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Amorphous metallic coatings with a composition of Fe48Cr15Mo14C15B6Y2 were fabricated by means of
high velocity oxygen fuel (HVOF) thermal spraying process. The microstructure and wear performance
of the coatings were characterized simultaneously in this article. It is found that the coatings present a
dense layered structure with the porosity below 1.5%. The coatings primarily consist of amorphous
matrix and some precipitated nanocrystals, though a fraction of Fe-rich phases and oxide stringers also
formed during deposited process. High thermal stability enables the amorphous coatings to work below
920 K temperature without crystallization. Depending on the structural advantage, the amorphous
coatings exhibit high average microhardness of 997.3 HV0.2, and excellent wear resistance during dry
frictional wear process. The dominant wear mechanism of amorphous coating under this condition is
fatigue wear, leading to partial or entire flaking off of the lamellae. In addition, the appearance of
oxidative wear accelerates the failure of fatigue wear.
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1. Introduction

During the last few decades, metallic glasses have
attained an increasing interest of their unique combinations
of physical and chemical properties. In the nineties, bulk
metallic glasses (BMGs) with high glass forming ability
(GFA) have been developed in a number of alloy systems
(Ref 1-5), which required critical cooling rate of 1-100 K/s
for glass formation with large dimensions ranging from
millimeters to centimeters. However, these BMGs usually
exhibit no plastic deformation after yielding and no work
hardening during room temperature deformation due to
the formation of highly localized shear bands (Ref 6-8),
which significantly limits the range of possible applications
as engineering and structural material. To avoid this dis-
advantage, these materials will be more attractive as

coatings to withstand aggressive environments according
to their unusual attributes of wear and corrosion resis-
tance (Ref 9, 10).

Over the last years, high velocity oxygen fuel (HVOF)
thermal spraying has been used for depositing metals,
cermets, and ceramics [Ref 11]. The deposited coatings
have been widely used for industrial applications to alle-
viate wear or corrosion degree of the structural compo-
nents, because they generally express low porosity, high
hardness, low oxide content, high adhesion, and com-
pression stress (Ref 12-15). Recently, for further demand
of protective capability, some attempts have been made
on preparation of amorphous alloy coatings by means of
HVOF process (Ref 16-21), which seems more feasible
due to its high cooling rate of 107-1010 K/s (Ref 22).
Among the different alloy systems being researched,
Fe-based amorphous metallic glasses are considered to be
extremely viable candidates as surface protective coatings
owning to their high crystallization temperature, superior
corrosion and wear resistance, good magnetic properties,
and relatively low material cost (Ref 23-25).

However, amorphous phase is a non-equilibrium phase,
so alloys with high GFA would be favorable for forming
high amorphous fraction coatings via thermal spraying
processes. Up to now, a series of Fe-based BMGs with
high GFA have been found in Fe-Cr-Mo-C-B alloy system
(Ref 26), which supplies a better choice for fabricating
relative amorphous metallic coatings. In this article, a
Fe48Cr15Mo14C15B6Y2 alloy with high GFA (Ref 27) was
selected to prepare amorphous coatings by HVOF
spraying process. The microstructural characteristics of
the amorphous coatings were investigated through several
kinds of testing methods, and the microhardness, friction
and wear behavior of the coatings were also examined
subsequently.
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2. Experimental Procedure

2.1 Materials Selection and Preparation

A Fe48Cr15Mo14C15B6Y2 master ingot was prepared
from mixtures of pure Fe (99.9 mass%), Cr (99.9 mass%),
Mo(99.9 mass%), C(99.9 mass%), Y(99.9 mass%) as well
as pre-alloyed Fe-B (20.6 mass%) ingot by induction
melting in a copper crucible under argon atmosphere.
From the master alloy, fully amorphous ribbon samples of
0.05 mm thickness and 2 mm width were fabricated by a
single-roller melt-spinning technique for calculating
amorphous fraction of the powders and coatings. Powders
of the same composition were produced by high pressure
argon gas atomization method, and then sieved according
to conventional sieve analysis and divided into different
size ranges. The as-atomized powders with particle sizes in
the range of 15-50 lm were used for spraying onto the
316L stainless steel substrates. All the substrates were
degreased by acetone, dried in air, and then grit-blasted
prior to deposition. The amorphous coatings with 400 lm
thickness were prepared by JP5000 HVOF spraying sys-
tem, and the detailed spraying parameters which had been
optimized by an earlier work are presented in Table 1.

