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Introduction. Austenitic stainless steel A4S/ 304 is the most widely used type of stainless steel. However, it is
subject to wear due to relatively low hardness, and also begins to oxidize intensively in air at a temperature above
800 °C. The use of coatings based on chromium boride can improve its tribotechnical properties and oxidation
resistance. The purpose of the work: to study the effect of chromium diboride concentration in the anode mixture
on the structure, wear behavior, oxidation resistance and corrosion properties of electric spark coatings on AISI 304
steel. The research methods. Electric spark treatment of A/S7 304 steel was carried out in a mixture of iron granules
with the addition of CrB, powder in amount of 5, 10 and 15 vol.%. The structure of the coatings was studied by
X-ray analysis, scanning electron microscopy, and electron dispersion spectroscopy analysis. The wear resistance
of the coatings was studied under dry friction condition at a load of 10 N. The oxidation resistance test was carried
out at a temperature of 900 °C for 100 hours. Results and Discussion. According to X-ray analysis, it is shown that

Wettability under the conditions of electric spark exposure, CrB, interacts with iron melt; this has resulted in the formation of
Corrosion chromium and iron borides. Corrosion properties, microhardness, coefficient of friction and wear are investigated
Oxidation resistance in comparison with AISI 304 steel. Samples with coatings showed a lower corrosion potential and corrosion current
Wear density compared to the substrate in 3.5% NaCl solution and from 5 to 15 times higher oxidation resistance. The

microhardness of the coatings increased from 6.25 to 7.60 GPa with an increase in the addition of chromium diboride
Acknowledgements in the electrode mixture. The coefficient of friction and the wear rate of all coatings were lower than that of A7S7 304
Research were partially conducted at stainless steel, while the coating prepared with the addition of 5 vol.% chromium diboride had the best tribotechnical
core facility “Structure, mechanical characteristics.

and physical properties of materials”.
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Introduction

Austentitic stainless steel AIST 304 has excellent mechanical properties and good oxidation resistance,
as well as high corrosion resistance in a wide variety of media. Because of this, 4157 304 is the most widely
used type of stainless steel and is used as structural components subject to corrosion. So it is used in the
manufacture of nuclear reactors, in the medical field and in the food industry [1]. However, due to low
hardness (~2 GPa), AIST 304 steel is highly susceptible to wear [2]. The addition of carbon can increase the
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hardness of stainless steel, but at the same time reduces its ductility. Application of hardening coatings can
increase the surface hardness of stainless steel and improve its tribological behavior [3-4].

Cermet materials (MC) are a composite of ceramic phases embedded in a metal matrix [5]. Due to
ceramic inclusions, MC coatings have a high hardness, and a plastic metal bond provides high strength
and adhesion to the substrate, which together leads to high wear resistance [6—7]. Transition metal borides
have high hardness and, therefore, are considered as a ceramic component of MC coatings [8]. Thus, it was
shown in [9] that FeCrB coatings improve the microhardness and wear resistance of ASTM 283-C steel. It
was shown in [10] that an increase in the content of boride ceramics in MC coatings leads to an increase in
its microhardness. According to the paper [11], the microhardness of AISI 304 borated steel can reach 17
GPa.

Electrospark deposition (ESD) is widely used to form MC coatings on metal base [12—14]. ESD is based
on the phenomenon of polar metal transfer from the anode to the cathode in the process of exposure to multiple
microarc discharges [15]. Due to the high cooling rate of the material, a coating with an exceptionally fine-
grained structure is formed after the termination of the discharge [16]. In addition, ESD is characterized by
high adhesion of the formed layer to the base without thermal influence on the bulk characteristics of the
substrate material [17]. The modified £SD method with a non-localized electrode in a mixture of granules
with ceramic powder has a number of advantages over traditional ESD, since it does not require additional
operations for the preparation of MC electrodes and allows coating parts with a curved surface in automatic
mode [18]. In addition, the method of ESD with a non-localized electrode is characterized by a low cost of
equipment compared to other methods of deposition of MC coatings.

