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This paper describes recent efforts to synthesize iron-base amorphous alloys coatings using cold gas dynamic
spraying. Characterization of the gas-atomized iron-base (Fe-Cr-Mo-W-C-Mn-Si-Zr-B) powder shows that
the powder is fully amorphous when the particle diameter is below 20 µm. The coatings produced were
composed of the same microstructure as the one observed in the feedstock powder. The overall deformation
suggests the occurrence of a localized deformation process at the particle/particle boundary and a possible
adiabatic deformation softening inside the powder particles during splat formation. The synthesis of fully
amorphous, porous-free coatings using cold gas dynamic spraying was demonstrated in this work.
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1. Introduction

Cold gas dynamic spraying, or simply cold spray (CS), is a
relatively new high-rate material deposition process. It uses a
supersonic gas flow in which fine powder particles are injected
and accelerated above a given critical velocity. Upon impact, the
solid particles having sufficient kinetic energy deform plasti-
cally and bond mechanically to the substrate to form a coating
(Ref 1-5). A wide variety of materials have been successfully
sprayed such as copper (Cu), conventional and nanocrystalline
aluminum (Al) alloys, conventional and nanocrystalline nickel
(Ni) alloys, WC-Co, zinc (Zn), and titanium (Ti) to name a few
(Ref 1-6). As opposed to other thermal spray processes, CS does
not involve any significant heating of the powder particles. Con-
sequently, the process temperature never reaches the sprayed
material melting temperature. This suggests that CS coatings are
produced solely as a result of intense local plastic deformation
(Ref 7-10), although some researchers have shown that local
melting is theoretically possible (Ref 11). Consequently, CS is
referred to in the literature as a solid-state process.

Given the absence of significant heating and its resulting
grain-growth mechanism and chemical changes, the CS process
has shown a significant potential for the production of coatings
having a microstructure as well as mechanical and chemical
properties similar to that of the original feedstock particles. As
such, it has been used to produce nanocrystalline coatings from

nanocrystalline feedstock (Ref 12-16). Consequently, and as
shown in this work, CS can possibly be used to produce amor-
phous coatings from an amorphous gas-atomized feedstock
powder.

There has been an increasing interest in producing iron-base
amorphous alloy coatings because of their attractive combina-
tions of engineering properties: high strength and hardness, im-
proved wear resistance, and superior corrosion resistance (Ref
17-19). In addition, the nanostructure in metallic coatings can be
developed by postprocessing the metallic amorphous coating
through a solid-state transformation (Ref 20). However, the for-
mation of an amorphous alloy structure is quite difficult and re-
quires high cooling rates, normally above 105 K/s to prevent
detectable crystallization (Ref 21). Recent interest in amorphous
iron (Fe) stems from the observation that certain compositions
will retain an amorphous microstructure, even under relatively
low cooling rates (Ref 20).

In the past decade, a series of new bulk amorphous alloys
with a multicomponent chemistry and high glass forming ability
(GFA) have been developed in zirconium-, magnesium-, lantha-
num-, palladium-, titanium-, and Fe-base systems with various
rapid solidification techniques (Ref 21-26). The discovery of
bulk amorphous alloys has opened up bright prospects for the
synthesis of thick amorphous alloy coatings.

Compared with other amorphous alloy systems, such as zir-
conium- and lead-base metallic glasses, the advantages of Fe-
base amorphous coatings are lower materials cost, higher
strength, and higher wear and corrosion resistance. The major
obstacle to Fe-base amorphous alloy production is their limited
GFA (Ref 17). It was reported that the addition of molybdenum
(Mo) increases the amorphous forming ability of carbon iron
alloys (Ref 27, 28), while the addition of Mo and tungsten (W) to
Fe-base alloy enhances the corrosion resistance of the amor-
phous alloys (Ref 29-31).

To explore the possibility of producing amorphous feedstock
powder from gas atomization that is suitable for thermal spray
processes, an exploratory study on the multicomponent Fe-base
alloy (Fe-Cr-Mo-W-C-Mn-Si-Zr-B) coating production by CS
was carried out in the present work. The novel Fe-base amor-
phous coating produced is believed to have a considerable po-

This article was originally published in Building on 100 Years of Suc-
cess, Proceedings of the 2006 International Thermal Spray Conference
(Seattle, WA), May 15-18, 2006, B.R. Marple, M.M. Hyland, Y.-Ch.
Lau, R.S. Lima, and J. Voyer, Ed., ASM International, Materials Park,
OH, 2006.

L. Ajdelsztajn, and E.J. Lavernia, Dept. of Chemical Engineering and
Materials Science, University of California, Davis; and B. Jodoin, P.
Richer and E. Sansoucy, Dept. of Mechanical Engineering, University
of Ottawa, Ottawa, Canada. Contact e-mail: jodoin@genie.uottawa.ca.

