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ABSTRACT

In this study, Fe-based amorphous coatings were fabricated on 304 stainless steel by high-
velocity oxyfuel (HVOF). Moreover, the properties of Fe-based amorphous coatings heat-
treated at 150°C and 250°C were investigated. The XRD analysis shows that the structure of
heat-treated amorphous coatings is all amorphous, and the porosity of heat-treated
amorphous coatings is lower than that of original amorphous coatings. With the heat-treated
temperature increasing, the corrosion resistance of amorphous coatings is improved in
artificial seawater. Compared with the original coatings, the heat-treated amorphous coatings
have great creep resistance. The wear resistance of heat-treated amorphous coatings is
excellent than original amorphous coatings in artificial seawater and dry friction condition.
The experiment results point out that the heat-treated amorphous coatings have excellent
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properties, which can improve properties of Fe-based amorphous coatings.

Introduction

Fe-based bulk metallic glass (BMG) exhibits excellent
mechanical, physical and chemical properties, such as
high strength, soft magnetic, excellent corrosion resist-
ance, making BMG have broad application prospect
[1-3]. However, most BMG cannot be used as struc-
tural material, because its plasticity at room tempera-
ture is poor and exhibiting brittle fracture. In order
to handle this issue, Fe-based amorphous powder can
be prepared on the surface of rollers, gears and drills,
etc. to form the coatings by thermal spraying [4]. Ther-
mal spraying technology is considered to be a major
advance in metal surface protection [5,6].

Fe-based amorphous coatings can be fabricated by
high-velocity oxyfuel (HVOF), and the properties
have been studied. Miura et al. [7] first fabricated a var-
iety of Fe-based amorphous coatings using flame
spraying techniques, and the amorphous sheet of the
Fe4oNigoP14Be alloy with about 150 um in thickness
can be prepared. Wang et al. [8] discovered that the
spray distance can greatly affect the shape and structure
of the amorphous coatings, and too long or too short
spray distance was not conducive to the amorphous
coatings. The amorphous alloy of Fey; 14Cr16.36M030.84-
C;.76B1.90 obtained a completely amorphous structure
and the lower porosity at a spray distance of
200 mm. The corrosion resistance of Fe-based amor-
phous coatings prepared by Branagan et al. [9] using
HVOF technology was directly proportional to the
amorphous content, and the corrosion resistance was

due to the improved addition of elements of Cr, Mo
and W [10]. Wu et al. [11] found the relationship
between spray particles and porosity and obtained
the low-porosity coatings by HVOF with the spray par-
ticles of 20-30 pm. Zhang et al. [12] fabricated the Fe-
based amorphous coating of Fes;Cr;9Zr;Mo,C;4Si; by
HVOF. The coating was completely amorphous and
had good corrosion resistance in 3.5% NaCl solution.
However, the amorphous coating was partially crystal-
lized at 750°C during annealing, which reduces the cor-
rosion resistance. Qin et al. [13] obtained Fe-based
amorphous coating with dense structure and excellent
corrosion resistance by optimizing spraying par-
ameters. By seeking a reasonable spray distance, air
flow and spray power, the coating porosity can be
reduced, the amorphous content in the coating can
be increased, and the corrosion resistance of the coat-
ing can be increased. Li et al. [14] used nanoindenta-
tion to study the creep behaviour of Fe-based
amorphous coatings at room temperature. At different
peak load and load-holding time, the creep displace-
ment increased a little and tends to be stable, indicating
that creep deformation more sensitive to the applied
peak load compared withholding time.

In this paper, Fe-based amorphous coatings were fab-
ricated by HVOF on 304 stainless steel. The heat treat-
ment method below the glass transition temperature is
used to reduce the porosity of the amorphous coatings
and improve the atomic relaxation state. Moreover,
the defects of the amorphous coatings prepared by
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HVOF are reduced with the method. The corrosion
resistance, creep resistance and wear resistance of the
amorphous coatings are studied with the method
which expands the application of Fe-based amorphous
coatings in the field of industrial protection.