2.2 Microstructure Characterization

The microstructure of the powders and as-deposited
coatings was characterized by scanning electron micros-
copy (SEM), energy dispersive spectroscopy (EDS), and
transmission electron microscopy (TEM). Thin coating
slices for TEM were first peeled from substrates by
mechanical method and ground to about 50 lm, then
thinned by ion-beam milling technique until perforation.
X-ray diffraction (XRD) analysis of the specimens was
performed on an x-ray diffractometer (Cu Ka radiation)
with 2h diffraction angle ranging from 20 to 90�. Per-
centage of the porosity in the coatings was evaluated using
image analysis on optical microscopy (OM). Oxygen
content of the powders and detached coatings were ana-
lyzed by a Nitrogen/Oxygen determinator. The thermal
stability and amorphous fraction of the samples was
examined by differential scanning calorimeter (DSC) in a
continuous heating mode at a rate of 0.33 K/s from room
temperature to 1150 K under argon atmosphere.

2.3 Hardness and Wear Measurement

Vickers microhardness measurements were conducted
on the cross section of the HVOF coatings with an applied

load of 200 gf and indentation time of 15 s, and calculated
as an average of 15 measurements. The dry friction and
wear behavior of the amorphous coatings were deter-
mined using a ring on block tribometer. The material of
frictional ring was GCr15 high carbon steel with a diam-
eter of 49.22 mm. During total test duration of 15,000
cycles, the steel ring with a set rotational speed of
200 rpm, was pressed onto the surface of the fixed block
where the amorphous coatings were deposited, under an
applied load of 40 N. Before these tests, the coating sur-
faces were polished using wet grinding until 1200 grit SiC
paper, ultrasonically cleaned in acetone, washed in dis-
tilled water, and dried in air for an hour to promote
reproducible results. For comparison, 316L stainless steel
substrates without surface amorphous coatings were also
selected to perform the tests in the same way.

3. Results and Discussion

3.1 Coating Characteristic

The typical SEM image of the feedstock with diameters
of 15-50 lm can be seen in Fig. 1. It is clearly that the
majority of the particles produced by gas atomization in
the argon atmosphere are spherical or near-spherical
although some had small satellites attached, and most of
them exhibit smooth surface as the meaning of good
fluidity.

The XRD patterns of the atomized powders, melt-spun
ribbon and as-deposited coatings are shown in Fig. 2. It is
notable that a single broad halo peak appearing in all the
samples indicates high amorphous phase content, which is
primarily attributed to the high GFA of Fe48Cr15-

Mo14C15B6Y2 alloy system. The origin of the high GFA
for this alloy is according to the three empirical rules for
the achievement of high GFA (Ref 28). It is regarded that
the alloy chosen here satisfies the three empirical rules
for the stabilization of the supercooled liquid, leading to

Table 1 Spraying parameters employed in the HVOF
process

Parameter Condition

HVOF gun system Tafa JP5000 with 400 barrel
Kerosene flow, m3/h 0.74
Oxygen flow, m3/h 2.20
Feed rate, g/min 37.5
Spraying distance, mm 380
Traverse velocity, mm/s 500 Fig. 1 A typical SEM image of Fe48Cr15Mo14C15B6Y2 alloy

powders with 15-50 lm diameters
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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 29). In addition, the
high cooling rate of HVOF process also contributes to the
formation of amorphous phase in the coatings.