JTTEE5 15:495-500
DOI: 10.1361/105996306X146857
1059-9630/$19.00 © ASM International

Journal of Thermal Spray Technology Volume 15(4) December 2006—495

P
eer

R
eview

ed



tential for advanced engineering applications due to their advan-
tageous properties and limitless coating thickness since the
critical cooling rate is not an issue in the CS coating process.

2. Experimental Procedures

Iron-base (Fe-Cr-Mo-W-C-Mn-Si-Zr-B) feedstock powder
was prepared by gas-atomization (SHS727 powder, The
NanoSteel Company, Maitland, FL). The gas-atomized powder
was sieved using a 400-mesh sieve and sprayed onto grit-blasted
Al-6061 substrates using the CS coating system developed at the
University of Ottawa Cold Spray Laboratory. This system has
been used extensively to spray a variety of coatings (Ref 12-16).
It consists of a computer-controlled gas system, a commercial
Praxair 1264 powder feeder (Indianapolis, IN), a spray gun, and
a sealed-off spraying chamber, providing the possibility of re-
cycling the powder that has not adhered to the substrate. The
spray gun, a converging-diverging nozzle, allows the gas to
reach the supersonic velocities required by the process. Pressure
and temperature probes are incorporated throughout the system
to monitor the process parameters and stability. The nozzle inlet
pressure and temperature were respectively set at 1 MPa and
300 °C. The substrate holder is equipped with a one-axis travel
displacement system. The coating was obtained by moving the
substrate at a constant velocity in front of the jet exiting the
spraying gun. The spraying standoff distance used was 20 mm,
and a single passage of the substrate in front of the gun was used
to build up the coating on the substrate. A single passage was
used to minimize the processing time.

Particle velocities were measured with a laser in-flight diag-
nostic system, a DPV-CPS (Tecnar Automation Ltd., St-Bruno,
Québec, Canada). While a continuous laser illuminates a mea-
surement volume, a dual-slit photomask captures the signal gen-
erated by individual particles passing in front of the sensor. The
signal from the photosensor is amplified, filtered, and analyzed.
In-flight diagnostic of each individual particle that crosses the
measurement volume is performed by determining the time be-
tween the two peaks of the particle signal. Particle velocities are
then obtained by dividing the distance between the two slits by
their time of flight. In this study, the velocity measurements
were taken at a point 5 mm from the spraying gun exit.

Microstructural analysis of the gas-atomized feedstock pow-
der and coatings was conducted using scanning electron micros-
copy (SEM). X-ray diffraction (XRD) measurements were car-
ried out with a Scintag (Cupertino, CA) XDS-2000
diffractometer equipped with a graphite monochromator using
Cu K� radiation at 100 steps per degree and a count time of 5 s
per step. To investigate the mechanical properties of the coat-
ings, nanoindentation studies were conducted using a MTS (Oak
Ridge, TN) Nanoindenter XP (Berkovich indenter) on the cross
section of the sprayed coatings. Samples were prepared for na-
noindentation by mixing the coatings with a conductive molding
compound. The samples were then ground (1200 grit) and pol-
ished (6, 3, 1, 0.25 µm diamond slurry). The continuous stiffness
measurement (CSM) approach was used to determine the hard-
ness values from the nanoindentation tests (Ref 32). An inden-
tation depth of 500 nm was chosen in this study. Vickers micro-
hardness tests were also performed on the cross section of the

coatings using a load of 300 gf and a dwell time of 15 s with a
Buehler (Lake Bluff, IL) Micromet 2004 indenter. The reported
values are the average of 15 indentations for each sample.

3. Results and Discussion

3.1 Powder Characterization

The size distribution of the as-received Fe-base alloyed pow-
der produced by gas atomization is presented in Fig. 1 in a log
normal distribution as well as the cumulative size distribution.

It has been shown that the cooling rate or glass formation is a
strong function of the particle size (Ref 19). Consequently, it is
desired to produce a high fraction of fine powder particles from
the gas-atomization process. Figure 1 shows that the powder
particles with a diameter smaller than 38 µm constitute about
50% of the total volume.

Direct SEM observations of the atomized powder particles
show that most of the particles exhibit a spherical morphology
(Fig. 2a). The backscattered electron (BSE) image of the cross
section of the powder is shown in Fig. 2(b). In general, one can
observe, with few exceptions, that the powder particles under 20
µm in diameter show an undistinguished microstructure, indicat-
ing that no crystallization has occurred. However, primary crys-
tallization from the supercooling liquid occurred during solidi-
fication and is observable in larger particles. As the powder size
increases, the microstructure becomes coarser and new crystal-
line phases precipitate. This supports observations that the cool-
ing rate in gas atomization increases with decreasing of the pow-
der size. Featureless particles can be generally considered fully
amorphous, although an exhaustive determination typically re-
quires transmission electron microscopy analysis. The SEM ob-
servations suggest that the large particles are partially amor-
phous with XRD measurements revealing primary crystalline
�Fe while other precipitations appear in the amorphous matrix.

