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Introduction. To obtain metallic glass coatings it is necessary to achieve high cooling rates of melt.
FeWCrMoBC composition has high melt viscosity and sufficient glass-forming ability to fix of the amorphous
state at cooling rates implemented by electric discharge alloying with the use of a crystalline electrode. The
purpose of the work is one-stage deposition of amorphous coating by electric discharge alloying, using crys-
talline anode FeWCrMoBC, prepared by casting and studying the properties of modified surface of carbon
steel: wettability, high-temperature resistance, tribological properties. Methods and Results. The structure
of anode and coatings was investigated by X-ray diffraction analysis in CuK radiation on a DRON-7 dif-
fractometer. In contrast to the X-ray patterns of the anode material, sharp Bregg reflexes were not observed
on the X-ray patterns of the coatings, but a wide halo was present in the range of angles 20 = 40-50°, which
indicates its amorphous structure. The cyclic high-temperature resistance test was carried out at 700 °C for
100 hours. The wear rate and coefficient of friction of the specimens were studied under dry sliding friction
at a speed of 0.47 m/s at a load of 25 N with the use of a counterbody made of high-speed steel M45. The
influence of the discharge pulse duty cycle on the character of mass transfer (anode erosion, cathode weight
gain, mass transfer coefficient) during coating formation was investigated. With a decrease in the duty cycle
of the discharge pulses up to 9 times, the erosion of the anode increased up to 5 times, and the cathode mass
gain increased up to 2.2 times. The maximum mass-transfer coefficient was achieved at the highest duty cycle.
An increase in a number of surface properties of carbon steel after coating was observed: the hardness of the
surface of the specimens increased by 2.3—2.6 times; the average thickness of the coatings was in the range of
56-80.6 um; the wetting angle was in the range of 108.4—121.3°; the coefficient of friction decreased by 1.2—
1.4 times; the wear resistance increased by 2—3.3 times; oxidizability in air decreased by 14—18 times. Scope
and Conclusions. The achieved higher properties (hardness, wear resistance, high-temperature resistance,
and hydrophobicity) of the executive surfaces of parts made of carbon steel after deposition of the proposed
coatings can be used in various branches of engineering production. The results of the work confirmed the
possibility of deposition of metallic glass coatings by electric discharge alloying with the use of cast anode
material FeWCrMoBC on carbon steel.
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Introduction

The structure of metallic glasses (MG), by contrast with metals, is amorphous, characterized by the
presence of short-distance order and the absence of long-distance order in the arrangement of atoms, which
is characteristic of the atomic structure of supercooled melts. Due to this, bulk MGs have high elasticity
comparable to polymers, increased Young s modulus [ 1-3]; magnetic properties [4], catalytic activity [5—7];
resistance to radiation and others. The production of bulk MGs with a thickness of more than 10 mm is
currently difficult due to the requirement of high cooling rate of the material. Therefore, it is promising to
apply MG coatings to impart properties to the executive surfaces of massive parts.

MGs and hardening coatings formed from iron-based MG have increased hardness [8], increased
wear resistance [1, 9, 10], lower friction coefficients [11], high-temperature resistance [12, 13] corrosion
resistance [2, 14-16] and other properties [17, 18] compared with the substrate material.

To obtain MG coatings, it is necessary to achieve high melt cooling rates. FeWCrMoBC composition
contains elements with significantly different atomic radii, due to this melt has high viscosity, which makes
it difficult to move atoms to build the crystal structure, and therefore does not require extremely high
cooling rates for the formation of MG by contrast with pure metals. Electric discharge alloying (EDA)
provides sufficiently high cooling rates (10°-107 K/s) [19, 20] of such materials in the melt micro-bath to fix
the amorphous state. EDA is based on the phenomenon of polar transfer of material from anode to cathode
during the flow of microsecond low-voltage electrical discharges [21]. As a consequence, EDA can utilize a
crystalline electrode-anode for one-step deposition of an amorphous coating [22]. Previously, we obtained
similar coatings using electrodes (anodes) prepared by powder metallurgy. The purpose of this work is
a one-stage deposition of an amorphous coating by EDA using crystalline anode material FeWCrMoBC
prepared by casting with a higher iron concentration and the investigation of wettability, high-temperature
resistance and tribological properties of coatings.

