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Abstract: This study explores the fabrication of Fe-based amorphous/crystalline coating by air plasma spraying and its dependency on the
coating parameters (plasma power, primary gas flow rate, powder feed rate, and stand-off distance). X-ray diffraction of the coatings deposited
at optimized spray parameters showed the presence of amorphous/crystalline phase. Coatings deposited at a lower plasma power and highest
gas flow rate exhibited better density, hardness, and wear resistance. All coatings demonstrated equally good resistance against the corrosive
environment (3.5wt% NaCl solution). Mechanical, wear, and tribological studies indicated that a single process parameter optimization cannot
provide good coating performance; instead, all process parameters have a unique role in defining better properties for the coating by con-
trolling the in-flight particle temperature and velocity profile, followed by the cooling pattern of molten droplet before impingement on the

substrate.
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1. Introduction

Metallic glasses are a promising material for industrial ap-
plications due to their high hardness, strength, and excellent
anti-corrosion and anti-wear properties [1-3]. Among the
various systems of metallic glasses developed, iron (Fe)-
based metallic glasses have attracted special attention owing
to their pseudo-amorphous phase [4-6]. This unique feature
provides much higher mechanical strength, corrosion resist-
ance, and wear resistance properties to the Fe-based metallic
glasses compared with their traditional crystalline counter-
parts [5—6]. In addition to these features, the ease of availab-
ility and lower cost associated with Fe provides the potential
to fulfill the demand of current industries. As a result, Fe-
based metallic glasses, to some extent, have become industry
favorites for structural applications operating in mild to ag-
gressive environments.

However, like every other material on the planet, this ma-
terial also possesses a drawback. Most studies on Fe-based
bulk metallic glass (BMG) dealt with complete amorphous
phase, and the inherent brittleness associated with this phase
was mostly ignored [7]. A detail that is worth mentioning
here is that the complete amorphous phase imparts poor frac-
ture toughness to this metallic glass, thereby preventing its
widespread applications as a structural material. In this re-
gard, the coexistence of amorphous and crystalline phases in
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Fe-based metallic glasses has not only proven to be a hard-
ness energizer but has also improved the overall toughness of
the material. Li e al. [8] demonstrated that arc-melted Fe-
based metallic glass with amorphous/crystalline phase in-
creases the fracture toughness of the BMG. Kumar ef al. [9]
reported that the Fe-based metallic coating consisting of both
amorphous and crystalline phases showed enhanced hard-
ness and wear resistance properties. The higher wear resist-
ance was ascribed to the decrease in the brittleness of the
coating, which translates to increased toughness of the coat-
ing. Moreover, the composite (amorphous and crystalline)
phase is already being used as structural materials in boilers,
turbines, and auto parts [9].

Although many protocols such as mechanical alloying, arc
melting, laser cladding, and selective laser melting can be
used to fabricate Fe-based metallic glasses, the varying de-
gree of limitations associated with these protocols prevents
most of them from gaining industrial status [8,10—15]. In this
regard, due to its widespread usage and ease of fabrication,
thermal spraying has been widely regarded as a benign in-
dustrial technique to fabricate metallic glass coatings
[16-18]. The unmatched rate of cooling (~10°~107 K/s) asso-
ciated with this technique also helps retain the amorphous
phase in the coating [19]. Several studies in recent years have
successfully retained the complete amorphous phase in coat-
ing after thermal spraying of amorphous starting powders.
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Guo et al. [20] fabricated Fe-based amorphous Fe,o;Crg
Mn, Mo, ,W, ¢B152C55Si,4 coating over mild steel substrate
by using high-velocity air fuel (HVAF) and high-velocity
oxygen fuel (HVOF) processes. X-ray diffraction (XRD)
study showed that the coating completely retained its
amorphous phase after spraying. Similar results were ob-
tained in the studies conducted by Koga et al., where the
amorphous FegCrgNbgB,, alloy almost retained its phase in
the coating fabricated by HVOF [21]. In both studies, the
complete transformation of amorphous phase was prevented
due to the rapid quenching involved in HVOF/HVAF, which
prevented the crystallization of disordered amorphous
powders.