The formation of metallic amorphous powders produced by
gas atomization depends on the alloy composition and the atomi-
zation conditions. The present Fe-base alloy has a high GFA
(Ref 25). The mechanism for the large GFA can be interpreted in
structural, thermodynamic, and kinetic aspects. The base com-

Fig. 1 Size distribution of the as-received Fe-base alloy powder
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position in the present alloy is the Fe-Mn-Cr-B system (Ref 21),
which satisfies the three empirical rules proposed by Inoue et al.
(Ref 25): multicomponent alloy systems consisting of more than
three constituent elements, significantly different atomic size ra-
tios above approximately 13%, and suitable negative heats of
mixing among the constituent elements. The effective addition
of Mo, W, zirconium (Zr), carbon (C), and silicon (Si) causes the
sequential change in the atomic size, as well as the generation of
new atomic pairs with various negative heats of mixing. The
highly dense random packed structure was formed with low
atomic diffusivity in the supercooled liquid caused by the topo-
logical and chemical short-range order (Ref 33). The structural
studies indicated that the highly dense, randomly packed struc-
ture of the amorphous alloy results from large atomic size ratios
in the multicomponent system (Ref 22, 25). The nucleation and
growth of the crystalline phase can be suppressed in the super-
cooled liquid by inhibiting the long-distance diffusion and in-
creasing the melting viscosity. The structural features of the Fe-
base alloy make the nucleation and growth of crystalline phases
from the initially homogeneous supercooled liquid extremely
difficult, due to the extremely slow mobility of the constituents
in the high viscous supercooled liquid. It becomes difficult for
the nine elements of the alloy to simultaneously satisfy the com-
position and structural requirements of the crystalline com-
pounds. Therefore, the fine powder (higher cooling rates) en-
ables the formation of featureless amorphous powder. The same
is not true for the large particles where, even with a high GFA,
alloy precipitation of crystalline phases is still possible during
gas atomization.

Figure 3 presents the measured particle velocity distribution
during spraying, using the specified operating parameters. The
particle velocities range between 450 and 1000 m/s, with an av-
erage of 706 ± 105 m/s. The deposition efficiency was evaluated
at 85%, under the specified operating parameters. Examination
of Fig. 3 reveals that more than 86% of the particles were accel-

erated above 600 m/s, suggesting a critical velocity close to 600
m/s for this Fe-base alloy.

A validated numerical model developed for the CS process
was used to assess the effect of the particle size distribution on
the velocity distribution measured in this study. The model pre-
dicts the aerodynamic fields of the CS process by solving the
Reynolds-Averaged Navier-Stokes (RANS) equations with the
proper boundary conditions. The injected particles position and
velocity histories are predicted by solving Newton’s law of mo-
tion using an Eulerian-Lagrangian approach. More details on the
model and its validation can be found elsewhere (Ref 34). Table
1 presents the comparison of particle velocities 5 mm from the
exit of the spray gun used in this work as predicted by the nu-
merical model for typical particle size found in the sieved feed-
stock powder.

It was found that the range of particle velocities predicted by
the numerical model matches the range of particle velocities
measured experimentally. Furthermore, the model results re-
vealed that the smallest particles are the ones reaching the high-
est exit velocity; above 1000 m/s and that the largest particles
were the ones exiting the spray gun at the lower end of the ve-
locity range. Finally, the average velocity measured (706 m/s)
matches the velocity range of the average size particles predicted
by the model (657 to 800 m/s). The deviation between the ex-
perimental and model results are attributed to the particle energy
losses that are not considered in the model as experienced in
interparticle and wall-particle collisions.

3.2 Coating Characterization

Figure 4 shows a secondary electron image of a coating pro-
duced by CS with the gas-atomized powders. Limited or no po-
rosity is present in the coating, and no microcracks or defects can
be observed between particles, despite the high deposition rate
used (approximately 250 µm for a single passage of the gun).
The lack of defects and porosity at the particle/particle and par-
ticle/substrate interfaces suggests an adequate particle kinetic
energy during deposition that was able to generate particle ve-
locities above the alloy critical velocity and thus creating an in-
timate bonding at the interfaces (particle/particle and particle/
substrate).