Experimental materials and methods

Fe-based alloy powder (25.0-27.0 wt-% Cr, 16.0-
18.0 wt-% Mo, 2.0-2.5 wt-%C, 2.0-2.2 wt-% B, and
the balance Fe) provided by Guangzhou Wandun
Amorphous Trading Co. Ltd. was used. The 304 stain-
less steel with a size of 10 x 10 x 10 mm was used as the
substrates. It was cleaned and sprayed with Al,O; par-
ticles before spraying. The Fe-based amorphous coat-
ings were fabricated by Meike’s DJ-2700 HVOF
spraying system as shown in Figure 1. The system
used N, as powder delivery gas, and O, as combus-
tion-supporting, the flow rate of O, was 19m>h7,
the powder feed rate was 22 g min~", the spraying dis-
tance was 280 mm, the flow rate of kerosene was
8Lh™', and the traverse velocity of the spray gun
was 800 mm s~'. Fe-based amorphous coatings were
prepared on 304 stainless steel with above process par-
ameters as shown in Figure 1 (inset). The amorphous
coatings were heat-treated for 30 min at 150°C and
250°C by the heat treatment furnace (KSL-1200X)
and insulated the air with magnesium oxide powder.
The structures were detected by X-ray diffraction
(XRD, D/max-2400, Cuk,). The thermal behaviour
was determined by differential scanning calorimeter
(DSC, Netzsch STA-449C) at a heating rate of 10°
Cmin~" from 25 to 1000°C. The microstructure of
the surface, the cross-section, the corrosion surface,
and the wear surface of amorphous coatings were
observed by scanning electron microscope (SEM,
JSM-6700F), and the amorphous coatings heat treated
at 250°C in dry friction condition element types and
contents were detected by the Energy Dispersive
Spectrdmeter (EDS, JSM-6700F). The porosity of the
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Figure 1. Schematic of high velocity oxyfuel and specimens of
Fe-based amorphous coatings (inset).

amorphous coatings was measured by using Image
J. Electrochemical corrosion tests were performed in
artificial seawater by an electrochemical workstation
(CHI660E), and the dynamic polarization curves
were scanned at a fixed rate of 1 mV s~'. Nanoindenta-
tion experiments were carried out on the amorphous
coating surface with Hysitron TI-950 nanoindentation
instrument, and the peak load was 6 and 10 mN with
the constant load rate of 0.8 mN s~ and the loading
time of 10, 20 and 30s. The creep deformations of
the TI-950 friction head were observed by an Atomic
Force Microscope (AFM) to analyse the indentation
morphology. The wear tests were carried out at room
temperature with different environments (dry friction
and artificial seawater) by a wear tester (MFT-
R4000), and the commercially available GCr15 steel
balls (6 mm diameter) were used as friction pairs.
The slide stroke was 5 mm, the sliding frequency was
5 Hz, the friction and wear time was 30 min, and the
load was 20 N. The surface morphology, wear scar
roughness and wear volume of the specimen were ana-
lysed by a non-contact optical profiler (MicroXAM-
800) manufactured by KLA-Tencor, USA.

Results and analysis

Structure and microstructure of the amorphous
coatings

The DSC curve displays the crystallization temperature
(T,=301.85°C) and the glass transition temperature
(Tg=251.85°C), which are the basis of selecting the
heat treatment temperature in this paper, as shown in
Figure 2(a). The heat treatment temperature is selected
as 250°C and 150°C which are below T, Figure 2(a)
(inset) exhibits the SEM morphology of Fe based amor-
phous powder. It is clearly seen that the surfaces of
majority powders are spherical and smooth with diam-
eters of 16-54 um, which are beneficial to the spraying.
The cross-sectional morphology of the original amor-
phous coatings is shown in Figure 2(b). The original
amorphous coatings with thickness around 100 um
adhere well to the substrates and have a dense structure,
which consists of layered regions and the typical amor-
phous coatings structure by the method of HVOF. Figure
2(c) shows the X-ray diffraction pattern of the powder,
original amorphous coatings and the heat-treated amor-
phous coatings. It can be seen from the spectrum that the
shapes of the four curves are no obvious crystal diffrac-
tion peak, which indicates that the powder and amor-
phous coatings are completely amorphous structure.