In this work to obtain Fe-CrB MC coatings, AISI 304 stainless steel was processed in a mixture of iron
granules with different concentrations of chromium diboride powder in order to establish the effect of the
CrB, powder concentration in the anode mixture on the structure, wear behavior, oxidation resistance and
corrosion properties of the formed ESD coatings.

Methods

Three anode mixtures of steel granules (S¢3 steel) in the form of cylinders (d = 4+0.5 mm, 4 = 4£0.5
mm) and CrB, powder were used as a non-localized electrode (Table 1). The diameter of the powder par-
ticles was significantly smaller than the diameter of the area affected by the discharge ~0.8 mm, and was
in the range from 25 to 134 pm with a median of 62 pm (Fig. 1). The substrate (cathode) of stainless steel
AISI 304 (Table 2) was made in the form of a cylinder (d = 12 mm, 2 = 10 mm). The layout of the installa-
tion for the deposition of coatings with a non-localized anode with the addition of powder is described in
detail in [19]. The IMES-40 discharge pulse source generated rectangular current pulses with amplitude of
110 A, duration of 100 ps, and frequency of 1000 Hz at voltage of 30 V. To prevent oxidation of the samples
surface the argon was supplied to the working volume of the container with rate of 10 L/min.

The mass transfer kinetics was studied by successively weighing the cathode every 120 s of £S4 on
a Vibra HT120 analytical balance with an accuracy of 0.1 mg. The total processing time for one sample

Table 1
The content of CrB, in the anode mixture, designation and characteristics
of coatings
CrB, concentration, vol.% 5 10 15
Designation of samples Crs Crl0 Crls
Coating characteristics
Thickness, pm 35.7£2.3 33.5+£5.7 30.7+6.1
Roughness (Ra), pm 7.1£0.88 7.4+1.14 9.1£0.60
Water contact angle, ° 70.2+8.6 | 58.1£5.8 | 57.6x10.6
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Fig. 1. Distribution of chromium diboride powder particles
by diameter:
1 — integral; 2 — differential

Table 2
Chemical composition of AIST 304 steel
Element Fe Cr | Ni | Mn Cu P C S
Concentration, wt. % 66.3-74 18 8 <2 <1 <0.045 <0.03 <0.03

was 600 s. To ensure reproducibility of the results the cathode weight gain was studied for three samples
from each series. The structure of the formed coatings was studied using a Sigma 300 VP scanning elec-
tron microscope (SEM) equipped with an INCA Energy dispersive spectroscopy (EDS) analyzer and a
DRON-7 X-ray diffractometer in Cu-Ka radiation. The roughness of the coatings was measured on a 7R
200 profilometer. The contact angle of wetting with water was measured at room temperature according to
the sessile drop method [20]. Polarization tests were carried out in a three-electrode cell in a 3.5% NaCl
solution using a P-2X galvanostat (Electro Chemical Instruments, Russia) with a scanning rate of 10 mV/s.
A standard Ag/AgCl electrode served as a reference electrode, and a paired E7P-02 platinum electrode was
used as a counter electrode. Before recording the samples were held for 30 minutes to stabilize the current
of open circuit potential. Cyclic oxidation resistance tests were carried out in a muffle furnace at a tempera-
ture of 900 °C in air. Cube samples with an edge of 6 mm were kept at a given temperature for ~6 hours,
then removed and cooled in a desiccator to room temperature. The total testing time was 100 hours. During
the oxidation resistance test, the samples were placed in ceramic crucibles to take into account the mass of
exfoliated oxides. The change in the weight of the samples was measured using a laboratory balance with a
sensitivity of 10 g. The weight gain Am for steel AISI 304 and coatings after the oxidation resistance test
was calculated by formula:
Aw

Am = —,
S

where Aw — weight gain and S — sample area.
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The hardness of the coatings was measured on a PM7-3M microhardness tester at a load of 0.5 N using
the Vickers method. The wear resistance and coefficient of friction of the samples were tested following
the ASTM G99-17 procedure under dry friction condition with speed of 0.47 ms ' under load of 25 N. The
testing time was 20 minutes. Discs made of M45 high-speed steel with a hardness of 60 HRC were used as
a counterbody. Wear was measured gravimetrically. The sample of each type was tested three times.

