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A Fe48Cr15Mo14C15B6Y2 alloy with high glass forming ability (GFA) was selected to prepare amorphous
metallic coatings by atmospheric plasma spraying (APS). The as-deposited coatings present a dense
layered structure and low porosity. Microstructural studies show that some nanocrystals and a fraction of
yttrium oxides formed during spraying, which induced the amorphous fraction of the coatings decreasing
to 69% compared with amorphous alloy ribbons of the same component. High thermal stability enables
the amorphous coatings to work below 910 K without crystallization. The results of electrochemical
measurement show that the coatings exhibit extremely wide passive region and relatively low passive
current density in 3.5% NaCl and 1 mol/L HCl solutions, which illustrate their superior ability to resist
localized corrosion. Moreover, the corrosion behavior of the amorphous coatings in 1 mol/L H2SO4

solution is similar to their performance under conditions containing chloride ions, which manifests their
flexible and extensive ability to withstand aggressive environments.
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1. Introduction

Corrosion, wear, and fracture are considered main
material failure modes in engineering environments,
which lead to both enormous economy lost and great
injuries. In general, most of these failures originate from
the material surface; thus great attention has been paid to
the surface engineering field for exploring high-performance

coatings on different structural materials applied to alle-
viate the deteriorations. During the last few decades, as a
new kind of potential application material, metallic glasses
have attained increasing interest because of their unique
combinations of mechanical, physical, and chemical
properties. In the 1990s, amorphous alloys with high glass
forming ability (GFA) were developed in a number of
alloy systems (Ref 1-5), which required a critical cooling
rate of 1-100 K/s for glass formation. Therefore, with the
focus on these alloy systems, it is expected that one can
obtain amorphous metallic coatings with high amorphous
phase content. These coatings are considered to withstand
aggressive environments more effectively than the coat-
ings exploited initially with limited amorphous phase
content, because of their more uniform structure.

Up to now, many attempts had been made to prepare
amorphous metallic coatings using different deposition
methods, for example, high-velocity oxygen fuel (HVOF)
spraying (Ref 6-9), plasma spraying (Ref 10-12), kinetic
spraying (Ref 13-16), electrospark deposition (Ref 17),
laser cladding (Ref 18), and spark plasma sintering
(Ref 19). Most of the coatings show prominent properties
and potential applications in expansive industrial fields,
such as oil and gas production, refining, nuclear power
generation, shipping, earth excavation, drilling, and tunnel
boring. Among these techniques, atmospheric plasma
spraying (APS) has attracted increasing attention because
of the advantages of low cost, simplicity, and flexibility. In
a typical plasma spraying process, feedstock powders are
fed to plasma arc flow, heated and accelerated during
in-flight stage, and impacted onto substrates with high
velocity and temperature, and they are subsequently
spread laterally and solidified rapidly. The cooling rate of
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single typical particle can achieve 107 to 108 K/s (Ref 20),
which is sufficient for glass phase formation, especially for
the alloy systems with high GFA. Accordingly, the fabri-
cation of amorphous coatings possessing high amorphous
phase content by means of APS technique exhibits great
potential.

Fe-based amorphous metallic glasses are considered to
be extremely viable candidates as surface protective coat-
ings on account of their high crystallization temperature,
superior corrosion and wear resistance, good magnetic
properties, and relatively low material cost (Ref 21-23).
Recently, a series of Fe-based bulk metallic glasses with
high GFA were found in Fe-Cr-Mo-C-B alloy system
(Ref 24), which provides a kind of selective material to
obtain high amorphous fraction coatings via thermal
spraying processes for satisfying engineering needs. In an
earlier work, the alloy with nominal composition of
Fe48Cr15Mo14C15B6Y2 was chosen to prepare amorphous
metallic coatings using HVOF spraying (Ref 25), and it has
been indicated that the coatings present excellent corro-
sion resistance. This work, however, planned to explore the
possibility of fabricating Fe48Cr15Mo14C15B6Y2 amor-
phous metallic coatings with high amorphous fraction by
APS. In addition, the corresponding microstructural
characteristic and electrochemical behavior of the
as-deposited coatings were also examined in detail.