Research methods

In laboratory conditions of KHFIC IM FEB RAS the electrode material of Fe, W, ,Cr,,Mo,B,,C,,
composition from a mixture of powders was created by casting method (table 1). The powders were mixed
and poured into a corundum crucible, which was placed in a muffle furnace and heated up 1,200 °C. After
soaking for 15 minutes, the crucible was removed from the furnace and the melt was poured onto a steel
plate at room temperature. The obtained material was cut into 4x4x30 mm’ rectangles, which served as
electrodes.

Table 1
Composition of the powder mixture for the anode preparation
B,C w M F C C
Concentration, wt.% £ 0 ¢ A
2.97 32.82 11.4 29.8 19.95 3.06

The power pulse generator was used during £DA with discharge current 195+10 A; voltage 40+5 V and
the following processing modes (table 2), where: D = 1/S 1s a duty cycle; S = T/t is a pulse on-off time; 7'is
a pulse period; t is a pulse duration.

The coatings were deposited on the surface of the cathode specimens made of Steel 35 in the form of
a cylinder with a height of 5 mm and a diameter of 12 mm during 6 min/cm” in air. The values of anode
erosion and cathode weight gain were determined with using electronic scales BSM-120 with an accuracy
of 0.1 mg.

An X-ray diffractometer “DRON-7" in Cu-K radiation was used to study the structure of the specimens.
The hardness of the coatings was measured on a PM7-3M microhardness tester at a load of 0.5 N using
the Vickers method. Wear resistance and coefficient of friction of coatings were investigated according to
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Table 2
Modes of electric discharge alloying
Specimen designation MC50 MC150 MC450
S 50 150 450
T, ms 2.5 7.5 22.5
T, US 50 50 50
Number of pulses 144,000 48,000 16,000

ASTM G99-17 standard under dry sliding friction with the use of a disk counterbody made of M45 high-
speed steel (65 HRC) at a speed of 0.47 m/s at a load of 25 N. Cyclic high-temperature resistance tests
were carried out in a muffle furnace at 700 °C in air. The specimens in the form of a cube with an edge of
6 mm, with a coating on each face, were held at a given temperature for ~6 h, then cooled in an desiccator
to room temperature. The total testing time was 100 h. During the oxidation resistance test, the specimens
were placed in ceramic crucibles to account in the mass of formed oxides.

The wetting edge angle was determined by the “sessile drop” method [23]. Free surface energy was
determined by wetting with distilled water, ethanol (C,H OH), sodium chloride solution (6M NaCl), formic
acid (CH,0,). The free surface energy was calculated using the theoretical model [24]:

Ysp =Yg + ¥y - 2Vs¥ [1-B1(Y, - ¥5)?] (1)
which in combination with Young s equation gives:
2
Yy (1+cos®) = 2/Ys¥; [1-B(Y, - Ys)], (2)

where 3, is equal to 0.0001057 (m/mN)z.
Then equation (2) allows, with some assumption, to estimate the free surface energy (Y)) from the
measurement of the contact angle of a liquid with known surface tension Y.

Results and its discussion

The study of mass transfer in the EDA process is important for establishing the fact of cathode weight
increase and the value of specific cathode weight gain, especially when using new anode-cathode electrode
pairs, since the coating thickness can be considered as a function of cathode weight gain over time [25]. Fig.
1 shows the dependences of anode erosion, the value of specific cathode weight gain and total mass-transfer
coefficient on the EDA time.

