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Abstract. To improve the tribotechnical behavior and heat resistance of steel 1035, composite metalloceramic Fe—Al/HfC coatings were prepared
by electrospark deposition. A non-localized anode was used as an electrode consisting of a mixture of iron and aluminum granules with a molar ratio
of 3:2 and with the addition of HfC powder. The cathode gain had positive values indicating that HfC powder can be deposited on steel 1035 using
the Fey,Al, anode mixture. Moreover, the cathode gain monotonically increased with the increase in addition of HfC powder to the anode mixture.
The coatings structure is represented by a matrix of FeAl intermetallic compound reinforced with HfC grains, which corresponds to the structure
of a metalloceramic composite. Concentration of HfC in the coating increased with the addition of HfC powder to the anode mixture. Deposition
of Fe—~AI/HfC coatings according to the proposed technique allows reducing the friction coefficient of steel 1035 from 6 to 40 vol. %. Depending
on the concentration of HfC in the anode mixture, the wear resistance of Fe—Al/HfC coatings varied nonmonotonically with a maximum at 8 vol. %.
The use of Fe—Al/HfC coatings makes it possible to increase the wear resistance of the steel surface to 10 times. Comparison of the final weight gain
of the samples after 100 h of oxidation resistance tests at a temperature of 700 °C allows us to conclude that electrospark deposition Fe-Al/HfC
coatings can increase the oxidation resistance of steel 1035 by 1.7-2.2 times. Analysis of the study results shows that adhesion of Fe—Al composition
to HfC is weak. This was reflected in decrease in hardness, wear resistance and oxidation resistance of coatings with an increase in the concentration
of HfC in the anode mixture above 8 vol. %.
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AnHomayus. Jlnst ynaydiieHus TPUOOTEXHMYECKOTO ITOBEICHHUS M IKAPOCTOMKOCTH CTald 35 ObLIM MPHUIOTOBICHBI METOJOM SIEKTPOHCKPOBOTO
JIETMPOBAHUsI KOMIIO3ULMOHHBIE Mera/uiokepamuueckne Fe—Al/HfC nokpeitus. B kauecTtBe aeKkTpozja MCIONIb30BaJICS HENOKAIN30BAHHBII
aHOJI, COCTOSIILIMI U3 CMECHU HKEJIE3HBIX U AIFOMHHHUEBBIX IPAHYJ C MOJISIPHBIM COOTHOIICHUEM 3:2, ¥ ¢ JoOaBJIeHHEeM MOpOLIKa KapOuaa radHusl.
[IpuBec karoa UM MOJIOKUTENILHBIC 3HAYEHUS, CBUJICTEIILCTBYIOIIME O TOM, YTO IOPOLIOK KapOuaa radHust MOXKET OCaXAaTbCs Ha CTalb 35
C HCIOJIL30BAaHUEM AHOIHON CMECH F660A140. IIpuBec xaToma MOHOTOHHO YBEJIHYHBAICS ¢ pocToM jaoOaBku nopoika HfC B aHomHyio cmecs.
CTpyKTypa IOKPBITHI NpecTaBIeHa MaTpuLei u3 uarepmeranaa FeAl, apmupoBanHoi 3epHaMu kapOua radHUs, YTO COOTBETCTBYET CTPYKTYpe
METaJUIOKePaMHUIECKoro kommo3uTa. KoHueHrpauus kapouaa raHust B IOKPHITHH YBEIMYMBAIach ¢ poctoM JobaBku noporika HfC B aHomHy0
cmech. Ocaxaenne Fe—Al/HfC nokpeiTuii no npeuioxkeHHOH MeToMKe NPUBOAUT K CHIKEHHUIO koddduumenta Tpenus cranu 35 ot 6 10 40 %.
B 3aBucuMocTH OT KOHIEHTpanuu KapOuma raQHUS B aHOMAHOW cMecH, n3HOCOcTONKOCTh Fe—Al/HfC mokpeiTuii M3MeHsu1ach HEMOHOTOHHO
¢ MakcuMymoM 1ipu 8 % (00.). Ilpumenenune Fe—Al/HfC noxpbITuii no3BossieT MOBBICUT M3HOCOCTOMKOCTh MOBepXHOCTH cTanu 35 no 10 pas.
CpaBHeHne UTOroBoro npuseca o6pasnos nocie 100 4 ucnpITaHuid Ha sxapocToiikocTs npu Temneparype 700 °C maeT BO3MOXXHOCTD 3aKIIFOUHTH,
410 31eKTporcKpoBble Fe—Al/HfC nokpsITust criocoOCTBYIOT HMOBBILIEHUIO >KapocToiikocT cTanmu 35 ot 1,7 1o 2,2 pa3a. AHanu3 pesyiabTaToB
MPOBEJICHHOTO MCCIIEIOBAHMS MO3BOJLSIET CIeNaTh 3akiIioueHue o ciaboit aaresun Fe—Al xommosurnmu k kxapOuay radHus. ITO OTpasHiIoch
B CHIDKEHUH TBEPAOCTH, U3HOCOCTOMKOCTHU U KAPOCTOMKOCTU MOKPBITHI NpH noBbieHny KoHuentpanun HfC B anonHo# cMecn Boiie 8 % (00.).

Katouesvle c108a: 3nekTporcKpoBoe JiernpoBaHue, nHTepMetaming FeAl, nokpeitue, kapous radHus, cTaib 35, H3HOC, )KapOCTOHKOCTh
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[ INTRODUCTION

Steel 1035 is a common structural material used for
manufacturing such components as crankshafts, axles,
connecting rods, spindles, sprockets, disks, pins, cams,
pushrods, etc. [1]. It has such disadvantages as low wear,
corrosion, and heat resistance which limits its applica-
tions [2]. Protective coatings can improve the heat, corro-
sion and wear resistance of medium-carbon steels [3; 4].