Porosity of the amorphous coatings

The cross-sectional microstructure of the original amor-
phous coatings and heat-treated amorphous coatings
were observed by SEM, as shown in Figure 3. It is
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Figure 2. (a) DSC analysis of original amorphous coatings and SEM micrograph of amorphous powders (inset); (b) SEM cross-sec-
tional micrograph of original amorphous coatings; (c) XRD pattern of powder and amorphous coatings.

found that there are some finite pores on the surface of
the amorphous coating. Owing to the rapid cooling
characteristics of HVOF, the semi-fused particles shrink
during the spraying process, which causes some finite
pores on the amorphous coatings. With the increase of
the heat treatment temperature, the porosities of the
amorphous coatings decrease, and the porosity is 1.7%
in Figure 3(a), 0.9% in Figure 3(b) and 0.5% in Figure
3(c), respectively. The results indicate that solid atoms
diffuse in a reordered arrangement and submerge
some of the pores in the amorphous coatings, resulting
in a drop of amorphous coating porosity, when amor-
phous coatings are annealed at a low temperature with-
out crystallization [15,16].

Corrosion property of the amorphous coatings

The electrochemical test is the most common, simple
and intuitive method used to study the corrosion resist-
ance of a specimen. It measures the corrosion resist-
ance of the material by the current and potential of
the working electrode. The self-corrosion current den-
sity I.or and the self-corrosion potential E,. are
obtained by the extrapolation of Tafe curves, and
polarization resistance R, can be calculated according
to the following formula [17]:

R — BB
P 230310 (B, + B.)

(1)

where 3, and 8. are the slopes of the linear polarization
regions of the anode and cathode polarization,

Pores /;1 7

respectively. The polarization resistance R, indicates
the equivalent resistance of per unit area of the speci-
men during the transfer of the charge at the elec-
trode/solution interface. The R, is the higher, the
corrosion rate is the lower [18]. The self-corrosion cur-
rent density I, can be used to characterize the mag-
nitude of the corrosion rate. According to Faraday’s
law, the amount of material precipitated or dissolved
on the electrode is A m.

Alt
Am = —
nF

)
where A is the atomic weight of the metal; I is the cur-
rent intensity; ¢ is the energization time; n is the valence
of the metal, and F is the Faraday constant. For uni-
form corrosion, the entire metal surface area S can be
regarded as the anode area, so the corrosion current
density can be described:

1
Icorr = g (3)

So, the corrosion rate can be determined:

= Am = i X Ieorr (4)

V=—
St nF

Therefore, the corrosion rate VeI ., and the larger
the I is, the greater corrosion rate the material is.
The self-corrosion current density I, and polariz-
ation resistance R, of the substrates and the amorphous
coatings in the artificial seawater etching solution are
calculated by the above formula.

Figure 3. Cross-sectional morphology of the amorphous coatings: (a) Original amorphous coatings; heat-treated amorphous coat-

ings at 150°C (b) and 250°C (c).
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Figure 4. Potentiodynamic polarization curves in artificial sea-
water of substrates, original amorphous coatings and amor-
phous coatings heat-treated at 150°C and 250°C.