However, as discussed earlier, even though thermal spray-
ing helps retain the complete amorphous phase, the forma-
tion of amorphous/crystalline is expected to further enhance
the properties of the Fe-based metallic coating. Zhang et al.
[22] attempted to deposit Fe-based amorphous powders
(Fe4sCrisMo,4C13Bs) over carbon steel by using atmospheric
plasma spraying at different plasma powers (25, 30, 35, and
40 kW). They observed that the coating fabricated using 40
kW demonstrated amorphous/crystalline phase. Kumar et al.
[9] studied the optimization of amorphous/crystalline phase
of amorphous Fe-2.5Cr—6.75i-2.5B-0.7C (wt%) powder at
various plasma powers (20, 25, 30, and 35 kW). All the coat-
ings displayed amorphous/crystalline phase as the crystalline
content increased from 14.0% to 20.0% as the plasma power
increased from 20 to 35 kW. This dual phase enhanced the
mechanical and wear resistance properties of the Fe metallic
glass coating. However, the optimization in both studies in-
volved only the variation of plasma power and overlooked
the influence of other three key plasma process parameters,
namely, primary gas flow rate, powder feed rate, and stand-
off distance. All four key plasma process parameters need to
be considered together to approach a conclusive result. That
being said, an interesting detail to note is that not even a
single study explored the complete optimization of Fe-based
metallic glass.

Therefore, this study attempts to develop a composite
(amorphous/crystalline) coating through optimization of the
plasma spraying parameters from a very lean Fe-based alloy
composition (Feg,¢C; 5P, 4Si,Mnys). This alloy is obtained as
a residue material with pig iron as a regular output from the
blast furnace in an integrated steel plant. To reuse this residue
cost effectively, this alloy was synthesized with minimum
modifications in the compositions. Four key plasma process
parameters, namely, plasma power, primary gas flow rate,
powder feed rate, and stand-off distance, were varied simul-
taneously to study their effect on the amorphization/crystal-
lization and structure of all the coatings. In addition, the
mechanical, corrosion, and wear properties were studied, and
correlations were drawn with the process parameters.

2. Experimental
2.1. Powder details

Commercially available high-phosphorus pig iron ingots

were converted to Fe-based powder (Fey,CssP;4Si:Mnys)
(all compositions in wt%, average particle size: 30-80 um) at
the manufacturing unit of Innomet Powders, India. The
powder is mostly crystalline in nature (see Section 3.1) and is
prepared using water atomization technique.

2.2. Assessing various plasma spray parameters

In this work, the four key air plasma spray (APS) para-
meters—plasma power (P), gas flow rate (G), powder feed
rate (F), and stand-off distance (S)—were varied to synthes-
ize coatings. Varying these parameters is believed to alter the
temperature and velocity of the in-flight molten particles,
which will have a significant impact on the coating proper-
ties. Thirty-six experiments (Table S1) were conducted based
on several combinations of P, G, F, and S. The coatings were
deposited using a 9 MB plasma gun and accessories (Oer-
likon Metco, Switzerland). Three sets of plasma power (P, =
25 kW, P, =30 kW, and P; =35 kW) and gas flow rate (G, =
2.80 m*h, G, = 3.36 m*/h, and G; = 3.92 m*h), and two sets
of powder feed rate (F|, = 15 g/min and F, = 30 g/min) and
stand-off distances (S; = 75 mm and S, = 100 mm) were var-
ied to perform the experiments. Coatings were deposited over
a grit-blasted plain carbon steel substrate (dimensions:
100 mm x 20 mm x 3 mm). Substrates were preheated at
200°C prior to the deposition of the coating. The substrate
temperature was monitored using an optical pyrometer (HTC
Instruments, Model IRX 69, Mumbai, India). Substrate pre-
heating contributes in minimizing the thermal mismatch with
the molten particle, hence reducing the chance of coating
delamination [23].

