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Twin wire arc spraying (TWAS) was used to produce an amorphous crystalline Fe-based coating on AISI 1018 steel substrate using
a commercial powder (140MXC) in order to improve microhardness and wear properties. The microstructures of coating were
characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM), and transmission electron microscopy (TEM) as
well as the powder precursor. Analysis in the coating showed the formation of an amorphous matrix with boron and tungsten
carbides randomly dispersed. At high amplifications were identified boron carbides at interface boron carbide/amorphous matrix
by TEM. This kind of carbides growth can be attributed to partial crystallization by heterogeneous nucleation. These interfaces have
not been reported in the literature by thermal spraying process. The measurements of average microhardness on amorphous matrix
and boron carbides were 9.1 and 23.85 GPa, respectively. By contrast, the microhardness values of unmelted boron carbide in the
amorphous phase were higher than in the substrate, approaching 2.14 GPa. The relative wear resistance of coating was 5.6 times
that of substrate. These results indicate that the twin wire arc spraying is a promising technique to prepare amorphous crystalline
coatings.

1. Introduction

Amorphous alloys are a combination of disordered structures
and interatomic metallic bonding in a metastable state [1].
The amorphous structure confers exceptional properties
such as high hardness, low friction coefficient, high cor-
rosion and wear resistance, and good magnetic properties.
These particular characteristics contrast with regular metallic

alloys properties [2]. In spite of their good properties,
the amorphous alloys have a limited plasticity due to a
mechanism of heterogeneous deformation, which is identi-
fied by the formation of shear bands [3-5]. Reports in the
literature [1-3] suggest the development of microstructures
containing crystalline phases dispersed in the amorphous
matrix, as an alternative to control the propagation of shear
bands. These dispersed crystalline phases can be formed



in situ by partial crystallization of the alloy or ex situ by
the addition of reinforcement phases. A significant increase
in their plasticity and fracture resistance for this type of
crystalline/amorphous composite microstructures has been
reported [1-3, 6]. Previous investigations have shown great
interest on the synthesis of amorphous coatings due to their
outstanding properties and potential applications on corro-
sive and high wear environments [7, 8]. In this sense, thermal
spraying processes (TSP) are very effective for producing
amorphous and thick coatings due to their rapid cooling
rates of 107-10% Ks™! [9]. Fe-based amorphous coatings have
been one of the most extensively studied due to their
unique mechanical properties, high wear resistance, excellent
corrosion resistance, and low cost [10, 11].

Crystalline-amorphous composite coatings have been
produced by thermal spraying techniques ex situ in which
reinforcement phases are added and in situ through a route
of a solid-solid transformation that occurs either during
spraying or during a process of devitrification by a subsequent
heat treatment [12]. In order to improve the mechanical
properties of these amorphous coating, the use of B,C, WC-
Co and TiN as reinforcement phases in the amorphous
matrix has been reported. These coatings have been deposited
by high-velocity oxygen fuel (HVOF) and gas tunnel type
plasma spraying techniques [13-15]. Movahedi et al. [16]
produced an amorphous feedstock powder Fe-based by
mechanical alloying with high glass forming ability (GFA)
and they developed amorphous-nanocrystalline coatings by
adjusting spraying of HVOF parameters. However, this pro-
cess presents the disadvantages of high complexity caused
by the large number of processing variables during the
operation, high cost of the added powders, and the formation
of large agglomerates/precipitates of the dispersive phase in
the coating.

In twin arc spraying process, the material precursor fed
into system in the form of two cored wires and these melt
within an arc electric. Compared with other thermal spraying
processes, arc spraying has some advantages due to its low
cost and easy application and the coatings can be synthetized
successfully [17]. Nevertheless, a limited number of studies
have been conducted on the development of amorphous
crystalline coatings by twin wire arc spraying. In this sense
Cheng et al. [17-21] deposited amorphous coatings using
powders with high glass forming ability, and they reported
developing of FeBSiNbCr and FeBSiNb amorphous coatings
and amorphous nanocrystalline coatings FeCrBSINbW and
FeBSiCrNbMnY. On the other hand, Zhou et al. [22] sprayed
Fe-based amorphous nanocrystalline coatings and found that
the microstructure of the coating consisted of nanocrystalline
phases embedded in the amorphous matrix. Fu et al. [23]
prepared a Fe-based amorphous coating observing that the
microstructure is composed of an amorphous phase with
poorly distributed borides. Studies using Fe-based amor-
phous coatings relating the influence of the crystalline phases
in the precursor powder on hardness and wear properties
have not been found in literature.