The typical region from cross-sections of the coatings
reveals its dense layered structure, as shown in Fig. 3,
although some pores exist as very dark regions can be seen
from the images. In general, the big pores located between
flattened droplets are mainly caused by the loose packed
layer structure or gas porosity phenomenon, while the
small pores within the flattened particles originate from
the shrinkage porosity (Ref 30). In despite of the presence
of these defects, the coatings express a low porosity below
1.5% which is typical of HVOF thermal sprayed deposits.
Also, it can be seen that a gradient in porosity exists across
the thickness of the coatings, i.e., the top layers seem more
porous and interfaces than the rest of the coating. This
microstructural characteristic may therefore be signifi-
cantly affected by the newly incoming particles with high
velocity peening the previously deposited layers (Ref 31).

Furthermore, a fraction of heterogenous phases have
been detected occasionally in the cross sections of the
coatings after etching with aqua regia for seconds, as
indicated in Fig. 4. Table 2 shows the EDS analysis for
section A, B, and C marked in Fig. 4. It is clear that the
distribution of primary elements at section A representing
the most area of coatings is similar to that of the initial
alloy system, though the content of boron and carbon is
not accounted in which attributes to the resolving ability
of EDS. However, the amount of Fe increases sharply to
82% (at.%) at section B, while Mo and Y are nearly
exhausted, leading to these sections concerned as Fe-rich
phase. The unmelted particles mainly consisted of Fe-rich
phase are considered to appear owing to a fraction of non-
uniform composition of the atomized powders, i.e., these

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

Fig. 3 SEM images of the entire cross-section of the as-depos-
ited coatings

Fig. 4 Morphologies of the unmelted particle (a) and oxide
stringer (b) within the as-deposited coatings

Journal of Thermal Spray Technology Volume 19(6) December 2010—1289



particles formed during the production of original pow-
ders, but not for the deposited process, because the
chemical constitution surrounding these particles is
according with the designed alloy composition which
manifests no evident diffusion of alloy elements. For the
case of section C, which different from both section A and
B, the content of Cr and O exhibits intensive increase
compared with initial alloy composition, while the quan-
tity of the other elements dramatically declines, so the
main structure of these stringers can be ascertained as
chromium oxide. It is regarded that some sprayed powders
based on the situation of high temperature and excessive
oxygen may form oxide layers on the outer sides of their
surfaces during in-flight process. When the splats impact
to substrate with subsequently flattened and spreading
behavior, the oxide layer on the surface of particle is
retained to form this lamellar structure (Ref 32). The
oxygen content of the powders and the coatings are 0.06
and 0.25% (mass%), respectively, thus it could be con-
cluded that slightly oxidation occurred during spraying
process. Moreover, it is obvious that these heterogenous
phases identified in Fig. 4 have all been eroded severely,
whereas the surrounding amorphous matrix exhibits
excellent corrosion resistance without evident change
which belongs to their innate character and has been
discussed widely elsewhere (Ref 24).

TEM was undertaken to obtain more detail informa-
tion on microstructure formation of the coatings as shown
in Fig. 5. The diffused halo rings in the selected area dif-
fraction (SAD) pattern sited at the right corner of
micrograph characterize that the coatings are primarily

composed of amorphous phase, which is according with
the results of XRD examination. Nevertheless, some
nanocrystalline grains, as can also be obviously ascer-
tained in the micrograph, were precipitated in amorphous
matrix with grain size in the range of 10-40 nm. The dif-
ferent result compared with XRD pattern may attribute to
the limited ability of XRD determinator to detect the
particular information of interior coatings. On the other
hand, it validates that the generation of the nanocrystals is
principally caused by heats accumulated inside the as-
deposited coatings. To build up coatings with certain
thickness, the spraying gun has to traverse over the pre-
viously deposited coatings, thus lots of overlapping and
connecting lamellar splats formed coatings continuously.
However, this operation leads to the localized reheating
both from the direct effect of the gas jet and the latent
heat evolutions as successive layers of melted splats
solidified. As a result, it could be responsible for the for-
mation of nanocrystalline grains originated from the
amorphous matrix.