The aim of this work is the thorough optimization of pro-
cess parameters to achieve the best combination of mechan-
ical, wear-resisting, and corrosion-resisting properties. Thus,
the thermal and kinetic history of the molten in-flight powder
was also studied. The thermal and kinetic values for each
process were constantly monitored using an in-flight particle
diagnostic sensor (Accuraspray; Tecnar Automation Ltée,
QC, Canada). Details of the data acquisition of the in-flight
particle diagnostic sensor were discussed in our previous
study [24].

2.3. Characterization analysis for powder and coating

A helium gas pycnometer (Ultrapyc, Model 1200e,
Quantachrome Instruments, USA) was used to measure the
densities of the coatings. For this purpose, coatings of the Fe-
based feedstock were made on a plane carbon steel substrate
(without grit blasting). Coatings on the non-grit-blasted sub-
strates led to the coatings to detach from the substrates, which
is mainly attributed to two reasons: (i) a high thermal mis-
match between the substrate and the coating, and (ii) lower
adhesion of the coatings with the substrate due to lack of an
interlocking bond between them. Free standing coatings were
filled in a 0.25 cm’ cell, and the outlet gas pressure was fixed
at 34 kPa. Phase analysis of the synthesized coatings and the
powder was performed using XRD (TTRAX III, Rigaku, Ja-
pan) of Cu K, radiation of 0.154 nm wavelength. All spectra
were captured at a scanning rate of 2°/min between 30° and
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90° (26). High-resolution transmission electron microscope
(HR-TEM) (FEI Tecnai, USA) operating at 200 kV was used
for imaging and obtaining the selected area electron diffrac-
tion (SAED) of the powder. The morphology of the commer-
cially obtained Fe-based powders and the cross section of all
the coatings were obtained using a field emission scanning
electron microscope (FESEM, Zeiss, Sigma HD, Germany)
at an operating voltage of 15 kV. Thermal analysis of the
powder and free-standing coatings was performed using a
differential scanning calorimeter (DSC) (NETZSCH STA
F449, Germany) at 10°C/min in a temperature range of
30-700°C under nitrogen atmosphere.

2.4. Mechanical-, wear-, and corrosion-property analysis

The mechanical properties (hardness and elastic modulus)
of the optimized coatings were measured using an instru-
mented micro-indenter (Microtest, MTR 3, Spain) at a load
of 3 N and holding time of 5 s. At least five indents were
made for each coating. Wear tests were carried out using a
ball-on disk tribometer (Ducom, TR-20LE-CHMS800, India)
at 250 r/min and at 20 N normal load with a fixed sample and
rotating alumina (AL,O;) ball. All wear tests were conducted
for 3600 s without any interruption. Electrochemical meas-
urements were performed to evaluate the corrosion resist-
ance performance of the coating. Standard 3.5wt% NaCl
aqueous solution was used as the standard corrosion media.
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The open circuit potential (OCP) values of the coatings were
recorded to obtain a stable potential before dynamic polariza-
tion measurements. The corrosion potential () and corro-
sion current (/) values were obtained by extrapolating the
anodic and cathodic curves using the Tafel method. Corro-
sion rate was evaluated using Gamry Echem Analyst soft-
ware, which uses Faraday law to calculate the corrosion rate.

3. Results and discussion
3.1. Characterization of Fe-based powder

Fig. 1(a) shows the low-magnification FESEM images of
the Fe-based powder depicting the irregular morphology,
which is a typical of water-atomized powders, and the inset
shows the corresponding high-magnification image of the
powder. Fig. 1(b) shows the average particle size distribution
of the Fe-based powders. The average particle size distribu-
tion of the powders was measured by considering more than
100 particles. The longest diagonal was considered while
measuring the particle size. The average powder size of the
Fe-based powders is (62.0 £ 12.0) um (Fig. 1(b)). The wide
range of particle sizes is expected to be beneficial because
smaller particles can melt easily and impart higher mechanic-
al properties, whereas coarser particles give rise to amorph-
ous phase, thereby increasing the corrosion resistance of the
coating. In addition, even though the powders are irregularly
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(a) FESEM image of the commercially obtained Fe-based powder, and the inset shows the high-magnification image of the