The aim of the present work is to study the effect
of the crystalline phases in the precursor powder on the
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FIGURE 1: Schematic wire arc spraying process.

microstructure and mechanical properties of amorphous-
crystalline composite coatings obtained by twin wire arc
spraying process. The formation mechanism of crystalline-
amorphous coating will be discussed and it is related to
mechanical and wear properties of the coatings.

2. Materials and Methods

2.1. Characterization of Precursor Material and Parameters of
Thermal Spraying. A commercial Fe-based alloy designated
as 140 MXC nanocomposite wire (from Praxair Surface
Technologies) was used as precursor powder. The chemical
composition was determined by combustion infrared detec-
tion for C and S in an Eltra CS 2000 equipment and by
inductively coupled plasma spectroscopy (ICP) for the rest
of elements in an ICAP 6200 Thermoscientific equipment.

The coating was performed in a Praxair Tafa 8835 equip-
ment with twin-wire arc torch and an arc jet spray attachment
and the wire arc spray process is shown schematically in
Figure 1. An electric arc is formed in the gap between the
wire tips and two wires continuously advancing melt the
material. An air primary gas removes the molten particles
from wire tips and an air secondary gas is used for increasing
the particles velocities and these impact the substrate surface
to build up the coating [24].

The coating was deposited onto AISI 1018 steel cylindrical
coupons of 254 mm diameter and 6.25mm in thickness.
Before spraying, the coupons were degreased with acetone
and grit blasted with alumina grit size 16 (particle size average
1092 um). The used process parameters are listed in Table 1.

2.2. Microstructural Characterization of the Precursor Powder
and Coating. Coating and precursor powder were charac-
terized by Scanning Electron Microscope (SEM, JEOL, JSM-
6490LV) and High Resolution Transmission Electron Micro-
scope (HRTEM, JEOL, JEM-2200FS + Cs). Both microscopes
were equipped with an energy dispersive X-ray detector
(EDX). For TEM studies a sample of precursor powder was
immersed in alcohol and ultrasonically deagglomerated to
separate the particles. The suspension that contained the
particles was deposited on carbon coated copper TEM grid
and dried in air. Coating was prepared in cross section sam-
ples for SEM analysis with the conventional metallographic
techniques and finely polished using diamond paste. HRTEM
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TABLE 1: Wire arc spraying parameters.

Parameter Value
Spraying voltage (V) 32
Spraying current (A) 150
Primary air pressure (MPa) 0.42
Secondary air pressure (MPa) 0.28
Stand off-distance (mm) 200
Number of passes 1

cross-sections were prepared using a Focused Ion Beam (FIB,
JEOL, JEM-9239).

The porosity content in the coating (% area) was esti-
mated in SEM using image analysis with Scandium software.
The porosity value was calculated by averaging 10 Backscat-
tered Electrons (BSE) images at a magnification of 500x. The
crystalline phases present in both coating and the precursor
powder were characterized by X-ray diffraction (XRD) on an
Empyrean analytical diffractometer equipped with a Cu K«
1 radiation (A = 1.5406 A), operated at 45kV and 40 mA
and using an ultra-fast X’Celerator detector with a Bragg-
Brentano geometry. XRD scans were performed with a step
size 0f 0.016° and a dwell time per step of 40 s in the 20 range
of 15-130°.

2.3. Mechanical Coating Characterization

2.3.1. Microhardness. The microhardness measurements
were performed in a Vickers/Knopp hardness tester Tukon
2100B using a load of 3N (300 gf) with a pyramidal indenter
and dwell time of 15 s; 10 microhardness measurements were
realized and the average is reported. The microhardness was
measured along the plane of the cross section of coatings.

