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Abstract Recently, thermal spraying processes are
receiving great attention from the research community for
the development of Fe-based metallic glass (MG) com-
posite coatings possessing unique combination of improved
mechanical and corrosion properties. At the same time,
selection of thermal spraying process and deposition
parameters are critical, as coating characteristics including
porosity and amorphicity are highly dependent on these
factors, and such characteristics have significant influence
on both mechanical and corrosion properties. Accordingly,
in this work, two prominently used thermal spraying
methods; atmospheric plasma spraying (APS) and high-
velocity oxy-fuel (HVOF) spraying were employed to
synthesize an economical in-situ MG composite coating
system based on a newly developed FeCrBPC alloy
(Fee3CroPsB6C5). This was done to establish a compre-
hensive correlation between process-microstructure-wear
and corrosion resistance for Fe-based MG composite
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coating prepared via different thermal spraying processes.
Microstructural characterization revealed lower amount of
porosity and reduced amorphicity for HVOF-coating
compared to APS counterpart. The HVOF-coating exhib-
ited higher wear and corrosion resistance, attributed to the
better combination of porosity content and level of amor-
phicity. Most importantly, both the composite coatings
exhibited superior wear and corrosion resistance compared
to HVOF-sprayed SS316L coating prepared using indus-
trially optimized parameters.

Keywords atmospheric plasma spraying (APS) -
corrosion - Fe-based metallic glass composite coating -
high velocity oxy-fuel (HVOF) spraying - wear

Introduction

Because of excellent combination of mechanical and cor-
rosion properties of metallic glass (MG) systems, inex-
pensive Fe-based MG coatings with various compositions
have gained significant attention to provide surface pro-
tection for structural components in aggressive environ-
ments (Ref 1-4). Regrettably, lack of plasticity at room
temperature is the major bottleneck of such monolithic MG
coatings, which limits their practical engineering applica-
tions (Ref 5, 6). Thus, developing an in-situ composite
structure viz. glassy matrix embedded with secondary
crystalline phases is considered very useful to circumvent
the inherent brittleness of these coatings (Ref 6-8). The
above-mentioned scenarios led to an enhanced drive for the
research on exploring various Fe-based MG composite
coatings (Ref 9-13).

Over the past decade or so, various thermal spraying
methods are being employed in preparing such composite
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coatings because of the higher rate of deposition, lower
cost of operation and ability to coat the substrates with
complex geometry (Ref 1, 6, 14). Previous studies have
demonstrated that mechanical and tribological properties of
Fe-based MG coatings could be strengthened via dispersion
of crystalline phases (Ref 15-17). This was because of
impeded shear band propagation and nucleation of addi-
tional shear bands prompted by crystalline phases present
in the glassy matrix along with increased hardness and
improved plasticity. At the same time, the presence and/or
evolution of such crystalline phases can have deleterious
influence on corrosion properties of MG coatings (Ref 18-
21). In addition, entrapment of porosities is unavoidable in
the thermal sprayed coatings, and the wear, as well as the
corrosion properties, are substantially affected by the
entrapped porosity resulting in hastened deterioration of
the coating (Ref 16, 22, 23). It is possible to obtain a
coating with well-balanced level of amorphicity and
porosity by optimizing the process parameters of thermal
spraying (Ref 24-26). However, prior to even optimizing
these parameters for synthesizing superior quality coating,
the initial decision is about the selection of the spraying
technique.

The primary characteristics of the thermal sprayed MG
coatings, including degree of amorphicity, microstructural
evolution and porosity content are significantly influenced
by attributes of different thermal spraying processes (ma-
jorly defined by the attributes of in-flight particles, viz.
temperature and velocity). Among all the spraying tech-
niques, atmospheric plasma spraying (APS) and high-ve-
locity oxy-fuel (HVOF) methods were reported to be
efficient in producing Fe-based MG coatings, which are
characterized by higher thermal and higher kinetic energies
of the in-flight powder particles, respectively, consequently
affecting microstructural as well as compositional evolu-
tion in the coatings. Thus, in this context, selection of
thermal spraying method is crucial to synthesize MG
coatings with desired properties. In the past, the compar-
ative study between Fe-based MG composite coating
developed by APS and HVOF processes has rarely been
discussed in the existing literature.