powder; (b) powder size distribution (Avg. means average); (c) XRD pattern of the powder; (d) HR-TEM of the powder, and the

inset is the SAED from the area shown in (d).
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shaped, a larger size could assist in smooth flowability of the
powders. The flowability of powder in the nozzle is an im-
portant factor for fabricating uniform and good-quality coat-
ings. The ease of powder flow through the powder feeder
(SMPE, Oerlikon Metco, Switzerland) was estimated by
passing the Fe powder through the feeder hose. The devi-
ation of the amount of the powder weighed (per minute) with
the instrumented or theoretical feed rate provided the uni-
formity of the flow. Less deviation corresponded to more
uniformity of the powder flow in the powder feeder. More
details are included in Section S1.

Fig. 1(c) shows the XRD pattern of the Fe-based powder.
The amorphous phase content of the powder was 21.75%,
which shows that the starting powder is mostly crystalline in
nature. The amorphous phase fraction was calculated from
the ratio of the total area of the amorphous peak to the total
area of all peaks [25]. The phase constituents were also eval-
uated using HR-TEM. Fig. 1(d) shows the HR-TEM image
of the Fe-based powder. Selected area electron diffraction
(SAED) along the entire area confirms the various phases
that are present, which are also shown in XRD. DSC was
performed to determine the crystallization temperature of the
powder. Fig. S1 shows the DSC profile of the powder. A
sharp exothermic peak can be observed at 520°C for the
powder. This finding implies that heat is released at 520°C,

which denotes the crystallization temperature (7;) for the
powder, depicting high thermal stability.

3.2. Optimization of plasma process parameters

The powder was plasma-sprayed over plain carbon steel
substrate for the 36 different parameters. The in-flight
particle temperature and velocity were recorded for every
spraying parameter variation and are mentioned in Table S1.
Fig. 2 displays the integrated process map showing the tem-
perature and velocity distribution of in-flight powder particle
at two different powder feed rates of 15 and 30 g/min, re-
spectively. Fig. 2(a)+(b) shows the temperature and velocity
of the particles at 75 mm stand-off distance, while Fig.
2(c)+(d) shows the temperature and velocity of the particles
at 100 mm stand-off distance. The relative size of the le-
gends in Fig. 2 is directly proportional to the plotted temper-
ature and velocity values. Fig. 2(a) shows that for the same
power and feed rate, the temperature decreases marginally
with the increase in primary gas flow rate. In contrast, for the
same power and primary gas flow rate, the temperature de-
creases marginally in most of the cases with the increase in
feed rate, except for few parameters with highest power. As
shown in the Table S1, the temperature of P;G,FS) is repor-
ted lower than that of P;GF,S, and the temperature of
P;G,F,S, is lower than that of P;G,F,S, although the differ-
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Fig. 2. Temperature (a, ¢) and velocity (b, d) distributions of in-flight powder particle at two different stand-off distances of 75 and

100 mm, respectively, in the plasma process.
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ences were marginal. However, in the velocity profile (Fig.
2(b)), for the same power and feed rate, the velocity in-
creases marginally or remains constant with the increase in
primary gas flow rate, except with very little exemptions in the
power (30 kW). However, for the same power and primary
gas flow rate, the velocity increased minimally with the in-
crease in the powder feed rate. In addition, both temperature
and velocity increased with the increase in plasma power for
all combinations. Therefore, collectively, for a stand-off dis-
tance of 75 mm, the highest temperature and velocity recor-
ded throughout the entire series are 2327°C (P =35kW, G =
2.80 m*/h, and F = 30 g/min) and 172 m/s (P = 35 kW, G =
3.92 m*/h, and F = 30 g/min), respectively. However, when
the stand-off distance was increased to 100 mm, discrepan-
cies in the values of temperature and velocities were ob-
served when compared with the values obtained using a
lower stand-off distance (75 mm). The highest temperature
and velocity in this case were 2298°C (P =35 kW, G =2.80
m’/h, and F = 15 g/min) and 170 m/s (P =35 kW, G =3.92
m’h, and F = 15 g/min), respectively. Besides, the highest
temperature and velocity are lower in data accumulated at a
stand-off distance of 75 mm. The above results indicate that a
conclusive parameter cannot be obtained by using plasma
power alone but depends on the other three parameters as
well.