The anode electrical erosion curves increased linearly over the EDA time (fig. 1, a), the greatest anode
erosion was observed at the highest duty cycle. With increasing the duty cycle by 3 and 9 times, the ero-
sion values decreased in 1.2 and 5 times, respectively. Thus, the anode erosion depends nonlinearly on the
number of pulses sent by the generator. With an increase in the duty cycle due to a reduction in the number
of discharge pulses, the values of summarized cathode weight gain decreased by 1.5 and 2.2 times, respec-
tively (fig. 1, b). The cathode weight gain monotonically increased during the first 4 minutes of £DA, and
in the following 5—6 minutes a slowdown in the weight gain was observed due to the approaching the brittle
fracture threshold [21]. In accordance with this, the mass-transfer coefficient (C, ) gradually decreased
with increasing £DA time for all modes. At minimum duty cycle, C, was twice as large compared to the
other modes (fig. 1, ¢). This is explained by the decrease in the number of discharges per unit of the surface
being treated per unit of time, at which the electrodes cool down to lowest temperatures. When the initial
temperature of the anode decreases, the volume of melt microbath decreases and, accordingly, erosion at a
single discharge decreases.
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a b c
Fig. 1. Kinetics of mass transfer during EDA with different pulse intensity:

erosion of the anode TA , mg/cm’ (a ; cathode weight gain XA m fem® (b ; average mass-transfer coefficient XC
2 8 gntg . Mg g ta
of specimens MS50, MS150, MS450 (c)

X-ray diffraction analysis showed that in the anode composition of Fe, W, ,Cr,,Mo.B,,C,, contains
phases of ferrochrome (Fe-Cr), borides and carbides: Fe, B, MoFeB,, o-WC, Mo,C (fig. 2, a), which were
not present in the composition of the powder mixture before melting. This indicates the intensive chemical
reactions during the holding process of the composition presented in table 1 at 1,200 °C. Whereas on the
X-ray spectra of coatings obtained with its use, no sharp Bregg reflexes are observed, and there is a wide
halo in the range of angles 20 = 40-50°, indicating the amorphous structure of the deposited layers.

The main characteristics of EDA coatings on Steel 35 using Fe,, W, ,Cr,,Mo B, ,C, . anode are summarized
in table 3. The average thickness of the coatings was in the range of 56—80 um, with a maximum at specimen
MG50. The surface roughness of the coatings in terms of Ra parameter was in range of 6.79—5.46 um with
the increase in the duty ratio. The water contact angle ranged from 108.4° to 121.3° (fig. 2, b), which is
higher compared to Steel 35 (57.5°). The free surface energy of the coatings was calculated and it was in
the range of 29.9-32.3 mJ/m’, which is lower compared to the original base material (39.97 mJ/mz). This
suggests that the application of Fe,, W, ,Cr,,Mo.B,,C,, coatings can reduce the surface activity of Steel 35
to contaminants and corrosion [26].

a b

Fig. 2. X-ray diffraction patterns of the anode of the Fe, W, Cr,,Mo B ,,C,, composition (a); wettability of the
coating surface of the MG450 specimen (b)
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Table 3
Characteristics of the deposited coatings
Parameter Steel 35 MC50 MCI150 MC450
Coating thickness /., um 80.6 77.1 56.1
Roughness Ra, pm 32«15 6.79+1.54 7.34£1.74 5.46+0.92
Wetting angle, °(degree) 57.5+3.8 111.9+6.1 108.4+7.3 121.3+4.9
Surface energy 39.97+17.6 32.3+18.7 33.1+17 29.9+15.5

The microhardness of Fe, W, Cr,,Mo B, ,C,, coatings was in the
range of 6.65-7.56 GPa (fig. 3), which is 2.3-2.6 times higher than
that of uncoated Steel 35, and also exceeds the values obtained by
other researchers for MG Fe ,Cr, Mo, ,W.C,.B.Y, (1.28 GPa) [27],
is commensurate with the values for MG Zr, Cu,,Al, Ni, (7.2 GPa);
Cu,Zr,,Al Ti, (4.0 GPa); Hf, Cu,Al6Ti, (7.7 GPa) [28], inferior to
the data obtained for MG FeTi,,Co,Ni . B.ND, (11.6 GPa) [27] and
MG Fe,,Cr,NijMo,Co,C, B, (1015 GPa) [29].