Apart from all the factors discussed above, chemical
composition is the most important factor in determining
wear and corrosion properties of Fe-based MG alloys (Ref
27, 28). Although wear and corrosion properties of various
thermal sprayed Fe-based MG coatings have already been
investigated, the studied alloy systems primarily contained
higher amounts of Cr and Mo, along with occasional
addition of Ni, Cu, Nb, Y, W, etc. However, these elements
are expensive which limits the widespread applications of
these alloys. The addition of inexpensive metalloids (e.g.,
C, P and B) significantly improves the glass-forming ability
of Fe-based systems (Ref 27, 28). Therefore, synthesizing a
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Fe-Cr-based MG alloy with low-cost metalloids without
addition of expensive elements is of great significance for
wear and corrosion-resistant applications.

Accordingly, a low Cr and inexpensive metalloid con-
taining Fe-based (Feq3CroPsB¢C7, at.%) composite coat-
ing was developed by two different thermal spraying
processes (APS and HVOF) in this work with previously
optimized deposition parameters based on authors’ earlier
works (Ref 29, 30), to investigate the potential for its use as
an economical surface protective coating. A systematic
investigation was carried out to understand the influence of
in-flight particle characteristics (viz. temperature and
velocity) of thermal spraying processes on microstructure
as well as phase evolution of the coatings, and their sub-
sequent influence on wear and corrosion properties. Multi-
scale wear tests (nanoscratch and dry sliding wear) were
carried out to examine the effect of porosity as well as
constituent phases in the coatings; while potentiodynamic
polarization and electrochemical impedance spectroscopy
along with post-corroded sample characterization (mor-
phology and composition) were conducted to understand
the corrosion behavior. The properties of MG composite
coatings were also compared with HVOF-sprayed stainless
steel (SS316L) coating and mild steel substrate to estimate
the relative protection ability.

Experimental Procedure

Fe-based feedstock powder of composition Feg3CroPsB .
C,, at.% was prepared by water atomization process using
industrial grade raw materials. The water atomization was
carried out with atomization pressure of 160 bar, metal
flow rate of 25 to 30 kg min_l, water flow rate of
280 L-min~" while maintaining inert (Ar) atmosphere in
the atomization chamber. This feedstock powder was
deposited on grit-blasted mild steel plates via two different
thermal spraying processes; APS (Plasma F-4, MEC, India)
and HVOF (HIPOJET-2700, MEC, India) to synthesize the
coatings. For convenience, coatings prepared by APS and
HVOF processes are designated as APS-coating and
HVOF-coating, respectively. All the spraying parameters
were optimized based on authors’ previous works (Ref
29, 30), and the parameters are shown in Table 1. For
comparison, stainless steel coating (SS316L) was also
prepared by HVOF technique with industrially optimized
parameters, represented as SS-coating. The reason behind
selection of HVOF method for deposition of SS-coating
was to obtain a denser coating possessing superior hardness
and corrosion properties compared to the APS-sprayed
counterpart (Ref 31).

Microstructural details of the powder and the coatings
were analyzed with a scanning electron microscope (SEM,
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Table 1 Process parameters used for synthesizing Fe-based metallic glass composite coatings by APS- and HVOF-spraying

APS spraying

Process Primary gas (Ar) flow rate, Secondary gas (H,) flow rate, Plasma power, Spray distance, Powder feed rate,
parameters L/min L/min kW mm g/min
60 10 30 120 40

HVOF spraying

Process Oxygen flow rate, Fuel gas flow rate, Air flow rate, Carrier gas flow rate, Spray distance, Powder feed rate,
parameters L/min L/min L/min L/min mm g/min
270 55-60 460 15-18 150 50

SUPRA 40, Carl Zeiss AG, Germany). Porosity content
(vol.%) in the coatings was measured by area analysis
method with ImageJ] k 1.45 software from ten polished
cross-sectional SEM micrographs (captured at 500X).
Phase composition of the powder as well as the coatings
was examined via x-ray diffraction (XRD, DY1705,
Empyrean, PANalytical, Netherlands) using Cr-Ko radia-
tion. Evolution of various phases in the coatings was fur-
ther investigated using a transmission electron microscope
(FEG-TEM, JEOL, JEM-2100F).