2. Experimental Procedure

2.1 Materials Selection and Preparation

A master alloy ingot with nominal composition of
Fe48Cr15Mo14C15B6Y2 was prepared from mixtures of pure
Fe (99.9 mass%), Cr (99.9 mass%), Mo (99.9 mass%),
C (99.9 mass%), and Y (99.9 mass%) as well as preal-
loyed Fe-B (20.6 mass%) ingot by induction melting in a
copper crucible under argon atmosphere. From the master
alloy, ribbon samples of 0.05 mm thickness and 2 mm
width were produced by a single-roller melt-spinning
technique for calculating amorphous phase content of the
coating. Feedstock powders of the same composition were
prepared by high-pressure argon gas atomization, then
sieved according to conventional sieve analysis and
divided into different size ranges. The as-atomized
powders with particle sizes in the range of 40-80 lm were
used for spraying onto the ASTM 1045 steel substrates.
All the substrates were degreased by acetone, dried in
air, and then grit blasted prior to deposition. The amor-
phous metallic coatings were fabricated by SG100 APS
(SG100, Praxair, Concord, NH) gun, and the detailed
spraying parameters for deposition process are presented
in Table 1.

2.2 Microstructure Characterization

The microstructure of feedstock powders and
as-deposited coatings was characterized by scanning elec-
tron microscopy (SEM) (FSM-5600LY, JEOL Ltd., Tokyo,
Japan), energy dispersive spectroscopy (EDS), and trans-
mission electron microscopy (TEM) (JEM-200CX, JEOL

Ltd., Tokyo, Japan). Thin coating slices for TEM were first
peeled from substrates by a mechanical method and ground
to about 50 lm, then thinned by ion-beam milling until
perforation occurred. X-ray diffraction (XRD) (X� Pert Pro
MPD, PANalytical, Almelo, The Netherlands) analysis of
the specimens was performed on an x-ray diffractometer
(PANalytical) with Cu Ka radiation. A percentage of the
porosity in the coatings was evaluated using image analysis
on optical microscopy (OM) (PME3, Olympus, Nagano,
Japan). Fifteen micrographs of stochastic cross sections of
the coatings were taken to calculate the planar porosity by
differentiating the contrast between lamellae and pores,
and subsequently the average porosity of the whole coat-
ings was calculated as an approximately statistic result.
Oxygen content of the powders and detached coatings was
analyzed by a nitrogen/oxygen determinator (TC600,
LECO, St. Joseph, MI). The thermal stability of the sam-
ples was examined by differential scanning calorimeter
(DSC) (404C, NETZSCH, Selb, Germany) in a continuous
heating mode at a rate of 0.33 K/s under argon atmosphere.
Simultaneously, the amorphous fraction of as-deposited
coatings was calculated by comparing their crystallization
enthalpy, which also obtained from DSC traces, with that of
the ribbon sample as the similar method selected by other
researchers (Ref 6). It is regarded as a relatively effective
method to evaluate the amorphous fraction of coatings,
because the initial crystalline phases of the as-deposited
coatings would not generate phase transition and release
heat during the crystallization process of the amorphous
phase in DSC examination. That is, the amorphous content
of the coatings is approximately proportional to their
crystallization enthalpy.

2.3 Electrochemical Measurement

The electrochemical behavior of amorphous metallic
coatings with the thickness about 350 lm was investigated
by electrochemical measurement on a potentiostat/galva-
nostat (Model 273, EG&G, Princeton, NJ). Before the
tests, the coating surfaces were polished using wet grinding
until 1200 grit SiC paper, ultrasonically cleaned in acetone,
washed in distilled water, and dried in air for an hour to
promote reproducible results. Electrolytes used were
3.5 mass% NaCl, 1 mol/L HCl, and H2SO4 aqueous solu-
tions, respectively, and all the electrolytes were not
deaerated prior to testing. Electrochemical measurements
were conducted in a three-electrode cell using a platinum
counterelectrode and a saturated calomel reference elec-
trode. The working electrode was exposed only to an area