Figure 4 shows the polarization curves of substrates,
original amorphous coatings and heat-treated amor-
phous coatings in artificial seawater. As heat treatment
temperatures increase, the corrosion current densities
decrease, which indicates that corrosion resistance
becomes better. The corrosion area is small and a few
corrosion pits appear for the heat-treated coatings at
250°C. However, many corrosion areas are generated
for 304 stainless steel substrates, and SEM images are
inserted in Figure 4. The corrosion potentials are
Ecorr250°C>Ecorr150°C>Ecorr original coatings>Ecorr substrates
corrosion current densities are I.o2s00c < Ieorris0°c < Icorr
g mmgs<Ic0H substrates and polarization resistances are
Rp250°C>Rp150°C>Rp original coatings>Rp substratess a8
shown in Table 1. It can be concluded that the amor-
phous coatings have better corrosion resistance than
the substrates, and the amorphous coatings heat treated
at 250°C has great corrosion resistance.

The amorphous coatings contain some elements
which have strong passivation ability, such as Cr
[19]. These elements can form a dense, stable and com-
plete passive film on the surface of the amorphous
coatings, such as Cr,0O;, which is firmly bonded to
the amorphous coatings as a protective barrier of the
substrates. Owing to the characteristics of HVOF,
pores are produced in the amorphous coatings, and
the porosity has a great influence on the corrosion
resistance of Fe-based amorphous coatings. The sur-
face free energy at the pore position is relatively larger

Table 1. Parameters from potentiodynamic polarization curves
of amorphous coatings.

ICOI'I’/
Specimen Eor/V ~ (Acm™)  R/(Qcm™)
Substrates -0.313 16.029E-7 13,624.585
Original amorphous coatings —0.262  12339E-7  559,006.341
Heat-treated amorphous coatings —0.276 ~ 10.368E-7  252,340.943
at 150°C
Heat-treated amorphous coatings  —0.213  37.777E-8  337,289.849
at 250°C

than other areas, and most of the various interface
phenomena are caused by the existence and change
of the interface free energy. Moreover, the stability of
the passivation film on the surface is affected, and the
tendency of the passivation film on the surface of the
coatings to crack is also greatly increased [20]. As the
heat treatment temperatures increase, the porosities
of the amorphous coatings decrease, and the stability
of the passivation film increases, so the corrosion
resistance of the amorphous coatings improves.

Nanoindentation analysis of the amorphous
coatings

C.Y. Li et al. [14] analysed the creep behaviour of the
original amorphous coatings at different load-bearing
times with peak loads of 6 and 10 mN. The loading
rate was 0.8 mN s~ and the load-holding time was
10, 20 and 30 s. It can be known that under the peak
load of 6 and 10 mN, the creep displacement will
increase rapidly during the initial creep stage with the
increase of the load-holding time, and the increase
will decrease when the load-bearing time reaches
20 s. Finally, it was gradually approaching stable.

Figure 5 exhibits creep displacement curves at differ-
ent holding times of heat-treated amorphous coatings
at 150°C and 250°C under 6 and 10 mN loading con-
ditions, respectively. The heat-treated amorphous coat-
ings have a lesser increase in creep displacement than
the original amorphous coatings, and are less sensitive
to the holding time than the original amorphous coat-
ings, indicating the heat-treated amorphous coatings
have better creep resistance. This phenomenon can
be attributed to the structural relaxation of the amor-
phous coatings during heat treatment, which can elim-
inate defects (initial free volume) in the amorphous
coatings [15]. More atoms will participate in the defor-
mation process under the indentation, and the heat-
treated amorphous coatings have a greater creep resist-
ance during the holding stage.

Figure 6 illustrates the observation of pile-ups of the
amorphous coatings heat-treated at 150°C (a) and 250°
C (b) caused by shear band expansion with atomic
force microscopy (AFM) at peak load of 10 mN with
holding time of 30 s. It can be concluded that indenta-
tion creep may lead to the formation and expansion of
multiple shear regions around the material, which may
lead to the material softening [21].