Microhardness value was estimated based on 15 mea-
surements performed at a load of 25 gf using a Vickers
micro indenter (UHLVMHT-001, Walter Uhl, Germany).
Nanoindentation and nanoscratch experiments were carried
out by a Triboindenter (TI 950, Hysitron Inc., USA) using
Berkovich tip (TI-0039, Hysitron Inc., USA). The testing
parameters for nanoindentation were; maximum load of
5000 puN, loading rate of 500 pN/s and peak load hold
time of 10 s, and the average value of nanohardness was
acquired based on 100 indents (10 x 10 matrix of indents).
Constant low load nanoscratch tests (load of 5000 pN)
were carried out with a traverse speed of 0.5 um/s to obtain
a scratch length of 10 um. Scratch trails were recorded
with an in-situ scanning probe microscope (SPM) to
investigate the morphology and evaluate nano-wear vol-
ume of the tracks. Dry sliding wear test was performed by a
pin-on-disc tribometer (TE97 Friction and Wear Demon-
strator, Phoenix Tribology Ltd., England) using sample as
pin and rotating Al,O3 disc. The parameters used were;
applied load of 10 N, rotating speed of 0.26 m/s and a
sliding distance of 235 m. At least three sliding tests were
conducted for each sample from the repeatability
perspective.

Corrosion behavior of the samples was evaluated by
conducting potentiodynamic polarization and electro-
chemical impedance spectroscopy (EIS) tests in 3.5 wt.%
NaCl environment, with a potentiostat (Interface 1000,
Gamry Instruments, USA). A conventional three-electrode
cell having graphite counter electrode, saturated calomel

reference electrode (SCE) and coating/substrate working
electrode was used for corrosion experiment. The polar-
ization test was performed with a scan rate of 0.5 mV/s
post immersion in the electrolyte for 1 h, for stabilization
of open circuit potential (OCP). EIS study was carried out
using 10 mV sinusoidal amplitude in 10° to 10~2 Hz fre-
quency range at OCP. Acquired EIS spectra were analyzed
and fitted using Gamry EChem Analyst software. From
good reproducibility point of view, the tests were repeated
three times for each sample. Surface of the corroded
samples was inspected by SEM to observe the morphology
of the post-corroded samples. Besides, compositional
analysis of corrosion products was carried out by Raman
spectroscopy (InVia Raman Microscope, Renishaw, UK)
using Co laser of 532 nm wavelength.

Results and Discussion
Characterization of Feedstock Powder

Morphology along with phase constitutions of the feed-
stock powder is presented in Fig. 1. Nearly spherical
morphology of the powder (Fig. 1a) is associated with the
optimized parameters of water atomization. It was
observed from Fig. 1(a), that powder size varied within 5 to
50 um with mean size of 18 pum. Powders with this par-
ticular size along with nearly spherical morphology favor
improved flowability during thermal spraying (Ref 16, 24).
Fig. 1(b) illustrated the XRD result for the powder dis-
playing a broad hump superimposed with several crys-
talline peaks, implying glassy structure of the powder
having some amount of crystalline phases. Genesis of
glassy structure in the powder was because of the high
glass-forming ability of this particular composition (Pygs =
-7.31 kJ/mol) as well as sufficiently higher cooling rate of
water atomization process. Pysg is a thermodynamic
parameter used for the prediction of glass-forming ability
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Fig. 1 (a) SEM micrograph and (b) XRD pattern of Fe-based
feedstock powder (Feg3CroB¢C7Ps, at.%) used for depositing the
different metallic glass composite coatings

in multi-component systems, and it can be calculated by
using an equation as given below (Ref 32):

PHSS - AI—Imix(ASmix/R) (ASa/kB) (Eq 1)

where AH,;, is enthalpy of mixing, AS;. is configura-
tional entropy, R is gas constant, AS,; is mismatch entropy
and kg is Boltzmann’s constant. Pygg value of the present
Fe-based alloy composition has been calculated and
reported elsewhere by the authors (Ref 30). The estimated
value of Pysg parameter (— 7.31 kJ/mol) lies well within
the required range (—11 kJ/mol to —3 kJ/mol) of glass
formation which has been established by previously
reported experimental results supported with computational
analysis (Ref 32, 33).