Table 1 Spraying parameters employed in the APS
process

Parameter Condition

APS gun system SG100
Arc current, A 800
Ar flow, SCFH 110
He flow, SCFH 30
Feed rate, rpm 3
Spraying distance, mm 80
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of 1 cm2. Potentiodynamic polarization curves were mea-
sured with a potential sweep rate of 0.167 mV/s from
0.25 V below open-circuit potentials to 1.4 V in all the
solutions open to air at 298 K after immersing the speci-
mens for an hour, when the open-circuit potentials became
almost steady. For comparison, cast 316L stainless steel
plates and 316L stainless steel coatings sprayed by HVOF
(JP5000, Praxair, Concord, NH) were selected to perform
the electrochemical measurements in the same way.

3. Results and Discussion

3.1 Coating Characteristic

A typical SEM image of feedstock powders with
diameters of 40-80 lm can be seen in Fig. 1. It is clearly
shown that the majority of the particles produced by gas
atomization are spherical or near-spherical, although some
had small satellites attached. During atomization, particles
with various sizes would collide with each other in the gas
turbulence. Thus some small particles with a higher solid-
ification rate would easily adhere to the molten surfaces of
large particles, form an attached particle morphology
(Ref 26). In addition, most of the powders exhibit a smooth
surface, indicating good fluidity, which is propitious to
keep the stability and uniformity during spraying.

The XRD patterns of atomized powders, melt-spun
ribbon, and as-deposited coating are shown in Fig. 2. It is
notable that a single broad halo peak appearing in all the
samples indicates their high amorphous phase content,
which is primarily attributed to the high GFA of this
selective alloy composition. The high GFA for this alloy
originates according to the three empirical rules for the
achievement of high GFA (Ref 27). It is regarded that the
alloy chosen here satisfies the three empirical rules for
the stabilization of the supercooled liquid, leading to
highly dense random packed atomic configurations, higher
viscosity, and lower atomic diffusivity. The enhancement

of atomic-level stress suppresses the nucleation and
growth reactions of crystalline phases during devitrifica-
tion, such as (Fe,Cr)23C6 phase for the case of Fe-based
BMGs with high carbon content (Ref 28). Moreover, the
high cooling rate of the APS process also contributes to
the formation of amorphous phase in the coatings.

The typical region from cross sections of the coatings
reveals their dense layered structure, as shown in
Fig. 3(a), although some pores and microcracks exist, as
very dark regions can be seen from the image. Generally,
the big pores located between flattened droplets are
mainly caused by the loosely packed layer structure or gas
porosity phenomenon, while the small pores within the
flattened particles originate from shrinkage porosity
(Ref 29). Despite the presence of these defects, the coat-
ings express a low porosity below 2%, which is typical of
APS thermal sprayed deposits. In addition, the micro-
cracks obviously on the top of the coatings were presum-
ably induced by microcutting and lamellae flaking off
during surface grinding, while the microcracks in the inte-
rior of the coatings were probably caused by the release of
stress that arose during rapid solidification.

With the further observation of a highly magnified
image, it can be detected that a fraction of heterogeneous
phases emerges in the coatings after etching with aqua
regia for seconds, as indicated in Fig. 3(b). Table 2 shows
the EDS analysis for sections A and B marked in
Fig. 3(b). It is clear that the distribution of primary ele-
ments at section A representing the largest area of the
coating is similar to that of the initial alloy system, though
the content of boron and carbon is not accounted for,
which is attributed to the resolving ability of EDS. How-
ever, the content of Y and O dramatically increases at
section B, while other elements are nearly exhausted; thus
the structure of these heterogeneous phases can be
ascertained as yttrium oxides. It is regarded that oxidation
occurs inevitably during APS depositing metallic powders
because of the extremely high-temperature and circum-
ambient atmosphere. Also, for the Fe-based system

Fig. 1 Typical SEM image of Fe48Cr15Mo14C15B6Y2 alloy
powders with 40-80 lm diameter

Fig. 2 XRD patterns of the melt-spun ribbon, atomized pow-
ders, and the as-deposited coatings

346—Volume 20(1-2) January 2011 Journal of Thermal Spray Technology

P
e
e
r

R
e
v
ie

w
e
d



applied now, yttrium atoms have a stronger affinity to the
oxygen atoms than those of the other elements in the alloy
system (Ref 30), leading to the preferential formation of
yttrium oxides. Moreover, the oxygen content of the
powders and detached coatings analyzed using O/N
determinator, are 0.06 and 0.2 mass%, respectively; thus it
could be concluded that slight oxidation occurred during
the preparation of amorphous coatings by APS.