On the basis of the above 36 values of temperature and ve-
locities, five distinct parameters were chosen for temperature
and five values for velocity on the basis of the highest, low-
est, middle, and intermediate (i.e., between highest and
middle values and between middle and lowest values) values
obtained for each set of temperature and velocity, as shown in
Table 1.

Int. J. Miner. Metall. Mater., Vol. 29, No. 1, Jan. 2022

Table 1. 10 selected optimized parameters with respect to

temperature and velocity values

Parameters Temperature / °C || Parameters Velocity / (m-s™)
P3G\ F,S, 2327 P3G3F,S) 172
P3G5F,S) 2259 P3GF,S, 159
P,G5F\S) 2219 P,G\F,S, 146
P\GF\S, 2170 P\GyF,S) 130
P,G;F,S, 2120 P\G5F,\ S, 92.5

Plasma-sprayed Fe coating was fabricated using the 10
parameters, as listed in Table 1. However, the coating ob-
tained using plasma power P; = 35 kW melted during the
plasma spraying process. This condition was consistent with
all the coatings prepared using the highest power (35 kW).
However, the remaining coatings showed no sign of melting.
This melting of the P; batch coatings could be attributed to
the very high temperature, which melts the powder and does
not allow the powder to cool and solidify upon continuous
plasma gun passes. Fig. S2(a) shows a digital image of the
melted P; batch coating. The coating obtained using para-
meter P,G»F,S; also showed signs of melting (Fig. S2(b)).

Therefore, all the coatings prepared with power P; and
P,G;F,S; were dropped and were not considered hereafter.
Hence, the rest of the five best parameters—P;G;F,S,,
P,GF\S,, P,G5F\S,, P,G\F,S,, and P,G,F,S,—were chosen
for fabrication of the optimized coating. Fig. 3 shows the
cross-sectional SEM images of the coatings. All coatings
demonstrated a uniform thickness of ~250 um. Moreover, the
coatings appeared to be well adhered to the substrate, thereby
validating the satisfactory bonding between them. The dens-
ity of these free-standing coatings was measured using a heli-
um gas pycnometer.

ey PAERA

100 um Substrate

Fig.3. Cross-sectional SEM images of (a) P,G3FSy, (b) P,G,F,Sy, (¢) P,GsF,S;, (d) PG, F,S,, and (¢) P,G,F,S,).

Table 2 depicts the average relative densities of the free-
standing coatings along with their standard deviation. As
seen from Table 2, the coating synthesized at spray paramet-
er P,G;F\S, shows the highest average relative density
(~98%), while P,G\F,S, shows the lowest average relative
density (94.3%). The minimum power combined with a suit-
able amount of in-flight time is assumed to be beneficial to
the proper melting of the particles, which might have helped
increase the density of the coating. As an example, an in-
crease in the gas flow rate lessens the in-flight time of the
molten splats and restricts their cooling during their way to

substrate. Consequently, it facilitates the early deposition of
the splats onto the substrate, resulting in improved density of

Table 2. Average relative densities of the coatings synthes-
ized at optimized parameters

Parameters Average relative density / %
P,G;F,S, 97.9+0.3
P1GFS; 96.8 +0.6
P,G\F,S, 943 +0.7
P\G3F\S, 98.1 +£0.4
PG5S, 953+0.8
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the coatings. Prior studies also saw an increase in the density
of the coatings with the increase in the gas flow rate in a
plasma spray system [26-27]. A low powder feed rate also
improves the density of coatings through better melting by
providing ample time for powder—plume interaction [26].