Microstructural- and Compositional-Analysis
of the Coatings

Morphological details of as-sprayed surface of the coatings
prepared with APS- and HVOF-spraying are shown in
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Fig. 2(a) and (b), whereas the polished microstructural
details of the coatings (both top surface and cross-sectional
morphology) are presented in Fig. 2(c) and (d). The surface
of APS-coating exhibited considerably higher degree of
melting of the powders (Fig. 2a) compared to HVOF-
coating (Fig. 2b), attributed to the higher heat input asso-
ciated with plasma spraying process. However, the pol-
ished top, as well as cross-sectional surfaces of APS-
coating (Fig. 2c), showed higher amount porosity content
compared to HVOF-coating (Fig. 2d). Moreover, the cross-
sectional micrographs (insets of Fig. 2c and d) exhibited
better inter-splat bonding for HVOF-coating, ascribed to
the higher velocity along with heavier impact of in-flight
powder particles in HVOF spraying process. The thickness
for APS- and HVOF-sprayed coatings was measured as
162 £ 15 and 167 + 13 pm, respectively, while the cross-
sectional porosity content was found to be approximately
3.4 £ 0.8 and 1.3 & 0.3 (vol.%), respectively. To mention,
the amount of porosity for HVOF-sprayed SS-coating was
around 1.2 £ 0.3 (vol.%). These results envisaged that the
morphology and the microstructural characteristics
(amount and size of porosity, inter-splat bonding, etc.) for
the coatings are significantly influenced by the in-flight
particles characteristics (temperature and velocity) of dif-
ferent thermal spraying processes.

Evolution of various phases in the coatings was exam-
ined by XRD analysis as shown in Fig. 3, which showed
broad humps overlapped with some crystalline peaks,
indicating glassy/crystalline composite structure for both
the coatings. The crystalline peaks were matched with o-
Fe, Fe,B, Fe,3Bg, Fe;B, FeB and FeP, phases. Amor-
phicity level of APS- and HVOF-sprayed coatings evalu-
ated based on the area ratio of crystalline peaks to glassy
halo peak was approximately 85.2 and 74.6%, respectively
(Ref 34). Formation of crystalline phases can be ascribed to
the heat input, the heat build-up, the presence of pre-ex-
isting crystalline phases and the surface oxidation of mol-
ten/semi-molten particles during thermal spraying (Ref
16, 18, 25, 35, 36). The higher level of amorphicity for
APS-coating compared to HVOF-coating can be attributed
to higher degree of amorphization because of accelerated
cooling rate resulting from higher amount of superheat in
molten in-flight particles during plasma spraying process.

Further, TEM micrographs and HRTEM images as
shown in Fig. 4 revealed the presence of nano-sized crys-
talline phases in glassy matrix of both the coatings, but the
volume fraction of crystalline phases was higher for
HVOF-coating. Moreover, SAD patterns (insets of Fig. 4a
and b) exhibited an increased number of spots in diffused
rings from APS-coating to HVOF-coating, which validated
the higher amorphicity for the plasma sprayed coating. The
results of TEM study are consistent with XRD results
(Fig. 3) discussed above, which clearly demonstrated that
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Fig. 2 SEM micrographs of (a,
b) as-sprayed surface and (c, d)
polished top surface and cross-
sectional morphology (in insets)
of APS- and HVOF-sprayed
coatings, illustrating the
difference in degree of melting
and porosity distribution
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Fig. 3 XRD patterns of APS- and HVOF-sprayed coatings, display-
ing the variation in extent of crystallization

extent of amorphization, as well as phase evolution, are
highly dependent on the heat input level of different ther-
mal spraying process.