Transmission electron microscopy was undertaken to
obtain more detailed information on microstructure
evolution of the coatings. The diffused halo rings in the
selected area diffraction (SAD) pattern show that the
coatings are basically composed of amorphous phase
(Fig. 4a). Nevertheless, some nanocrystalline grains with
grain size in the range of 20-100 nm were distinctly

precipitated in local microareas of the coatings, as indi-
cated in Fig. 4(b). It is regarded that the generation of
these nanocrystals is principally caused by heat accumu-
lating inside the as-deposited coatings. To build up coat-
ings with certain thickness, the spraying gun has to
traverse the previously deposited coatings, thus lots of
overlapping and connecting lamellar splats formed coat-
ings continuously. This operation leads to localized
reheating from the latent heat evolutions as successive
layers of melted splats solidified. The continuous accu-
mulation of heat increases the temperature of local
regions in the coatings markedly, thus possibly enabling
these regions to anneal at a high temperature over their
crystallization temperature. As a result, it could be
responsible for the formation of nanocrystalline grains.

To clarify the amorphous content of as-deposited
coatings quantitatively, DSC traces of detached coatings,
powders, and ribbon were examined as well as the crys-
tallization enthalpy (DH), as shown in Fig. 5 and Table 3.
The volume fraction of amorphous phase in the coatings
and powders is calculated by comparing their DH values
with that of the ribbon standard sample, which has been
proved to be a fully amorphous structure by both previous
work and other researchers (Ref 28). It is indicated that

Fig. 3 SEM images of cross sections of as-deposited coating
showing lamellar morphology with some pores (a) and oxides (b)

Table 2 EDS results (at.%) of section A and B
in Fig. 3(b) except boron and carbon

Section Fe Cr Mo Y O

A 63.80 19.64 14.35 2.21 …
B … … … 31.92 68.08

Fig. 4 Bright-field TEM images and selected area electron dif-
fraction (SAED) patterns of as-deposited coating showing
amorphous structural characteristic (a) with some nanocrystals
precipitated (b)
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the amorphous fraction (am.%) of as-deposited coatings is
nearly 70%, according to the previous conclusions that
partial nanocrystals precipitated and a fraction of yttrium
oxides formed during deposition. In addition, the onset
crystallization temperature (Tx) of all three kind of sam-
ples are similar and exceed 910 K. In other words, the
amorphous metallic coatings obtained with high thermal
stability against devitrification can be used in practice
reliably and widely.

3.2 Electrochemical Behavior

The potentiodynamic polarization curves of Fe-based
amorphous metallic coatings compared with cast 316L
stainless steel plates and HVOF sprayed 316L coatings in
3.5% NaCl, 1 mol/L HCl, and 1 mol/L H2SO4 aqueous
solutions are indicated in Fig. 6. The corresponding cor-
rosion parameters of amorphous coatings and 316L stain-
less steel materials have also been calculated and are
shown in Table 4. It is apparent that the amorphous
metallic coatings exhibit almost similar polarization
behaviors in all the selective solutions; that is, the coatings
tend to form passivation with relatively low passive current
density (Ip) and retain stability with a high transpassive
potential (Etp) and wide passive region. Nevertheless, the

Fig. 5 DSC traces of melt-spun ribbon, atomized powders, and
as-deposited coating

Table 3 Crystallization temperature (Tx), crystallization
enthalpy (DH), and amorphous fraction (am.%)
of the ribbon, powders, and coatings obtained
by thermal analysis

Specimen Tx, K DH, J/g am.%

Ribbon 920.6 �65.57 100
Powder 916.8 �49.60 75.64
Coating 913.0 �45.46 69.33

Fig. 6 Potentiodynamic polarization curves of amorphous
metallic coatings, compared with cast 316L stainless steel plates
and 316L coatings, in 3.5% NaCl (a), 1 mol/L HCl (b), and
1 mol/L H2SO4 (c) solutions open to air at 298 K
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amorphous coatings undergo a short stage of activation
before passivation. This active reaction may be principally
attributed to the crystals, oxides, pores, and microcracks
distributing diffusely in the as-deposited coatings. These
structural defects generally become the initial corrosion
sites prior to the uniform amorphous matrix, leading to the
rapid increase of corrosion current density at the early
stage of anodic polarization, until the equilibrium of active
dissolution and passivation is established.