Results and discussion

The study of mass transfer during £SD is important for establishing the fact of a positive weight gain of
the cathode, otherwise ESD is not effective. In addition, the coating thickness is a function of the cathode
weight gain [21]. During the ESD, electric discharges arose between steel granules and the substrate, which
resulted in a liquid-phase transfer of the metal from the granules surface to the substrate. The powder par-
ticles that appeared on the surface of the electrodes at the moment of development of the discharge channel
were fused with the metal. This was accompanied by a monotonous increase in the weight gain of the cath-
ode (Fig. 2, a). With an increase in the processing time for all mixtures, a slowdown in the weight gain of
the cathode was observed, which is also characteristic of the traditional £SD [22]. This is explained by the
accumulation of defects in the coating and the intensification of its electrical erosion with an increase in the
specific number of discharges [23]. The largest gain of the cathode after 600 seconds of £S4 was observed
for the anode mixture of CrJ, and in the case of mixtures of Cr/0 and Crl35, taking into account the error
bars, the gain can be considered close. This behavior of mass transfer can be explained by the deteriora-
tion of the electrical contact and a decrease in the frequency of discharges with an increase in the powder
concentration in a mixture of granules, which was previously observed for silicon powder [24]. Therefore
optimal concentration of CrB, powder in a mixture with iron granules is about 5 vol.% from the standpoint
of achieving the maximum coating thickness.

BCr ke, A CrB, OFe,;;B; ©Cr,B

s o =

oo

Cathode weight gain, g/cm?
Intensity, arb. units

20 30 40 50 60 70 80 90

0 2 4 6 8 10
Deposition time, min. 2Theta, deg.
a b

Fig. 2. AISI 304 stainless steel cathode weight gain during ESD (a) and X-ray diffraction patterns of
deposited coatings (b)

Figure 2, b shows the results of X-ray analysis of the prepared coatings. From this it follows that the
composition of the coatings was dominated by a solid solution of chromium in iron, which forms a metal
binder of the coating, and ceramic phases of chromium (Cr;B,, Cr,B) and iron (Fe,,B ) borides are also
present. This indicates that the original CrB, phase was not retained in the coating due to its high reac-
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tivity with iron and chromium melts under electric discharge conditions. Thus, in this case the mechanism
of crystallization of ceramic phases from the melt after the terminated discharge is realized.

Figure 3, a shows a cross-sectional image of the Cr5 coating and element distribution profile data ac-
cording to EDS analysis. The coating has a slightly darker shade compared to the substrate due to the en-
richment with boron, which was not fixed by the £DS analysis. Figure 3b shows a sharp transition between
the deposited layer and the substrate. It also indicates a decrease in the concentration of substrate elements
in the coating structure that is explained by the transfer of iron from the granules. The coating had a dense
homogeneous structure with a small amount of small pores. With an increase in the powder concentration
in the anode mixture, the average coating thickness decreased monotonically from 35.7 to 30.7 pm, and
the roughness (Ra) increased from 7.1 to 9.1 um (Table 1). Water contact angle (WCA) was measured to
study the hydrophobic properties of the coating surface. The W(CA is inversely proportional to the surface
energy. As shown in Table 1, the WCA decreased from 70.2 to 57.6° with an increase in the concentration
of CrB, in the anode mixture that means decrease in the hydrophobicity of its surface. However, in general
electrospark Fe-Cr-B coatings had lower surface energy and higher hydrophobicity compared to AISI 304
stainless steel (W(CA 48.9°).

a b

Fig. 3. SEM image of the elements of the cross-section of the Cr5 coating in the back scattered electrons
mode (a) and EDS distribution of elements in depth ()