Mechanical Properties of the Coatings
Different mechanical properties of the samples obtained

from micro- and nano-indentation tests are reported in
Table 2. Average Vickers microhardness (HV ,5) of mild

steel, SS-coating, APS-coating and HVOF-coating was 173
+ 9, 712 £+ 41, 1032 £ 78 and 1127 + 52, respectively,
and average nanohardness (H) were approximately 3.6 +
0.2,73£1.9,10.5+2.5and 11.4 & 2.1, respectively. The
ultra-high hardness values for APS- and HVOF-sprayed
coatings compared to SS-coating as well as mild steel was
because of the presence of composite structure (glassy
matrix embedded with nanocrystalline phases) in the
coatings. Furthermore, it should be pointed out that despite
the similarity in amount of porosity for both the coatings,
the hardness of HVOF-coating was found to be higher than
that of APS-coating. This indicated the higher value of
hardness for HVOF-coating has actually resulted from a
synergistic effect of better inter-splat bonding (Fig. 2) and
presence of higher amount of harder intermetallic phases in
the glassy matrix of the coating (evident from Fig. 3).

Multi-scale Wear Properties of the Coatings
Nano-scale Wear

Because of the presence of various heterogeneities in
thermal sprayed coatings, including multi-layered splats,
porosities, etc.; deformation behavior of individual splats
can only be studied by lower length scale test using lower
level of loading (Ref 37). While, the effect of overall
coating characteristics on the wear properties can be
investigated with higher length scale tests like macro-wear,
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Fig. 4 (a, b) TEM micrographs
with corresponding SAED
patterns in insets and (c, d)
HRTEM micrographs of APS-
and HVOF-sprayed coatings,
revealing the variation in
amorphicity

Table 2 Mechanical properties acquired from microindentaion, nanoindentaion and multi-scale wear tests of the different coatings and the

substrate

Sample

Mild steel (substrate)

SS316L coating Metallic glass composite coating

SS-coating (HVOF) APS-coating HVOF-coating

Nanohardness, H, GPa 3.6 +£0.2
Vickers micro-hardness, HV o2 173 +£9
Nano-scratch depth, nm

Nano-wear volume per unit length, x 10* nm*nm
Coefficient of friction (dry sliding wear) 0.53 £ 0.06

73+ 19 105 £ 25 114 £ 2.1

712 £ 41 1032 £ 78 1127 £ 52
1184 + 1.1 615+ 12 379 £ 0.8
2.36 + 0.03 0.64 £+ 0.05 0.24 £ 0.02
0.28 £ 0.02 0.18 £ 0.03 0.14 £ 0.02

which has been discussed later in this section. Thus, low
load nanoscratch experiment was conducted for under-
standing the influence of phase composition on single splat
wear behavior of the various coatings. In this method, wear
resistance of the coatings was estimated from scratch
groove characteristics (viz. depth and width of scratch) and
wear volume. SPM images of scratch trails along with
corresponding cross-sectional depth profiles are presented
in Fig. 5. The SPM images (Fig. 5a—c) exhibited significant
differences in the scratch width and depth of the various
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coatings, indicating different responses against wear of
these coatings. When standard Berkovich tip is utilized for
nanoscratch test, then wear volume (Wy) per unit length of
the scratch, which is directly related to the wear rate, can
be calculated by using Eq. 2 (Ref 38),
1
Wy = 5cos(70.3°) d? (Eq 2)
where d, is normal displacement. It was noticed from the
nanoscratch results shown in Table 2, both the MG
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Fig. 5 SPM images of nanoscratch tracks; (a) APS-coating, (b) HVOF-coating and (c) SS-coating, and (d) 2D cross-sectional scratch depth

profiles of these coatings

composite coatings displayed lower scratch depth and wear
volume than that of SS-coating, establishing their superior
wear resistance. Moreover, lower value of wear volume for
HVOF-coating compared to APS-coating can be attributed
to existence of higher content of harder intermetallics in
the glassy matrix.