The transpassive potential of the amorphous metallic
coatings is as high as 0.9 V associating with an extremely
wide passive region even in 1 mol/L HCl solution, which
suggests that the coatings have a prominent ability to
resist localized corrosion. In contrast, the limited or
exhausted passive regions of both 316L plates and 316L
coatings under conditions containing chloride ions indi-
cate a low ability to withstand localized corrosion, such as
pitting. The high resistance to localized corrosion of the
amorphous metallic coatings is considered to be primarily
determined by the character of forming a homogeneous
phase structure without grain boundaries that are sensitive
to chloride ion absorption (Ref 31). Moreover, chromium-
rich passive surface films formed on Fe-Cr-based metallic
glasses prevent the evolution of corrosion (Ref 22), and
molybdenum improves further the corrosion resistance
and passivating ability (Ref 32), since it prevents dissolu-
tion of chromium during passivation. Furthermore, the
high amorphous phase content of the coatings here pro-
vides the formation of a uniform passive film and hence
also contributes to their high corrosion resistance.
Therefore, the performance of amorphous metallic coat-
ings in the corrosive environments containing chloride
ions to induce pitting, such as NaCl and HCl solutions, is
further superior to 316L stainless steel materials.

In addition, all the samples present an excellent ability
to passivate with low passive current density and almost
parallel wide passive region in 1 mol/L H2SO4 solution.
However, the passive current density of amorphous coat-
ing is comparable to that of the 316L coating, but much
higher than that of the cast 316L plate in evidence. This
indicates that the corrosion resistance of the amorphous

coatings in 1 mol/L H2SO4 solution is inferior to cast 316L
plates. It could be interpreted that the uncompacted
structure and heterogeneous phases unfavorably affect the
uniform structure of surface passive film and bear the
responsibility of relatively lower corrosion resistance of
the amorphous coatings. Nevertheless, it is also interesting
to note that the metallic glass coatings exhibit almost
similar polarization behavior in all the selective solutions
as mentioned previously, whereas the 316L stainless steel
does not. This means that the metallic coatings seem much
more flexible, and they could be reliably employed in
alternative conditions and confer the covered devices
better safety against possible misuse. In any case, the
excellent corrosive resistance in various conditions and the
repairable feature of the Fe-based amorphous metallic
coatings fabricated here endow them with potential
advantage and extensively applied prospects to withstand
aggressive environments.

4. Conclusions

Fe48Cr15Mo14C15B6Y2 amorphous metallic coatings
with low porosity were fabricated by APS. The as-deposited
coatings primarily consist of amorphous matrix because of
both the high GFA of alloy system and high cooling
rate of the APS process, although some nanocrystals
precipitated as a result of localized reheating during suc-
cessive spraying process, and a fraction of yttrium oxides
also formed during deposition. These heterogeneous
phases induced the amorphous fraction of the coatings
decreasing to 69% compared with the ribbons of the same
component.

The amorphous metallic coatings present almost simi-
lar electrochemical behavior in 3.5% NaCl, 1 mol/L HCl,
and 1 mol/L H2SO4 aqueous solutions and exhibit excel-
lent ability to resist localized corrosion under conditions
containing chloride ions, which is further superior to 316L
stainless steel materials. The uncompacted structure and
existence of heterogeneous phases unfavorably affect the
corrosion resistance of the amorphous coatings, leading to
their performance inferior to cast 316L plates in 1 mol/L
H2SO4 solution. However, the stable and prominent cor-
rosion performance in various conditions of the amor-
phous coatings endow them with extensive potential to
withstand aggressive environments.
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