2.3.2. Wear Test. Friction and wear test was performed on
pin-on-disk CSM tribometer equipped with software Tribox
4.1. Saphire ball of 6 mm in diameter was used as counter
body and the tests were performed at normal loads of 5 and
10N. The sliding speed was 0.1m/s with a sliding distance
of 1000 m. The room temperature was measured as 25 + 1°C
with relative humidity of 25-30%. Before the wear test, the
coatings samples were grounded with 800 emery paper and
cleaned with alcohol. The worn surfaces were characterized
by SEM.

Wear resistance was reported as the volume loss accord-
ing to ASTM G 99-05 standard [25], considering an average
of 20 measurements. The disk volume loss (V) in mm?®
was calculated according to (1), where R is the wear track
radius (mm), r is the sphere radius (mm), and D is the
wear track (mm), and D was measured using image analysis
with Image Pro-Plus software. The width of wear track was
evaluated automatically with the software based on grey scale
delimitation, considering an average of 10 images that were
previously acquired with an Optical Microscope at 100x:
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FIGURE 2: SEM image of the precursor powder particles with
composition of Fes; Cry; ;Cy, 9 Mg g4 B3 5y W, 59SINDy 7.

The coating wear rate in mm’/Nm (W) was calculated by
using

\%
Wre = @y (2)

where V is the loss volume in mm?, L is the Load (N), and §
the test length (m).

3. Results and Discussion

3.1. Characterization of Precursor Powder. The chemical com-
position (wt%) of 140 MXC precursor powder was 20.8% Cr,
2.84% C,12.1% Mo, 0.64% B, 9.79% W, 0.54% Si, 0.8% Nb and
Fe as the balance. Based on this composition the calculated
stoichiometric formula is Fes; Cry; ;Cip9 MOggs B3y W, g9
SiNby 4.

Figure 2 depicts a SEM micrograph of precursor powder
particles which present an irregular morphology type blocky
as well as a nonsmooth surface. The size of powder particles is
less than 100 ym. This morphology was previously observed
on the amorphous powder consolidated by mechanical alloy-
ing as shown by Movahedi et al. [16].

Figure 3 shows the XRD pattern of the 140 MXC precur-
sor powder. It reveals a diffuse halo centered approximately at
20 = 43" which makes the presence of an amorphous structure
evident. Likewise, several peaks were observed that corre-
spond to crystalline phases such as chromium boron carbide
Cr;B, 4C, ¢ (JCPDS File # 01-089-25-89), boron carbide B 5
C,, (JCPDS File # 01-083-0855), niobium carbide, Nb;Cs
(JCPDS File # 01-077-0566), iron niobium, Feg s Nb, 5 (JCPDS
File # 01-071-8308), tungsten, W (JCPDS File # 00-001-1203),
and a Fe-Cr solid solution (JCPDS File # 00-034-0396). It
is inferred from the diffraction pattern that the precursor
powder has a mixture of amorphous and crystalline phases.

The structure of crystalline phases in the powder particles
was studied by TEM. Figure 4(a) shows an irregular mor-
phology of powder particle. Figure 4(b) depicts the selected
area electron diffraction (SAED) that corresponds to boron
carbide phase C,,B,;; (JCPDS File # 98-003-4996, with
space group of R-3m). This analysis is consistent with the
XRD pattern in Figure 3.
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FIGURE 3: XRD pattern from the 140 MXC precursor powder.

In the case of Figures 4(c)-4(e) it can be seen powder
particles of irregular morphology of polycrystalline nature.
The strongest SAED diffraction rings in the pattern shown in
Figure 4(d) correspond to {131} and {331} niobium carbide
Nb,Cs phase (JCPDS File # 01-077-0566) with space group
C2/m and the strongest SAED diffraction rings in the pattern
shown in Figure 4(f) correspond to {110} and {211} tungsten
W phase (JCPDS File # 00-001-1203) with space group Im-
3m. These results reveal that these crystalline phases are
present in powder particles of sizes smaller than 25 ym.