Macro-scale Wear

The over-all deformation behavior of the various coatings
can be estimated with the help of macro-wear characteri-
zation (dry sliding wear test), as the interaction volume
during such test incorporates every heterogeneities of the
coatings (inter-splats, pores, crystalline phases, etc.). The
results obtained from the dry sliding wear study are pre-
sented in Fig. 6. Specific wear rate (W in mm’/Nm) can be
calculated by using Eq. 3 (Ref 8),

1%
W=——

S F (Eq 3)

where V is wear volume, S is sliding distance and F is
applied load, and the obtained wear rate values are pre-
sented in Fig. 6(a). It can be noticed that, both the MG
composite coatings displayed significantly reduced wear
rate compared to SS-coating and mild steel, because of
higher hardness of the MG coatings. In addition, the lower
wear rate of HVOF-coating compared to APS-coating can
be ascribed to the denser microstructure (lower porosity
and better inter-splat bonding) along with presence of rel-
atively higher content of hard intermetallics. The coeffi-
cient of friction (COF) curves as a function of sliding
distance are demonstrated in Fig. 6(b), and the average
values of COF are presented in Table 2. The values of COF
further confirmed the better anti-wear properties of MG
composite coatings compared to SS-coating and the sub-
strate. Moreover, the lowest value of COF observed in case
of HVOF-coating implied its best anti-wear properties
among all the samples.
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Fig. 6 (a) Bar graph of wear rate (b) coefficient of friction versus
sliding distance curves of the different coatings and mild steel
obtained from dry sliding wear study

Corrosion Properties of the Coatings

Potentiodynamic Polarization and Electrochemical
Impedance Spectroscopy Studies

The corrosion behavior of the samples was analyzed by
potentiodynamic polarization and electrochemical impe-
dance spectroscopy, and the corresponding results are
depicted in Figs. 7 and 8, respectively. Values of different
corrosion properties extracted from polarization curves
(Fig. 7) are reported in Table 3. It was noticed that SS-
coating exhibited spontaneous passivation behavior
(though a weak one) as opposed to delayed passivation of
both the MG composite coatings. On the other hand, the
mild steel experienced active corrosion throughout the
anodic polarization scan. The delayed or pseudo-passiva-
tion for partially crystallized Fe-based MG alloy was
noticed in the past by Ha et al. (Ref 39). Moreover, same
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kind of potentiodynamic polarization plot for APS- and
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Table 3 Corrosion properties
obtained from potentiodynamic
polarization and

Sample

Mild steel (substrate)

SS316L coating Metallic glass composite coating

SS-coating (HVOF)  APS-coating ~ HVOF-coating

electrochemical impedance

spectroscopy studies of the Potentiodynamic polarization

various coatings and the Eors MVscE — 647 £ 12 — 54945 — 541 £38 —507+£6
:2?::;;[16 in 3.5 wt.% NaCl feoms 1A cm™2 392 + 2.7 11.8 + 05 75+ 08 14 + 04
fpasss MA cm > 25314+ 73 3404 4+ 127 685+ 54
@ — 300 mVgcg @ 500 mVscg @ 500 mVcg
Epi, mVsc — 14746 894 + 11 942 £ 5
Electrochemical impedance spectroscopy
R, kQ cm® 0.005 = 0.002 0.003 &= 0.001  0.009 £ 0.002  0.008 £ 0.002
O, 1S s™ cm™2 2960 + 47 1276 + 35 247 £ 9
m 0.69 =+ 0.02 071 £0.02 077 £ 0.01
Ry, kQ cm? 0.43 + 0.04 0.82 + 0.07 1.46 £ 0.08
Rey kQ cm? 0.68 =+ 0.06 0.96 + 0.09 1.63 £0.11 373 +£0.19
Oct, 1S 8" cm™> 1540 + 46 1073 & 37 742 £ 32 357 + 14
n 0.61 £ 0.03 0.63 £ 0.02 0.65 £ 0.02 072+ 0.02
R, = R; + Ry, kKQ cm? 0.68 £ 0.06 1.39 £ 0.13 245 +£0.18 519 £ 027
Goodness of fit, x 107* 7.3 £ 1.1 32409 4.6+ 0.7 58+ 0.6

HVOF-sprayed coatings of the present work, has also been
noted earlier by Wang et al. in Fe-based MG coating (Ref
40).