3.3. Phase and thermal analysis of the optimized coatings

Fig. 4 shows the XRD pattern of all the five coatings fab-
ricated using parameters of P,G,F S|, P\G:F,S,, P,GF,S,,
P\G,F,S,, and P,G;F,S,. A mixture of o-Fe, Fe;C, and Fe;O,
phase was observed in all the coatings. The characteristic
semi-sharp peaks in the XRD denote that the coatings are not
completely amorphous. However, the degree of amorphous
phase increased in the coating compared with that in the
powder. The presence of sharp peaks and broad halos in the
XRD pattern signifies the existence of a mixture of crystal-
line and amorphous phase in the coating. The amorphous
content is calculated and presented in Table 3.

o: o-Fe

¢: Fe,C t
o _‘ﬂlwﬁth‘  PGFS,
_Mh P,G,F\S,

LA P\GF)S,

’h k P1G2F1S1
30 35 40 45 50 55 60
20/ (°)

Fig. 4. XRD pattern of Fe-based coatings synthesized at dif-
ferent spray parameters.

Intensity / a.u.

Table 3. Amorphous content in all the fabricated coatings
and the initial powder calculated using XRD

Parameters Amorphous content / %
P,G,F\S, 42.68
P,G,F,S, 44.32
P,G3F,S, 50.72
P1G3F,S, 53.55
P,G\F,S, 33.85

Powder 21.75

The amorphous phase increases in all coatings when com-
pared with that of the powder used for spraying. However,
the amorphous content is lowest in the coating fabricated at
higher power (P,G,F>S;). The coatings fabricated using para-
meter P,G3F,S, shows the highest percentage of amorphous
phase. Partial amorphization occurs in all coatings, as con-
firmed by the low-intensity XRD peaks. When the powder
comes in contact with the plasma plume, the powder melts
and amorphous-natured coatings begin to form due to the
very high quenching rate involved in plasma spraying [17].
However, the high crystalline phase percentage at high tem-
perature (P,) could be attributed to the accumulation of heat

at a higher power and simultaneously their oxidation at this
high temperature, which could lead to the crystallization of
the amorphous phase. Kumar et al. also observed a decrease
in the amorphous content with the increase in plasma power
[17]. Moreover, increasing the primary gas flow rate in-
creases the amorphous content in the coatings. The increase
in the primary gas trims the temperature and shortens the res-
idence time of in-flight particles, providing a higher quench-
ing rate for them and reducing the probability of oxidation.
Another detail that is interesting to note is that among the five
coatings, the coatings fabricated with stand-off distance S, =
100 mm resulted in a higher amorphous phase (P,G3F,S;:
53.55%; P\G5F\S,: 50.72%) compared with the coatings fab-
ricated at S; = 75 mm. This condition occurred because a
lower stand-off distance translates to lower residence time of
the in-flight particles, which allows the feedstock to quench
with abnormally high cooling rate. The quenching con-
sequently tends to support the crystallization of the coatings
and vice-versa.

To find the crystallization temperature and enthalpy of
crystallization (AH), DSC was performed on all the five coat-
ings ( Fig. S3). A sharp exothermic peak can be observed at T
= 518.98°C for the coating prepared using parameter
P,G,F,S,. This finding implies that heat is released at 7 =
518.98°C, which denotes the crystallization temperature for
the coating. Similarly, the crystallization temperature of the
optimized coatings lies between 514.60 and 518.98°C. The
AH of all the five coatings is presented in Table S3. As seen
from Table S3, the coating prepared using the parameter set
P,G;F\S, shows relatively higher AH (12.12 kJ/g), while the
coating prepared using the parameter set P,G,F,S; shows the
lowest AH (8.81 kJ/g).