3.2. Coating Characterization. Figure 5 shows of XRD pat-
tern of coating; it can be observed that a broad halo peak
appears at 20 = 44°, which indicates the presence of an
amorphous phase. Moreover, peaks due to crystalline phases
are observed; these correspond to the Fe-Cr (JCPDS File
# 00-034-0396) and boron carbide B,;;C,, (JCPDS File #
01-083-0855) phase. This result suggests that the coatings
are composed by a mixture of amorphous and crystalline
phases. As it can been seen in Figure 3 peaks of crystalline
phases present on pattern diffraction of precursor powder
disappear on the coating. These results agree with previous
studies [26, 27] on similar Fe-based alloy deposited by HVOE,
which suggest that the spray process promotes the increase
of glass content on the coating compared with the precursor
powder due to fast quenching of molten particles through the
action of flattening on to substrate. Compared with HVOF
process, the arc spray process can be considered a potential
technique for synthesis of amorphous-crystalline composite
coating and promotes its application.

Surface morphology of coating is observed in Figure 6(a)
which is composed by individual splats with a disk like
morphology shape with little splashing. This morphology
indicates a good degree of deformation due to the high impact
velocity of particles on the substrate. The average porosity
of coating was measured by image analysis in the scanning
electron microscope reaching 1.55% + 0.36. In this sense, a
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TABLE 2: Chemical analysis (EDXS) (% atomic) on coating phases.

Section Fe Cr w Nb B C
A 39.98 10.88 0.95 2.43 39.32 6.44
B 0.14 — — — 99.71 —
C 17.67 5.58 0.36 3.02 69.43 3.94
D 0.61 — 24.81 — — 74.58

dense coating with low porosity was obtained, which affects
positively the wear and corrosion resistances because of good
cohesion between splats. Figure 6(b) shows the cross section
image of the coating; the measured average thickness was
316 + 10 ym. SEM images from the cross sectioned coating
are shown in Figures 6(c) and 6(d). As it can be seen,
the coating presents a flattened lamella structure without
cracks and some pores. The microstructure of the coating is
mainly composed of four phases: the gray lamellae (Zone A),
dark particle (Zone B), external shell with dark precipitates
(Zone C), and white precipitate (Zone D) depicted in Figures
6(c) and 6(d). The dark particles and white precipitates are
heterogeneously dispersed in the whole microstructure and
these are magnified in Figures 6(c) and 6(d). In Figure 6(c)
is shown the dark particle (Zone B), which is surrounded by
crystalline phases (Zone C) on the particle/matrix interface.

The elemental chemical analysis of the different phases
identified in the coating was obtained by energy dispersive
spectroscopy (EDXS) and the results are listed in Table 2. The
corresponding zones labeled as A, B, C, and D in Table 2 are
depicted in microstructures of Figures 6(c) and 6(d). Zone A
is the matrix phase and it is composed by Fe, Cr, B, C, Nb, and
W, which has similar chemical composition as the precursor
powder. The elemental chemical analysis of the dark particle
(Zone B) showed that boron is the main element while the
same analysis for the white precipitate (Zone D) corresponds
to small WC precipitated. Chemical analysis with SEM-EDXS
in precipitate/matrix interface (Zone C) that includes the
dark precipitates embedded in the gray zone is composed by
Fe, Cr, W, Nb, B, and C. However, the boron content was
higher than in the gray phase and it can be attributed to these
precipitates.

In order to get particular information from the phases
in the interface boron carbide-matrix, STEM analyses were
conducted. Figure 7(a) shows a STEM dark field image (Z-
contrast) where the interface between the boron carbide (CB)
and the matrix are observed. Boron carbide particles are
observed in dark contrast, while the matrix is observed in
gray contrast. In Z-contrast images, contrast is related with
the square of the average atomic number. Therefore, light
elements such as B and C are observed in dark, and heavy
elements as Fe and Cr are observed in gray. As observed in
Figure 7(a), the CB formed micrometric precipitates. These
precipitates are surrounded by the different elements in the
alloy. A diffraction pattern (SAED) acquired on the CB in
Figure 7(c) shows the single-crystal nature of the precipitate.
The indexing of the diffracting planes confirms that the
precipitates were oriented very close to [211] zone axis.
On the other hand, the diffraction pattern acquired from
the matrix in Figure 7(b) shows the characteristics diffuse
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FIGURE 4: TEM images (a), (c), and (e) from powder particles and SAED patterns (b), (d), and (f) from the region delimited by the red circle.
(b) Boron carbide phase C, ,B,; 3, (d) the strongest diffraction rings correspond to {131} and {331} attributed to Nb,Cs, (f) the diffraction
rings correspond to W {110} and {211}.
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FIGURE 6: SEM Images. (a) Surface morphology. (b) Coating cross-section. (c) Magnified dark precipitate and (d) magnified white precipitate