Among all the samples, HVOF-coating displayed
superior corrosion resistance in terms of noblest E...,
lowest icor, highest Epi; and lowest i, values, despite of
having reduced level of amorphicity than that of APS-
coating. This enhanced corrosion resistance for HVOF-
coating can be ascribed to (i) denser microstructure (viz.
decreased porosity) and (ii) lower degree of crystallization
than a certain critical value. Gan et al. (Ref 41) observed
that corrosion properties of Fe-based MG system remained
almost unaffected below the critical value of crystallinity
(30% in that study); while a remarkable decrease in cor-
rosion resistance was noted above the critical value. It was
pointed out that, when the crystallization volume fraction
was lower than the critical value, the corrosion process was
controlled by passivation along with metastable pitting
possessing the potential for re-passivation; while the cor-
rosion mechanism was governed by micro galvanic effect-
strengthened stable pitting above critical value of crys-
tallinity. Additionally, the exact value of such a critical
fraction of crystallization in the present Fe-based MG alloy
composition still needs to be established, which the authors
intend to address during their continued work on thermal
sprayed Fe-based MG coatings.

The significant difference between icoy and ip,e values
of both APS- and HVOF-sprayed coatings suggested their
increased sensitiveness for localized corrosion (Ref 42).
Moreover, the higher susceptibility for localized corrosion
in case of SS-coating (despite of lower porosity), as

indicated by limited passive region and lower value of Ep;,
was the reason behind its poor corrosion resistance com-
pared to both the MG composite coatings. The degraded
corrosion properties of SS-coating can be ascribed to the
existence of chemical heterogeneities as well as crystalline
defects, which led to weakened stability of passive film on
SS-coating.

The results of EIS analysis are presented as Nyquist
(Fig. 8a) along with Bode phase angle (Fig. 8b) plots. The
corrosion resistance can be estimated from the size of
semicircles in Nyquist plot (Ref 43); and it followed an
increasing trend, mild steel < SS-coating < APS-coating <
HVOF-coating, establishing the highest corrosion resis-
tance for HVOF-coating. Apart from this, the two phase
angle maxima observed in Bode plot for the coatings
suggested the existence of two time constants; one at high
frequency is for surface film, while the other one corre-
sponds to charge transfer resistance (Ref 44). Values of
phase angle maximum for mild steel, SS-coating, APS-
coating and HVOF-coating were 47°, 51°, 56° and 64°,
respectively, and the highest phase angle maxima for
HVOF-coating indicated its improved corrosion resistance.
Moreover, HVOF-coating displayed a wider phase angle
maxima, implying the improved chemical stability.

Based on the above-mentioned concepts, two different
electrical equivalent circuits (inset in Fig. 8a) were used for
EIS data fitting, and the fitted data are presented in Table 3.
These equivalent circuits contained the following elements;
solution resistance (Ry), film resistance (Ry), charge transfer
resistance (R, film capacitance (Qf) and double-layer
capacitance (Q.) (Ref 21, 45, 46). Constant phase element
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Fig. 9 Post-corroded surface
morphology of (a) APS-coating
(b) HVOF-coating and (c) SS-
coating, revealing the extent of
corrosion after potentiodynamic
polarization test

== Corrosion products and =—> Cracks

was utilized rather than pure capacitor in the circuit,
ascribed to the surface heterogeneity of the samples. The
corrosion resistance can be estimated based on the total
resistance, R, (summation of Ry and R,,), since R, is nearly
similar to polarization resistance. The value of R, (reported
in Table 3) was found as 0.68 £ 0.06, 1.39 £+ 0.13, 2.45 +
0.17 and 5.19 £ 0.28 kQ cm? for mild steel, SS-coating,
APS-coating and HVOF-coating, respectively, further
confirming the superior corrosion resistance of HVOF-
coating. These outcomes of EIS study are consistent with
inference of polarization results discussed above.

The current results provide an important implication that
a thermal sprayed Fe-based MG composite coating with
desired corrosion properties can be developed by mini-
mizing the deleterious effect of crystallization through
controlled level of crystallinity in the coatings.