To clarify the amorphous content of the as-deposited
coatings quantitatively, DSC traces of the coatings, pow-
ders, and ribbon were examined as well as their crystalli-
zation enthalpy (DH), as can be seen in Fig. 6. The volume
fraction of amorphous phase of the coatings and powders
is calculated by comparing their DH values with that of the
ribbon standard sample, which has been proved as fully
amorphous structure previously (Ref 29). As a result, the
amorphous fraction (am.%) of the coatings is higher than
78%, as shown in Table 3, according to the preceding
conclusions that partial nanocrystals were precipitated in
amorphous matrix, and a small quantity of oxide stringers
also formed during deposited process. However, the
extremely high amorphous content of the present coating
enables it to inherit the unique characteristics and prop-
erties of the BMGs. Moreover, it is interesting to detect
that the amorphous fraction of the as-deposited coating
exceeds the original powders. The generation of this
unusual phenomenon may be owing to the relatively low

Table 2 EDS results (at.%) of section A, B, and C
in Fig. 4 except boron and carbon

Section Fe Cr Mo Y O

A 59.84 19.35 16.97 3.84 …
B 82.59 17.41 … … …
C 8.22 64.31 1.39 … 26.08

Fig. 5 Bright-field TEM image and selected area electron
diffraction (SAED) patterns of the as-deposited coatings,
including amorphous matrix and some nanocrystalline phase

Fig. 6 DSC traces of the melt-spun ribbon, atomized powders,
and the as-deposited coatings
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spraying temperature and adequately tabular structure of
the lamellae, leading to extremely high cooling rate gen-
erated during the solidification of droplets. Therefore, in
this case, it could be much easier to obtain amorphous
phase than gas atomization process. Nevertheless, as
mentioned above, the successive spraying process has an
adverse effect on the stability of amorphous phase, thus it
can be concluded that the amorphous fraction of HVOF
sprayed coatings is sensitive to spraying parameters. In
addition, the onset crystallization temperature (Tx) of all
the three samples are similar and exceed 915 K. That is to
say, the coatings with high thermal stability against crys-
tallization can be used in practice reliably and widely.

3.2 Hardness and Wear Resistance

The microhardness of Fe-based amorphous metallic
coatings prepared by HVOF spraying process and 316L
stainless steel substrates have been calculated and shown
in Table 4. Obviously, the as-deposited coatings exhibit a
significantly higher hardness than not only the 316L
stainless steel, but also most of the crystal metallic alloys.
The high hardness for amorphous coatings obtained now
is mainly owing to their relatively high amorphous con-
tent, which has been validated by microstructural analysis
conducted above. Also, it is one of the most attractive
characteristics of the BMGs, in which the amorphous
coatings have retained. In general, the extremely dense
random packed atomic configurations of the amorphous
structure can effectively resist the plastic deformation ar-
ose by applied load, thus leading to the high hardness
performance of the amorphous coatings. In addition, the
dispersion strengthening of nanocrystals precipitated in
amorphous matrix, also contributes to the high hardness of
as-deposited coatings.

The wear resistance under dry frictional wear condition
of amorphous coatings had been evaluated by calculating
the weight loss after wear test using electronic balance
with a limited accuracy of 0.1 mg. The results have been
shown in Table 4, also in comparison with 316L stainless
steel substrates. It is apparently that the as-deposited
amorphous coatings exhibit extremely low wear loss and a
relatively excellent wear resistance under this dry fric-
tional wear condition. The relative wear resistance of
amorphous coatings, which is inversely proportional to
wear weight loss, can achieve approximately 47 times
higher than that of the substrate material. Therefore, these
amorphous coatings can be an effective and economic
approach to protect substrates withstanding frictional
wear environment and distinctly extending their lifetime.

