-
gible porosity of coatings.

Figure 10 shows the X-ray pattern of the de-
posited AMZ4 coating. There are no sharp peaks
indicating the presence of crystalline phases simi-
larly as in the case with sprayed AMZ4 powder
(Fig. 5). This proves that in the cold spray process
it is possible to completely preserve the amor-
phous structure of the AMZ powder grains in the
coating. This is a unique advantage of cold spray
process. It is usually impossible to completely

3
X R N Gain mf\'\em ot
= W r A VisEouS fluid

N e :
- . : and'melting

vein pattern
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‘wsu)ugﬂui(l
and ghelting

s

maintain the initial structure possible when using
laser techniques to obtain bulk metallic glasses in
additive manufacturing processes [25-27].

Surface topography of cold sprayed AMZ4
coating

Figure 11 presents surface topography, depth
histogram and bearing curve for the AMZ4 cold
sprayed coating. There is significant variation in
the surface topography resulting from the deposi-
tion process and the varying degrees of deforma-
tion of the powder grains (Fig. 11a). The surface
topography picture is consistent with Fig. 6b and
Fig. 9c, where significant unevenness of amor-
phous coating is visible. This is the result of jam-
ming of undeformed amorphous grains with di-
ameters up to 10 pm on the coating surface, which

viscous flEs

and meltigrey™ 4 1
L i’;;y(mks
e

Figure 9. Morphology of surface AMZ4 coating; (a) mag. 200x, (b) mag. 500x, (c) mag. 5000x, (d) mag. 5000x

80



Advances in Science and Technology Research Journal 2024, 18(8), 73—-85

Counts

2 Theta, degrees

Figure 10. X-ray diffraction of AMZ4 coating

are also visible in the coating microstructure (Fig.
6a). Larger grains are significantly deformed and
did not cause an increase in the unevenness of
coating surface. These observations are consis-
tent with depth histogram and bearing curve for
AMZ4 coating (Figure 11b). Height parameters
of surface were calculated using all the measure-
ment data from the optically scanned surface area,
according to ISO 25178 (Table 3). The arithme-
tic mean of the height (Sa) describing the height
changes for the cold sprayed AMZ4 coatings and
root mean square surface height (Sq) are in the

m
3 %

lower range of values for cold sprayed coatings
[34-36]. The skewness parameter Ssk is positive,
which indicates the concentration of material near
the profile top and is higher than for the compared
cold gas sprayed coatings (Table 3). Similarly, in
the case of a much higher value of kurtosis Sku
which is the result of the presence of grooves in
the profile of the surface, which are remnants of
undeformed grains and coatings porosity. The
maximum peak height Sp values are different for
the analysed coatings. The other topography pa-
rameters, such as the maximum valley depth Sv

b) 0 20 40 60 80
0 1 1 1 1 1 1 1 1

9.16
18.32
27.48 ]
36.64 |
45.81 ,

54.97 I
64.13
73.29 I
82.45
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—
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Figure 11. AMZ4 cold sprayed coating: (a) surface topography, (b) depth histogram with bearing curve

Table 3. Parameters of cold sprayed coatings surface according to ISO 25178

Heigh parameters
Coating
Sa (um) Sq (um) Ssk Sku Sp (um) Sv (um) Sz (um)
AMZ4 8.57 11.05 0.65 4.08 58.25 33.36 91.61
Ni [34] 12.3 15.3 0.08 2.74 51.5 58.5 110
Cr,C,-25(Ni20Cr) [35] 10.2 12.8 -0.31 3.2 43.0 69.4 112.4
Ni20Cr [36] 10.04 12.73 -0.07 3.23 59.20 73.37 131.57

Note: Sa — arithmetic mean height, Sq — root mean squared height, Ssk — skewness, Sku — kurtosis, Sp — maximum
peak height, Sv — maximum valley depth, Sz — maximum height.
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Figure 12. Hardness distribution of AMZ4 coating

and the maximum height, are lower compared to
cold sprayed coatings [34-36].

Hardness of cold sprayed AMZ4 coating

The Vickers microhardness variation in the
amorphous AMZ4 coating deposited by cold
spraying as a function of the distance from the
interface to the surface are shown in Figure 12.
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An increase in Vickers microhardness is vis-
ible in the TH18NOIT steel substrate near the in-
terface. The microhardness of the substrate is 221
HVO0.3, and at the interface, it increases to 263
HVO0.3. The increase in microhardness is due to
two factors related to the preparation of the sub-
strate and the spraying process. The first factor is
the grit-blasting operation before spraying, which
causes the work hardening at the substrate surface.
The next one concerns the impact of high-speed
powder grains on the substrate. This interaction
of powder grains generates additional plastic de-
formation of the substrate and work hardening,
which increases microhardness by about 20%.
Near the interface the microhardness of amor-
phous coating is 414 HV0.3 and at its surface 439
HVO0.3. There is a clear drop in microhardness to
373 HVO0.3 at 100 um from the surface, which is
related to the porosity of the coating at the mea-
surement points (significant standard deviation).

The nanohardness and elastic modulus maps
(Fig. 13a, ¢) with histograms (Fig. 13b, d) for
AMZA4 coating are presented in Fig. 13. A square
grid for nanoindentation tests on the cross-sections
of the coating was applied. As a result of measure-
ments, values of 6.25 +£0.39 GPa and 100.18 + 7.58

2 54 56 58 6.0 6.2 6.4 6.6 6.8 7.0 7.2 7.4

Hardness (GPa)

8— YZ

(o)

(@]

4

2,

P N

70 80 9 100 110 120 130
Elastic Modulus (GPa)

Figure 13. Distribution of the mechanical properties for AMZ4 coating; (a) hardness map, (b) hardness
histogram, (c) elastic modulus map, (d) elastic modulus histogram
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GPa were obtained, respectively. The level of the
obtained values is comparable to that of an amor-
phous alloy of similar composition (Zr Al Ni-
,Cu, ) obtained by the arc melting, 6.2 = 0.1 GPa
and 114.5 + 2 GPa, respectively [37]. Based on the
analysis of the maps obtained, it can be concluded
that there are significant differences in both me-
chanical properties of cold sprayed AMZ4 coating
in micro areas. Local changes of these values re-
sult from different degrees of deformation of pow-
der grains when they hit the substrate. The coating
microstructure is composed of lamellae of different
thicknesses and undeformed grains that are stuck
together in the coating. The form of bonding be-
tween them and the presence of pores are also im-
portant. Moreover, the shot peening effect (particles
rebounding off the surface) strengthens the coating
microstructure. All these factors cause significant
variations in the mechanical properties of the amor-
phous coating during the nanoindentation test.

CONCLUSIONS

The following conclusions can be drawn
based on the microstructure analysis and mechan-
ical properties tests of cold sprayed amorphous
coatings. The cold spraying process enables the
deposition of amorphous coatings with a uniform
distribution of elements through the volume. The
use of powder without fine grain fractions should
allow for obtaining a more uniform microstruc-
ture of the amorphous coating and improve its
mechanical properties.

The cold sprayed coating retained the com-
plete amorphous structure of the powder used.
No new phases or oxides were detected. Most of
height parameters of AMZ4 coating surface were
lower compared to cold sprayed coatings but pa-
rameters Ssk and Sku revealed higher values.

The microhardness of the cold sprayed amor-
phous coating was almost twice as high as that
of TH18NOT steel. The nanohardness and elastic
modulus of the coating are comparable to that
of an amorphous alloy of similar composition
(Zr Al NiCu, ) obtained by the arc melting.
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