Friction and wear properties of the amorphous
coatings

SEM analysis of wear morphology

Figure 7(a-c) show the wear morphology of 304
stainless steel and the original amorphous coatings
with the wear time of 30 min and the load of 20 N
in artificial seawater and the wear morphology of
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Figure 5. Load-creep displacement curves at different holding times of amorphous coatings: heat treated at 150°C (a) and 250°C (b)
under 10 mN loading condition; heat treated at 150°C (c) and 250°C (d) under 6 mN loading condition.

the original coatings with the wear time of 30 min
and load of 20N in dry friction condition. After
the surface of 304 stainless steel is worn, there are
more irregular abrasive particles, and there is a ten-
dency of delamination. It shows that the micro-cut-
ting effect of the abrasive particles, the main wear
mechanism is abrasive wear [22]. Compared with
the wear trajectory of 304 stainless steels, there are
few spalling and abrasive particles, and the partial
oxidation appears on the surface of original amor-
phous coatings. The main wear mechanism of orig-
inal amorphous coatings is abrasive wear and

oxidative wear, but the oxidative wear of original
amorphous coatings is more severe under dry friction
conditions, with the detachment of the oxide layer.
Figure 8(a—c) are the wear morphology of the orig-
inal amorphous coatings, and amorphous coatings heat
treated at 150°C and 250°C with the wear time of
30 min and the load of 20N in artificial seawater,
respectively. It can be observed that the abrasive par-
ticles are reduced on the amorphous coatings heat
treatment at 150 °C, the wear surface becomes uneven,
accompanied by scratches, and the adhesion is obvious.
Adhesive wear occurred at this time, and there was

(b)

Wi

Figure 6. The creep indentation profile of the amorphous coatings heat-treated at 150°C (a) and 250°C (b) with the same holding

time (30 s) and the same peak load (10mN).
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Figure 7. Surface wear morphology with 30 min wear time and 20N load: 304 stainless steel (a) and original amorphous coatings (b)
in artificial seawater; (c) Original amorphous coatings in dry friction condition.

Figure 8. Surface wear morphology with 30 min wear time and 20 N load in artificial seawater: (a) Original coatings; 150°C (b) and

250°C (c) heat-treated amorphous coatings.

oxidative wear. The surface of the amorphous coatings
treated at 250°C is smooth and flat, with a small
amount of oxidation and abrasive particle. Its wear
mechanism becomes oxidative wear with a small
amount of abrasive wear. The original amorphous
coatings peeling is relatively evacuated, mainly around
the tiny holes of the amorphous coatings. The amor-
phous coatings are peeled off mainly around the tiny
holes, because the crack around the tiny holes of the
amorphous coatings will continue to expand until it
breaks. This phenomenon is caused by repeated

Figure 9. Wear morphology of amorphous coatings heat trea-
ted at 250°C in dry friction condition.

rubbing of the GCr15 steel ball on the amorphous coat-
ings, and the residual stress is released. Finally, the sur-
face layer is detached from the amorphous coatings in
the form of a fragmented wear grindings and form a
spalling pit [23]. Therefore, when amorphous coatings
are annealed at a low temperature without crystalliza-
tion, as the annealing temperature increases, the poros-
ity decreases, which makes the wear resistance of the
amorphous coating improved.

EDS analysis of the amorphous coatings

Figure 9 shows the EDS analysis of the wear surface
of the amorphous coatings heat treated at 250°C in
dry friction condition. The EDS element content dis-
tributions are reported in Table 2. The oxygen con-
tent in the white area is very low, considering that
the error range of the instrument itself can be
ignored. The oxygen content in the dark region b
is up to 16.0 wt-%, because high frequency friction
will significantly increase the surface temperature,

Table 2. Comparison of EDS element content in wear surface of
amorphous coatings heat treated at 250°C in dry friction
condition.

Element content (wt) Fe 0 Cr Mo C B
Region a 55.1 0.4 25.6 171 1.9 0
Region b 68.7 16.0 9.3 49 1.1 0
Region ¢ 75.0 16.5 4.8 2.0 1.6 0
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Figure 10. the three-dimensional topography of the surface wear under the applied load of 20 N at dry friction condition: (a) 304
stainless steel; (b) Original amorphous coatings; (c) 150°C heat-treated coatings; (d) 250°C heat-treated coatings.

and an oxide friction layer will be formed on the sur-
face of the amorphous coatings. Therefore, the oxi-
dative wear in dry friction and wear conditions is
the main wear mechanism of the amorphous coatings
[24]. The highest oxygen content in the ¢ region is
mainly oxidized wear debris, which indicates that
the amorphous coatings is damaged and peeled
under the mechanism of oxidative wear. The surface
material transfer phenomenon occurs, and the
residual stress is the main cause of cracking and spal-
ling of the amorphous coatings [25].