Figure 4 shows the results ofpolarization testing of samples 3
in 3.5% NaCl solution at room temperature. It shows that
the potentiodynamic curves of all coatings have significantly
higher corrosion potential of E_  compared to A1S7 304 steel.
For detailed description of the corrosion behavior of the
samples, the corrosion current I was calculated from the
slopes of the Tafel portions of the potentiodynamic curves
(Table 3). It follows from Table 3 that with an increase in
the amount of CrB, powder in a mixture of granules, the
corrosion current of the coatings monotonically decreased,
which indicates an improvement in the anticorrosion
behavior. Thus, saturation of the AISI 304 steel surface
with chromium boride improves its anti-corrosion behavior. . ' : ' .
This is explained by the barrier action of a thin Cr,0, film -2 -1 08 06 04 02 0
inevitably formed on the surface of metallic chromium [25]. Potential vs Ag/AgCl, V
In addition, ceramic phases limit the contact area of the metal ~ £7ig. 4. Tafel polarization curves of coatings
with the electrolyte [6]. and substrate
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Table 3
Corrosion parameters of coatings
Samples
Parameters
AISI 304 Crs Crl0 Crl5
E.,»V —0.777 —0.646 —0.603 —0.489
I, HA/cm’ 42.24 20.66 14.80 11.47

Figure 5, a shows the results of cyclic testing of Fe-Cr-B coatings for oxidation resistance at a tempera-
ture of 900 °C. The weight gain of samples with coatings, according to the results of 100 hours of testing,
ranged from 17 to 51 g/mz. The smallest gain was observed for the Cr/5 sample, and the largest for Cr10,
however, in this case, the weight gain is not an unambiguous criterion for the oxidation intensity. Thus, the
inset to Figure 5a shows that uncoated AISI 304 steel gained weight in the first test cycle, and monotoni-
cally substrate weight loss in subsequent cycles. This cannot be explained by the delamination of oxide
layers, as was the case in [26], due to the presence of samples in ceramic crucibles during the oxidation
resistance test. Therefore, the only explanation for the observed weight loss of AISI 304 steel can be the
burnout of carbon, phosphorus and sulfur included in its composition (Table 2). It is noteworthy that in the
above work, for 100 hours of testing at 900 °C, the weight gain of AIS/ 304 steel was only 6.5 g/mz, and in
[27]—-22.2 g/m2 for 90 hours. The oxidation rate of the Cr5 sample was the highest among the coatings up
to 65 hours, and then the weight gain stopped, that can be explained by the action of two differently directed
processes: weight loss by the substrate and weight gain of the coating. Thus, the oxidation resistance of the
Cr5 coating can be qualified as the worst. The Cr/5 coating had the best oxidation resistance. The gain in
the process of high-temperature oxidation is due to the fixation of oxygen on the surface of the samples with
the formation of magnetite Fe,0, and hematite Fe,O, (Fig. 5, b). According to X-ray data, ferrochrome
Fe, . ,Cr, .. was also observed on the surface of the samples after the oxidation resistance test, the inten-
sity of the reflections of which monotonically increased from the sample Cr5 to Crl5. It is explained by
a decrease in the thickness of the oxide layer and confirms the improvement in the oxidation resistance of
coatings with an increase in CrB, in the anode mixture. In general, the use of electrospark Fe-Cr-B coatings
makes it possible to increase the oxidation resistance of AIS7 304 stainless steel from 5 to 15 times.

a F€304 (@] FCJO3 * (FC. Cl)
—-—(%I?] 304
p—T) oo = 1 [u]
—a—Crl5

50 o 04

Intensity, arb. units

0 20 40 60 80 100 20 30 40 S0 60 70 80 90
t, hrs 2Theta, deg.
a b

Fig. 5. Oxidation resistance of coatings at a temperature of 900 °C in air («) and X-ray patterns of the samples
surface after the oxidation resistance test (b)
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Figure 6 shows that the deposition of Fe-Cr-B coatings 10