3.4. Mechanical property evaluation

The micro-hardness values of the coatings were measured
using the load versus displacement (L-D) curve obtained
from micro-indentation technique. Fig. 5 shows the L-D
curve for all the coatings. The average hardness and elastic
modulus values are tabulated in Table 4. The coating pre-
pared with parameter set P,G3F,S, shows relatively higher
hardness ((6.56 = 0.97) GPa), while the coating prepared
with parameter set P, G,F>S, shows the highest elastic modu-
lus ((89.65 + 3.15) GPa). All the coatings fabricated at low-
est power P,, highest gas flow rate Gs, and high stand-off S,
(P:G5S,) display higher mechanical properties. However,
upon careful examination, the combination P,G3S, gives
slightly higher hardness for F, while F, yields the highest
elastic modulus. An important detail to note is that, while not
the highest, the coatings fabricated at parameter P,G,F,S)
display more balanced or average values of hardness and
elastic modulus, lying between the values of P,G;F,S, and
P,G;F,S,. The combination of low power (P,), medium gas
flow rate (G,), and lowest stand-off (S;) did not help achieve
optimum mechanical properties. The low hardness and elast-
ic modulus of P,G,FS| and P,G,F,S, can be attributed to the
combination of low density (96.8% and 95.3%) and relat-
ively low amorphous content (42.68% and 44.32%). This
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combination of low density and lower amorphous phase
could not resist localized load upon indentation and will res-
ult in overall lower mechanical properties.

3.5
— PG,F\S,
30 — P,G,F,S,
— PGFS,
250 — P\GyF,S,
z 20 - PZGIFZS]
3
S 1s
1.0
0.5
0 1
0 1 2 3 4 5 6 7 8
Penetration / pm
Fig. 5. Load versus depth curve of plasma-sprayed Fe-based

coatings during micro-indentation.

Table 4. Hardness and elastic modulus of plasma-sprayed

Fe-based coatings
Parameters Hardness / GPa Elastic modulus / GPa
P,G,F\S, 4.60 £0.43 47.06 £3.73
P,G,F,S, 5.17+0.05 47.35+0.35
PG5F,S, 5.79 £ 0.56 89.65 + 3.15
P,G\F,S, 6.05 £ 0.05 72.30 £ 1.70
P,G3F\S, 6.56 +£0.97 67.35+0.45

3.5. Tribological property investigation

Ball-on disk tribometer was used to evaluate the wear
property of the coatings. Wear tests were carried out at 250
r/min and at normal loads of 20 N with a stationary sample
and rotating ball. Tests were repeated two times to maintain
reproducibility. Fig. 6 shows the wear depth versus time
graph of the coatings, and the wear depth values after the ex-
periment are tabulated in Table 5. Wear depth was con-
sidered the difference between the unworn coating with the
maximum depth/crater formed during the experiment. The
lowest wear depth was observed for the coating synthesized
at P\G,F,S,, while the highest wear depth was observed for
P,G,F,S,. The lowest wear depth of P,G;F,S, could be cor-
roborated to the highest relative density (98.1%) and hard-
ness (6.56 GPa) of the coating, which prevented chipping of
the coating material during wear.

Fig. 7 shows the coefficient of friction (COF) versus time
graph, and the average COF values are tabulated in Table 5.
The coating synthesized at process parameters of P,G3FS,
shows the lowest COF (0.52 £ 0.04). The lowest COF of this
coating could be attributed to the combination of the highest
hardness and the higher amorphous content of the coating,
which might have prevented excessive brittle fracture during
wear [28]. Moreover, the higher hardness and relative dens-
ity of the coating reduced the formation of debris, which ini-
tiated third-body wear during the process [29]. The value of

Int. J. Miner. Metall. Mater., Vol. 29, No. 1, Jan. 2022

S e
— P,G,F,S,
30F — PGS,
— P\GJF)S,
— P,G/FS,
25 2414 2V
g
=
=20
5
§ 15
10
5
0 1 1 1 1 1
600 1200 1800 2400 3000 3600
Time /s
Fig. 6. Wear depth versus time graph of plasma-sprayed

coating synthesized at five different parameters.