in (b).

diffracting rings corresponding to a short ordered material,
that is, an amorphous structure.

Figure 8 shows an EDS mapping on the precipitate in
the interface boron carbide/matrix. As it can be seen, Fe is
observed mainly in the matrix, except in the regions where
C was found. Cr was found well dispersed in the matrix and
alloyed with Fe. W was also found well dispersed within the
matrix and not forming precipitates. Nb appeared in regions

rich in Cr. Oxygen was found dispersed in Fe zones. Carbon
was found in the dark regions, where no other elements were
detected. Boron detection lies in the detection limits of the
EDSX technique. Because of this, it is possible that boron was
not detected during the mapping.

TEM and XRD analysis revealed that the microstructure
of the coating was composed of an iron rich phase partially
amorphous with elements found in the precursor powder.
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FIGURE 7: (a) STEM Z-contrast image showing the interface CB-matrix. (b) SAED pattern from matrix and (c) SAED pattern of the CB

precipitate.

Boron and tungsten carbide were found heterogeneously
distributed in the matrix and boron carbides presented at
the amorphous-crystalline interface. Based on these results
it is inferred that the amorphous phase was obtained as a
result of high cooling rates and good deformation degree of
particles during impact on the substrate. The temperature and
velocity average of particles in flight during arc wire spraying
have been reported, to reach temperatures of 2200°C and
138 m/s, respectively [28]. Thus, the boron carbides contained
in the coating did not dissolve in the amorphous phase
due to the average temperature during thermal spraying
which was lower than the melt temperature of boron carbide
B,C,; (2447°C) [29]. Likewise, the tungsten on the powder
precursor did not dissolve during spraying because melting
temperature of tungsten is 3400°C [30]. The formation of
tungsten carbide on the coating can be attributed to reaction
of tungsten undissolved with carbon of alloy during spraying

process. It has been reported [31] that the segregation of
tungsten element on FeNiCrBSiNbW coating can be related
with redistribution of elements on different phases or the
incomplete mixture of powder during wire arc spraying
process.

The boron carbides growth in the crystalline/matrix
interface can be attributed to partial crystallization by het-
erogeneous nucleation. In the present analysis, the presence
of boron carbides at the particle-matrix interface reveals
that the mechanism of crystallization is similar to the one
developed in the matrix. Previous studies have reported that
these interfaces were formed through adding reinforcement
phase such as Mo, Nb, and Ta on Zr-based bulk amorphous
alloy (BMG) [32]. So, the advantages of producing in situ
composite coating by thermal arc spraying are due to the fact
that the contents of amorphous and crystalline phases can
be controlled during the process. It is worth nothing that in
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FIGURE 8: (a) STEM Z-contrast image at the amorphous/crystalline interface. EDSX elemental maps: (b) Fe, (c) Cr, (d) W, (e) Nb, and (f) C.
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these coatings the interfaces between particles can represent
a better mechanical and wear performance due to lower crack
propagation through these regions.

3.3. Coating Microhardness. Figure 9 shows the microhard-
ness values that were measured on both coating and substrate.
A significant increase of about 4 times can be observed on
the as-sprayed coating in comparison with the substrate.

This fact can be attributed to the microstructure which was
composed by an amorphous matrix with boron and tungsten
carbides heterogeneously distributed. Furthermore, a relative
high hardness can be observed on the boron carbide particles.
The obtained average value is 23.85 GPa which is more harder
than the matrix phase (9.1 GPa).