makes it possible to increase the surface hardness of AIST 304

steel by 2.2-2.7 times. With an increase in the concentrationof |

CrB, powder in the anode mixture, the average microhardness

of the coating surface increased from 6.25 to 7.6 GPa. This &

can be explained by an increase in the content of chromium i 6 l -

and boride phases in the coating. Nevertheless, mild hardness & =

values, compared with high hardness of borides, indicate a low k= 4 :

volume fraction of ceramic phases in the coatings. That is con- £§ PPy S 3 e

sistent with the phase analysis data. In general, these results = l : : e

are consistent with the data obtained in [9], where the micro- 2 s

hardness of wire-arc spraying Fe,, Cr, .B_coatings increased

from 7.9 to 9 GPa with increase in the boron content from 1 0 , , ,

to 4 Wt% AISI304 Crs Crl0 Crls
Samples

The kinetics of the change in the coefficient of friction of
the samples during the wear test under dry friction condition £ig. 6. Microhardness of coatings compared
is shown in Figure 7, a. The average values of the coatings to AISI 304 steel
coefficient of friction were lower than those of stainless steel
and were in a narrow range from 0.69 to 0.71. However, for the Cr/0 and Cri15 samples deposited with a
high powder content in the anode mixture, narrow ravines were observed in the friction coefficient curves,
while the curve was smooth for the Cr5 coating. In the case of steel, a high noise level was observed on
the graph of the coefficient of friction that is usually associated with its high plasticity and with periodic
deposition and delamination of the material transferred between the rubbing surfaces [28]. Thus, in particu-
lar, in samples Cr10 and Cr15, noise can be caused by delamination of microsections of the coating due to
deficiency of plastic metal binder.

The results of coating wear tests showed that the wear rate was in the range of 0.76-1.7 x 10~ mm’/
Nm (Fig. 7, b). It was lower than that of AIST 304 steel, from 1.6 to 3.7 times. The lowest wear values were
demonstrated by the Cr5 coating that is consistent with the data on the coefficient of friction. At a higher
concentration of CrB, in the mixture of granules, the wear of the samples increased, that is caused by a de-

35
Mo AISI304
0o 3.0 -
2.5 1
0.8 1|/ M] L| =
. I‘I| H‘ w Eﬂ
0.7 { /TR RN AMN ) < 201
P T Crs B
T L |
0.6 - \CrIO = 15
g
] 1.0 -
05 Crls =
—| AISI304 0.84
04 — Crs 0.70 | 0.5
Crl0 0.71
- Crl5 0.69
0.3 . . 0.0 - . . :
0 200 400 600 AISI304 Crs Crio Crls
[, m Samples
a b

Fig. 7. Dynamics of the coefficient of friction from the sliding path () and the wear rate (6) of coatings
compared to AISI304 stainless steel
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crease in the volume of the plastic metal binder in these coatings and increasing brittleness under friction.
In addition, when analyzing the wear resistance of a Cr5 sample, it is worth considering the large thickness
of this coating compared to other samples, as indicated by the data on the cathode weight gain (Fig. 2, a).

Conclusion

Cermet Fe-Cr-B coatings were formed on 4157 304 stainless steel by electrospark treatment in a mixture
of iron granules and 5-15 vol.% CrB, powder. The largest cathode weight gain and coating thickness were
in case of using an anode mixture with 5 vol.% CrB,. The X-ray data indicate the cermet structure of the
coatings, where the role of the binder is performed by ferrochrome, and the role of ceramics are performed

the CrB,, Cr,B, and Fe, B, phases. The borides were formed as a result of the complete destruction of

CrB, upon interaction with an iron melt under the conditions of an electric discharge. With an increase in
the concentration of CrB, in the anode mixture, an improvement in the anticorrosion properties of Fe-Cr-B
coatings in a 3.5% NaCl solution and an increase in oxidation resistance compared to ALSI 304 steel from
5 to 15 times were observed. The use of electrospark Fe-Cr-B coatings on AISI 304 stainless steel makes
it possible to increase its surface hardness, reduce and stabilize the friction coefficient, and improve wear
resistance by 3.7 times.
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