Table S. COF and wear depth of plasma-sprayed coating
synthesized at five different parameters

Parameters COF Wear depth / m
P\G,F\S, 0.61 £0.06 23.11+2.74
P1G,F,S; 0.69 +0.05 25.70 +3.54
P,G5FS, 0.52 +0.04 9.89+£2.26
P\G5F,S, 0.64 £0.06 15.84 £2.24
P,G\F,S; 0.67 +0.03 18.95 +3.69

wear depth for P,G;F.S, starts to decrease after ~1700 s of
wear, which could be attributed to subsequent smoothening
of the surface pores present in the coating and the adherence
of the debris particulates on the worn surface at the point of
contact of the ball and the coating surface. Moreover, the
curve remained the lowest throughout the entire wear experi-
ment, proving that the coating has higher wear resistance than
the other samples. The remaining coatings display almost a
similar COF, with P,G,F,S; displaying the highest COF of
(0.69 + 0.05) and the highest wear depth. This result could be
due to the combination of relatively low density, hardness,
and elastic modulus of the coating, which resulted in easy re-
moval of debris, thereby giving rise to excessive third-body
wear. This condition in turn results in the highest wear depth
and COF among all the coatings.
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Fig. 7. COF versus time graph of plasma-sprayed coating

synthesized at five different parameters.
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3.6. Corrosion behavior

Fig. 8 shows the potentiodynamic polarization curves of
all the five coatings, and the values are tabulated in Table 6.
The potentiodynamic polarization test of the samples was
maintained between —0.9 to 0.1 V. Thus, a less passive re-
gion was obtained for all samples. As the corrosion current
density, i, is a measure of the extent of electron transfer
between the corrosion medium and the sample, it indirectly
provides the corrosion resistance of the samples. Table 6
shows that P,GF,S; has the least corrosion current density,
whereas other samples displayed comparatively higher val-
ues. Therefore, the P,GF,S, sample is the most corrosion
resistant among all samples. The difference between the cor-
rosion rates of all other coatings is marginal. With reference
to all the previous studies, all the coatings can be said to have
good corrosion resistance in 3.5wt% NaCl aqueous environ-
ment because the corrosion rates are reported to be lower
than 0.127 mm/a as compared with crystalline iron, whose
corrosion rate is in the range of 0.305-0.381 mm/a [30]. The
presence of amorphous phase, combined with high density
(>95%) of the coatings, helps inhibit corrosion by not allow-
ing corrosive media to reach the substrate. In addition, for all
the samples, Si can be anticipated to diffuse upward and form
a passive SiO, film on the surface, promoting similar corro-
sion resistance of the coatings [31].

0 -
— PGFS,
) — PGES,
02 I P1G3FISZ
— PGES,

Potential / V vs. SCE
&
~

1077 107 10°° 107 1073 107

Current / (A-cm™)
Fig. 8. Tafel plot of plasma-sprayed coating synthesized at
five different parameters.

Table 6. I Ecorrs and corrosion rate of coatings synthes-

ized at five different parameters
Parameters (u/f\C?IcTn/fz) Cor(rrcr)jrll(?z?rlz)lte / Eeore / mV
P,G\F5,S, 4.720 0.055 =728.0
P,G3F,S, 7.030 0.082 —644.0
P\G;5F,S, 7.820 0.091 —677.0
P,G,F\S, 8.560 0.099 —626.0
PG,F,S, 8.740 0.101 —640.0

4. Conclusion

In this study, the fabrication process of the Fe-based
amorphous/crystalline coating by plasma spraying is optim-

ized by varying four key parameters. Post-coating results
confirmed the increase in amorphous phase content in all the
coatings as compared with the feed stock powder. A higher
plasma power (35 kW) led to excessive melting and sub-
sequent burning of the coatings. The amorphous phase con-
tent in the coating decreased with higher power. The increase
in gas flow rate also demonstrated a positive impact on the
amorphous phase content in the coating. Furthermore, a
higher stand-off distance showed higher amorphous phase
formation, and vice versa. Moreover, all coatings displayed a
density higher than 94%. However, the coatings fabricated
using the lowest power, highest gas flow rate, and larger
stand-off distance displayed the highest density and im-
proved mechanical and wear properties. Furthermore, all the
coatings displayed good corrosion resistance in a 3.5wt%
NaCl aqueous environment, with corrosion rates varying
between 0.05-0.11 mm/a.
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