3.4. Wear Mechanism. Figure 10(a) shows wear rate and
volume loss calculated of the coating and the AISI 1018 steel
substrate as a function of the applied load. It is noteworthy
that at a load of 10 N the wear rate of AISI 1018 steel is about
six times higher than the amorphous/crystalline coating. In
this case, the better wear resistance of the coating can be
associated with the composite microstructure of coating.
Figure 10(b) depicts a magnification of the worn surface on
AISI 1018 steel. The worn surface shows few pits, plastic
deformation, and parallel grooves indicated by white arrow.
The nature grooves were formed by plow out of material.
Figure 10(b) shows the worn surface on the AISI 1018 steel
labeled with the letter A (Figure 10(b)). Likewise, in the same
section (letter: A), the samples were analyzed by EDXS and
the chemical nature detected contents of Fe and O. This
suggests that the dominant wear mechanism in the substrate
is abrasion in combination with plastic deformation and
oxidation. The worn coating is shown in Figures 10(c)-10(f).
Figure 10(c) is a closer view of the worn coating that reveals
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some pits and a smooth surface that exhibits a ripple patterns
indicated by white arrows. In previous studies, Tao et al.
[33] observed surface rippling patterns in worn surface of Zr
based bulk metallic glass after wear test which is attributed
to rise of temperature on contact surface and this exceeds the
melting temperature. They reported that the heat effect results
in softening and plastic flow which may appear as rippling
pattern. Segu et al. [34] reported melting traces exhibited
as ripples-like pattern on the worn surface of Fe based bulk
metallic glass during sliding wear at a temperature of 790°K.

Figures 10(d) and 10(e) show particles of boron and
tungsten carbides in the worn surface of the coating. In
Figure 10(d) some ripple patterns indicated by white arrows
can be seen around of the tungsten carbide. Likewise, at high
amplifications can be seen in Figure 10(f), an amorphous-
boron carbide interface that exhibit around a smooth wear
surface, with some ripple patterns but without delamination.
In addition, black regions on the worn surface Sections B
and D indicated in Figures 10(c)-10(e) were observed which
are composed by the elements O, Cr, Fe, Nb, Mo, and W
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indicating an oxidation process. The ripple pattern revealed
on the coating (Section C) did not show cracks. However
cracks were observed only in the oxide region (Section
B) depicted in Figure 10(c). Pitchuka et al. [35] reported
that relative motion during sliding wear results in friction,
which is converted to heat during the process, and the
maximum temperature generated is called flash temperature.
They observed that the increase in this temperature and the
interaction with the surface chemistry of contact area during
wear test leads to an oxidation mechanism. Based on the pre-
vious results, the delamination in combination with plastic
deformation and oxidation can be suggested as a dominant
wear mechanism. These results suggests that the composite
microstructure increases the wear resistance and decreases
the volume loss of arc spray coating due to the increase of its
plasticity and the confinement of cracking on the amorphous
phase. Previous works have reported the increase of wear
resistance after the addition of a reinforcement phase in the
amorphous matrix [13-15]. Anyhow, the results found in the
present work suggest the improvement in the wear resistance
due to the lonely effect of processing.

4. Conclusions

The microstructure of coatings consisted of an amorphous
matrix rich in Fe and Cr with boron and tungsten carbides
randomly distributed and boron carbides precipitated at
interface boron carbide amorphous matrix. The boron car-
bide particles act as heterogeneous nucleation sites forming
an interface amorphous-crystalline phase around this phase.
The increase of hardness and decrease in the wear rate on
the coating were attributed to the amorphous crystalline
interfaces on boron carbide particles and the boron and
tungsten carbides in the amorphous matrix. The increase
in the temperature of contact during sliding wear leads to
an oxidation mechanism and formation of ripple patterns
due to softening and plastic flow in the coating. The wear
mechanism of arc spray coating was the delamination in
combination with plastic deformation and oxidation. The
use of the arc thermal spraying process enables use of a
commercial substrate such as AISI 1018 steel for applications
requiring high hardness and low wear.
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