The friction coefficient values of the studied coated specimens
monotonically decreased from 0.49 to 0.44 with increasing pulse
on-off time from 50 to 450 (fig. 4, a). The friction coefficient of
the coated specimens was smaller than that of uncoated Steel 35
(0.6) and was commensurate with the previously obtained data . . .
for Zr,Ti,,Cug ,Be, s, (0.43-0.6) [11], slightly inferior to the [ 3. Microhardness of coatings
data obtained for Zr, ,Til, Nb; Cu,Ni; Be,, (0.27-0.35) [30].

However, the latter MGs contain beryllium, which is extremely toxic.

The present relative values of wear rate of specimens with coatings was in the range from 0.86x 107
to 1.45x107 mm3/(Nm) (fig. 4, b). Thus, the use of Fe,, W, Cr,,Mo.B,,C,, metallic glass coatings can in-
crease the wear resistance of the surface of Steel/ 35 by 2.0-3.3 times. The lowest values of wear rate were
shown by the coating obtained at the lowest pulse on-off time of 50.

The high-temperature resistance test of specimens characterizes not only the resistance of the coating
material to oxidation, but also the continuity of the deposited layer. The mass change kinetics of specimens
with Fe, W, ,Cr,,Mo.B,,C,, coatings (fig. 5, a, left scale) and uncoated Steel 35 (fig. 5, a; right scale) at

temperature 700 °C is shown. The weight gain of the specimens is due to the fixation of oxygen on its

a b

Fig. 4. Coefficient of friction (a) and wear (b) of coatings compared to Steel 35
ataload of 25 N

Vol. 25 No. 4 2023 %
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a b c
Fig. 5. High-temperature resistance of specimens at 700 °C as compared to uncoated Steel 35:

kinetics of mass change Am, g/cm2 (a); X-ray diffraction analysis of the coating surface after high-temperature resis-
tance tests (b); change in high-temperature resistance of coated specimen (CS) and uncoated specimen (US) from pulse
on-off time (¢)

surface in the form of hematite (fig. 5, ). During 100 hours of testing, the specimens with coatings from
13.5 to 18.8 times less subjected to oxidation than Steel 35 due to limited oxygen contact with the steel
substrate (fig. 5, ¢). The protective effect of the coatings increased with increasing the duty cycle, which is
due to an increase in the specific number of discharges and, as a consequence, an increase in the thickness
and continuity of the coatings.

Conclusions

1. The possibility of using the anode material of e, , W, ,Cr,,Mo B ,,C, composition prepared by casting
method for obtaining £DA coating of MG on carbon steel is shown.

2. With increasing in the pulse duty cycle by 3 and 9 times, the values of erosion increased by 1.2 and
5 times; the cathode weight increased by 1.5 and 2.2 times, respectively. At the lowest EDA intensity, the
mass-transfer coefficient of EDA was the greatest.

3. In the composition of the prepared electrode materials Fe, W, Cr,,Mo,B,,C,, composition the a-WC,
FeCr, Fe,,B,, Mo,C, and MoFeB, phases were found, while no sharp Bregge reflections were observed in
the XRD spectra of the coatings, and a broad halo was present in the range of angles 20 = 40-50°, indicating
the amorphous structure of metal glass.

4. The thickness of the coatings ranged from 56.1 to 80.6 um, with roughness (Ra) from 5.46 to 7.34
um. The coatings exhibited high water contact angle ranging from 108.4° to 121.3°, indicating high surface
hydrophobicity of the developed coatings.

5. The friction coefficient of Fe,, W, Cr,,Mo B ,,C, metallic glass coatings was lower than that of carbon
steel from 22 to 36 %. Its application allows to increase the wear resistance of carbon steel surface by 2.0—
3.3 times. The highest values of wear resistance were shown by the coating obtained at highest duty cycle.
6. Application of Fe, W, Cr,,Mo.,B,,C,, coatings allows to increase high-temperature resistance of
carbon steel at temperature 700 °C by 13.5-18.8 times. The best high-temperature resistance was shown for

coating obtained at lowest duty cycle of EDA.
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