It is also observed that the top surface of the coating is free of
cracks and porosity as opposed to previously reported CS coat-
ing microstructures in aluminum, nickel, and titanium alloys
(Ref 4, 5, 15). In these studies, the presence of cracks and po-
rosity at the top layer of the coating was attributed to the fact that

Fig. 2 SEM images showing (a) the morphology and (b) the cross
section of the atomized Fe-base alloy powder

Fig. 3 Measured particle velocity distribution during deposition
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for these materials, tamping of the deposited layers is required to
achieve dense coating and this tamping mechanism cannot occur
in the top layer. However, in the current study, the results sug-
gest that the densification of the coating was achieved without
the tamping effect. One can speculate that the particle impact
velocity was high enough to promote the adiabatic regimen cre-
ated during the impact. That can lead to thermal softening by
raising the temperature of the particles to values near the glass
transition temperature (Tg = 468 °C) of the amorphous alloys.
This would facilitate the plastic deformation and mechanical in-
terlocking of splats, each particle conformably shaping to the
previous layer producing a dense coating, and the localized adia-
batic shear instability at the particles boundaries helping the cre-
ation of intimate contact between clean surfaces promoting met-
allurgical bonding at the particle/particle surfaces and making it
possible to achieve very high densities in the coating.

Figures 5 and 6 show secondary and backscattered images of
the coating and the coating/substrate interface. The presence of
precipitates throughout the coating microstructure suggests that,
as with the gas-atomized powder, not all the particles were com-
pletely amorphous. This also indicates that no microstructural
changes are observed in the coating microstructure when com-
pared with the feedstock powder, where one can find amorphous
and crystalline phases depending on the particle size (cooling
rate dependent during solidification in the atomization step).
Figure 7 shows the XRD patterns for the powder and the cold
sprayed coating. The results corroborate the fact that no micro-
structural changes are observed in the material before and after
spray.

Figure 8 shows a high magnification of Fig. 6 where crystal-
line phases (bright phases) and amorphous regions (darker ar-
eas) are observed. Furthermore, undeformed spherical particles
embedded deep into the substrate are also observed. This could
be explained by the fact that the initial sprayed particles hit the
soft substrate. This provides a relatively soft impact to the hard

impinging particles, leading to an extensive substrate deforma-
tion and very limited particle deformation (hardness reported in
Table 2). The successive impact of hard particles depositing at
the surface eventually forms a hard layer where the rest of the
particles can severely deform upon impact due to their compat-
ible hardness values and form a dense coating.

3.3 Hardness Analysis

Figure 9 presents a microhardness Vickers indentation mark
(300 g) and some shear deformation on the edges of the inden-
tation mark as seen in bulk amorphous materials. It is also ob-
served that no interparticle cracks can be seen after the indenta-
tion, which is an important indication of the coating integrity
(strong particle/particle bonding). The microhardness value of
the coating is 639 ± 16 HV300g.

To explain the mechanical response of the amorphous and
crystalline material that constitutes the coating, nanoindentation
measurements were performed on splats of the sprayed coatings.
The results are summarized in Table 2, where one can note that
the powders with crystalline phases are approximately 1.5 times
harder than the fully amorphous ones and approximately 12
times harder than the substrate.

Table 1 Predicted particle velocities for different sizes 5
mm from the exit of the spray gun

Powder particle size, µm 10 20 30 40 50
Particle exit velocity, m/s 1090 800 657 571 513

Fig. 4 SEM cross-section of the coating produced with the atomized
Fe-base alloy powder

Fig. 5 Secondary electron image of the interface between the cold
sprayed coating and the aluminum substrate

Fig. 6 Backscattered electron image of Fig. 5. Light gray corresponds
to crystalline regions and dark gray corresponds to fully amorphous re-
gions.
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The nanoindentation results corroborate the observed phe-
nomenon (Fig. 8) where the very hard particles penetrate the
substrate without deforming themselves, and once a first layer is
formed the subsequent particle impacts have higher hardness
compatibility, allowing the severe deformation of both the im-
pacted and impacting particles.

4. Conclusions

Cold sprayed Fe-base amorphous alloy coatings were suc-
cessfully produced. The coatings showed a negligible porosity
and excellent interfaces with the substrate material. The micro-

structure of the feedstock powder (gas atomized) was retained
after the spray process, fine particles (completely amorphous)
remained amorphous after the impact, and the larger and crys-
tallized particles also retained their initial microstructure.

It is believed that the localized adiabatic shear instability at
the particles boundaries helps the creation of intimate contact
between clean surfaces that result in a metallurgical bonding at
the particle/particle surfaces. One can speculate that the adia-
batic regimen created during the impact could raise particle tem-
peratures close to the glass transition temperature (Tg) of the
amorphous alloys, leading to particle softening and making it
possible to achieve very high densities in the coating.

It is proposed that for the soft substrates and hard particles
used in this work, the first impacts will primarily confine the
deformation to the substrate material, and after the first layer of
undeformed hard particles are created the subsequent impacts
provide severe plastic deformation on both substrate and impact-
ing particles.
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