Worn surface morphologies of the amorphous coatings
and substrates were examined to clarify their wear
behavior during dry frictional wear condition, as can be
seen in Fig. 7. For 316L stainless steel substrates, it is
visibly that there are numerous plastic furrows formed on
the contact surface after testing, which is consistent with
microcutting mechanism. At the same time, the trace of
adhesive wear can also be observed at some of the furrow
bottom. Therefore, the main wear mechanisms of 316L
stainless steel are microcutting and adhesion, and the
morphology of wide and deep furrows supports the great
wear loss of the substrate material. In contrast, the trace of

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 D H, J/g Am.%

Ribbon 920.6 �65.57 100
Powder 916.8 �49.60 75.64
Coating 922.7 �51.36 78.32

Table 4 Microhardness and weight loss after wear test
of the amorphous coatings, in comparison with 316L
stainless steel

Specimen Microhardness, HV0.2 Weight loss, mg

Coating 997.3 ± 100 1.1
316L 414.5 ± 50 52.0

Fig. 7 Worn surface morphologies of the 316L stainless steel (a)
and the as-deposited coatings (b)
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adhesive wear has not been detected on the contact sur-
face of the amorphous coatings, and there can be seen
only slight scratches along the sliding direction. Never-
theless, the generation and propagation of cracks could be
detected apparently on their worn surface, which implies
fatigue wear as the dominant wear mechanism of the
amorphous coatings. It is regarded that the cracks may
prefer to initiate and propagate along with the defective
regions, such as pores or lamellar interfaces on the surface
or subsurface of the amorphous coatings due to the effect
of alternative load, and subsequently leads to partial or
entire flaking off of the lamellae as indicated in Fig. 7.
Moreover, oxidative wear were also ascertained to occur
during testing process, which were agreed with the cause
of frictional heat. Also, it is believed that the oxygen tends
to diffuse along with the defects on the surface of coatings,
including fatigue cracks mentioned previously, because of
the high atomic activity of these regions. As a result, the
appearance of interface oxidation accelerated the failure
of fatigue wear. It is therefore concluded that the main
wear mechanism under dry frictional wear condition of the
amorphous coatings is fatigue wear accompanying with
oxidative wear.

The friction coefficient of the amorphous coatings and
316L stainless steel substrates related to testing time
were also monitored, and the curves have been revealed
in Fig. 8. It is found that the friction coefficient of sub-
strates presents a drastically fluctuant characteristic,
which probably attributes to the alternation of adhesion
and shear fracture. By contrast with the substrates, the
amorphous coatings exhibit more stable friction coeffi-
cient throughout the total duration. It could be guessed
that the amorphous coatings would keep slow and stable
wear loss for even much longer service time. Therefore,
the excellent wear resistance and stable frictional
behavior, make the amorphous coatings to be an effec-
tive material for surface protection under dry frictional
wear condition.

4. Conclusions

The results of the present study on the HVOF sprayed
Fe48Cr15Mo14C15B6Y2 amorphous metallic coatings can
be summarized:

(1) The as-deposited coatings exhibit dense layered
structure with the porosity below 1.5%. The coatings
primarily consist of amorphous matrix due to both the
high GFA of the alloy system and the high cooling
rate of HVOF spraying process, and some nanocrys-
tals resulting from recrystallization during successive
spraying process. However, a fraction of Fe-rich pha-
ses originated from gas atomization process are
retained as unmelted particles, and slight oxidation
occurs during deposition. High thermal stability
enables the amorphous coatings to work below 920 K
without crystallization.

(2) The amorphous coatings express high microhardness
and extremely low weight loss during dry frictional
wear test indicating a prominent ability of wear
resistance, which mainly attributes to the relatively
high amorphous content exceeding 78%. The domi-
nant wear mechanism of amorphous coating under dry
frictional wear condition is fatigue wear, leading to
partial or entire flaking off of the lamellae. In addi-
tion, the appearance of oxidative wear accelerates the
failure of fatigue wear.
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