Characterization of Post-corroded Samples

For understanding the corrosion process, it is necessary to
investigate the post-corroded samples with respect to
morphological and compositional changes on the surfaces,
and the results of such analyses will be discussed in this
section.

@ Springer

Morphology of the Corroded Surface Post-corroded sur-
faces of the coatings were examined to understand the
extent of corrosion degradation as well as localized cor-
rosive attack on the samples, and SEM images of the
corroded surface of different coatings are presented in
Fig. 9. For APS-coating (Fig. 9a), larger portion of the
coating’s surface was non-uniformly covered with corro-
sion products (marked with orange arrows) along with
several cracks (red arrows). However, almost no cracks and
only presence of corrosion products were observed for
HVOF-coating (Fig. 9b), elucidating the enhanced corro-
sion resistance. Besides, the presence of higher amount of
cracks on the surface of SS-coating (Fig. 9c) indicated the
poor corrosion resistance. These findings are in line with
the results of polarization and EIS studies discussed pre-
viously (“Potentiodynamic Polarization and Electrochem-
ical Impedance Spectroscopy Studies” section).

Composition of Corrosion Products Compositional
analysis of the corrosion products formed on the surface of
the samples was performed by Raman spectroscopy, and
the results are depicted in Fig. 10. The acquired spectra
revealed the presence of hematite (a-Fe,03), goethite (o-
FeOOH), chromium hydroxide (o-CrOOH), chromium
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Fig. 10 Raman spectra of the different coatings and mild steel,
illustrating the evolution of chromium hydroxide and various iron
oxides and hydroxides

substituted hematite (Fe,_,Cr,O3), akaganeite (B-FeOOH)
and lepidocrocite (y-FeOOH) phases, excluding mild steel
(lack of a-CrOOH, Fe,_,Cr,O; and B-FeOOH) (Ref 47-
49). Among the detected phases, a-CrOOH and Fe,_,Cr,.
Oj; are considered protective, o-Fe,O3 and a-FeOOH have
lower protectiveness; while B-FeOOH and y-FeOOH are
soluble. The amount of a particular phase can be estimated
from the intensity of different peaks in the Raman spec-
trum. It was noticed that the relative fraction of protective
phases (a-CrOOH and Fe,_,Cr,03) followed an increasing
trend, mild steel — SS-coating — APS-coating - HVOF-
coating, revealing higher amount of protective phases for
HVOF-coating. These results further substantiate the
superior corrosion properties of HVOF-sprayed MG com-
posite coating compared to all other samples.

Conclusions

Two different thermal spraying processes, atmospheric
plasma spraying (APS) and high-velocity oxy-fuel (HVOF)
spraying were employed to prepare Fe-based metallic glass
(MG) composite coatings. Primary objective of the present
work was to establish a comprehensive correlation between
process-microstructure-wear as well as corrosion properties
of the different thermal sprayed Fe-based MG composite
coatings, and the conclusions were summarized as follows:

1.  Microstructural and compositional analyses revealed
that HVOF-sprayed coating exhibited lower porosity
content, improved inter-splat bonding and lower level
of amorphicity than that of APS counterpart.

2. The superior mechanical properties (higher nano- and
micro-hardness) and wear resistance (lower nano-wear
volume, specific wear rate and coefficient of friction)
of HVOF-coating compared to APS-coating were
ascribed to the denser microstructure and the presence
of relatively higher amount of hard intermetallic
phases.

3. The enhanced corrosion resistance (nobler E.., lower
Icorrs IOWET 465, higher Ep; and higher R, values) of
HVOF-coating (despite of reduced amorphicity) was
attributed to the lower porosity content, lower degree
of crystallinity than a certain critical value (above the
critical value, corrosion resistance degrades drasti-
cally) along with formation of higher amount of
protective phases in the corrosion products.

4. Most importantly, both Fe-based MG composite coat-
ings displayed improved wear and corrosion properties
than that of the high Cr-containing stainless steel
(SS316L) coating, establishing their suitability as low-
cost surface protective coating.
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