Wear rate analysis of the amorphous coatings

The wear rate is calculated using the formula of
Ry = Viw/(Sx N) [26], where Vyy is the wear volume
(mm’) drawn by the three-dimensional profiler, S is

the sliding distance (m) and N is the load (N). Figure
10 shows a three-dimensional topographical view of
the surface wear scar of 304 stainless steel (a), the
original amorphous coatings (b) and heat-treated
amorphous coatings at 150°C (c) and heat-treated
amorphous coatings at 250°C (d) with 30 min wear
time and 20N load in dry friction condition. It can
be seen that the wear depth of 304 stainless steel is
deeper than that of the amorphous coatings. By cal-
culating the wear rate of 304 stainless steel (2.541E-
4mm’m™' N), it is 1.5 times the wear rate of orig-
inal amorphous coatings (1.685E-4 mm’ m~' N).
Moreover, the wear rate of amorphous coatings is
decreased through heat treatment, as shown in
Table 3. Therefore, the amorphous coatings have a
higher wear resistance than 304 stainless steel.
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Table 3. Wear rate and wear scar roughness of the substrates
and amorphous coatings with the same load (20 N) and the
same wear time (30 min).

Wear rate Wear scar
Specimen (mm®m™"N) roughness (um)
Substrates 2.541E-4 6.021
Original amorphous coatings 1.685E-4 4513
Heat-treated amorphous 3.611E-5 1.191
coatings at 150°C
Heat-treated amorphous 4.3000E-6 1.044

coatings at 250°C

Compared to the original amorphous coatings and
substrates, the wear resistance of heat-treated amor-
phous coatings is better.

Conclusion

(1)

()

3)

XRD analysis shows that the structures of heat-
treated Fe-based coatings are amorphous. As the
heat treatment temperatures increase, the porosity
of the amorphous coatings decreases, and the por-
osity of the heat-treat amorphous coatings at 250°
C is the smallest. In artificial seawater, the amor-
phous coatings have better corrosion resistance
than 304 stainless steel substrates, and the amor-
phous coatings heat treated at 250°C has the stron-
gest corrosion resistance, which broadens the
application of Fe-based amorphous coatings in
marine corrosion protection.

With the peak load of 6 and 10 mN, the same hold-
ing time of 10, 20 and 30, the creep displace-
ments of amorphous coatings after heat-treated
increase with the increase of loading time, but
the increase of creep displacements of heat-treated
amorphous coatings are smaller than that of the
original amorphous coatings. Therefore, compared
with the original amorphous coatings, the heat-
treated coatings have great creep resistance,
which means that the anti-deformation ability of
the heat-treated Fe-based amorphous coatings is
increased, and the service life of the Fe-based
amorphous coatings is improved.

Under dry friction condition, the wear rate of
amorphous coatings decreases as heat-treat temp-
eratures increasing, and the amorphous coatings
heat-treated at 250°C has a minimum wear rate
of 4.3000E-6 mm” m™" N. Therefore, heat-treated
amorphous coatings have better wear resistance.
The amorphous coatings are less peeled off in
artificial seawater than under dry friction con-
ditions. In artificial seawater, the surface for amor-
phous coatings heat treated at 250°C is smoother
and flatter than that of original coatings and heat
treated at 150°C. These results indicate that the
proper heat treatment process can improve the
wear resistance of Fe-based amorphous coatings,

which makes the service life of Fe-based amor-
phous
environment.

coatings prolonged in the marine
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