Metalloceramic matrix composites (MMC) are promi-
sing coating materials. They consist of a metal matrix
reinforced with hard ceramic particles [5; 6].

Iron aluminides can be an efficient metal matrix in
such coatings [7]. They have high heat (up to 1000 °C)
and corrosion resistance in oxidizing and reducing envi-
ronments, since the aluminum content is higher than in
steels and heat-resistant alloys [8]. Yiirektiirk Y. et al. [9]
report that Fe—Al coatings make steel component surfaces
harder, and enhance wear and corrosion resistance. As
noted by Pal M. et al. [10] The thermal expansion coeffi-
cient of iron aluminides matches that of most steel grades.
For this reason, such coatings have high adhesion [10].

Hafnium carbide (HfC) is one of the hard-melting
binary compounds. Toth L. et al. [11] reported that its
melting point is 3928 °C. As noted by Hans K. et al. [12],
HfC with high heat resistance is used in solar absorber
coatings. Zang K. et al. [1] indicated that hatnium carbide
is a highly suitable ceramic coating on steel substrates for
its unique properties, such as high hardness, thermal and
electrical conductivity and chemical stability [13]. For
this reason, hafnium carbide can be used as reinforcement
in MMC coatings. However, HfC coatings have poor
heat resistance [14], since the crystalline hafnium carbide
powder oxidizes at 430 °C and up [15]. Therefore, it is
combined with a heat-resistant metal matrix to obtain
high-temperature, wear-resistant coatings. The combina-
tion of solid hafnium carbide and heat-resistant Fe—Al
matrix produces a successful MMC coating for steel 1035
parts operated at high temperatures.

We studied electrospark deposition (ESD) of HfC/Fe—Al
coatings. It is a simple process with low requirements for
the substrate surface finish. ESD results in metallurgi-
cal bonding between the coating and the substrate [16].
The authors also successfully applied a WC/Fe—Al coat-
ing to stainless steel using a modified electrospark deposi-
tion with a bulk electrode (EDBE). We used a bulk elect-
rode made of Fe, Al pellets also containing tungsten
carbide [7]. This composition was selected since the sub-
strate iron is involved in the formation of the FeAl inter-
metallide. It was found that aluminum dominated over

iron in the binder composition due to its lower melting
point. Therefore, for the deposition of Fe—Al/HfC coat-
ings, we used Fe Al bulk electrodes with a lower alu-
minum content.

The purpose of this study is to analyze the effect
of hafnium carbide powder content in a FegAl,,
BE on the structure, wear, and heat resistance the of
Fe—Al/HfC metal-ceramic electrodeposited coating
on a steel 1035 substrate.

[ MATERIALS AND METHODS

The substrates were diameter 12 mm, 10 mm high
cylinders made of steel 1035. The bulk electrode was
made of a mixture of iron and aluminum pellets, and
varying amounts of hafnium carbide powder (99.6 %
purity, 1.5+ 0.5 um average particle diameter). Refer
to 1). The powder includes the HfC phase with a small
admixture of hafnium metal (Fig. 1). The pellets were
cylinders 4 £ 1 mm long cut off steel St3 and aluminum
alloy 1188 bars, 4 £ 0.5 mm dia. The ratio of pellets in
the BE was such that the iron-to-aluminum molar ratio
was 3:2. The IMES-40 pulse generator produced rec-
tangular current pulses, 110 A peak value, at 30 V with
a 100 us duration and a 1000 ps period. The substrate
was connected to the negative lead of a pulse generator.
A container with Fe  Al,  pellets and HfC powder was
connected to the positive lead. The substrate was half-
immersed into the pellet layer. See Burkov A. et al. [17]
for a detailed description of the bulk electrode electro-
deposition test bench. Argon was supplied into the con-
tainer at a 5 1/min rate, in order to prevent oxidation.
The pellets were pretreated, in order to saturate their
surface with HfC powder for 10 min. The total coating
application time was also 10 min.

The phase composition of the samples was stu-
died using a DRON-7 X-ray diffractometer, CuK band.
We used PDWin software to identify the XRD pat-

Table 1

Composition of non-localized electrode

Tabnuya 1. CocTaB HeJIOKAJIN30BAHHOIO YJIEKTPOAA

Pellets ratio, at. % HAC fraction
Samples o
Fe Al vol. %
Hf4 4
Hf8 60 40 8
Hf12 12
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Fig. 1. X-ray diffraction pattern of HfC powder

Puc. 1. PentrenoBckas qudpakTorpamMma nopolka kapouna ragHus

terns. The surface microrelief and elemental composi-
tion of the sample were analyzed with a Vega 3 LMH
scanning electron microscope (SEM) (Tescan, Czech
Republic) equipped with an X-max 80 energy disper-
sive X-ray spectrometer (Oxford Instruments) (EDS).
The hardness was measured with a PMT-3M micro-
hardness tester at 0.5 N (Vickers method). Wear resis-
tance was tested according to ASTM G99-17 (dry sliding
friction using) an R6M5 HSS disk counterbody sliding
at 0.47 m/s under a 25 and 70 N load. At least three mea-
surements were made for each sample. The wear was
assessed by the gravimetric method with a 0.1 mg accu-
racy. The wear rate was estimated as

Am
pPI

El

where Am is the mass loss due to abrasion; p is the coating
density assumed to be equal to the density of steel 1035;
P is the load; / is the friction path length.

The samples were wear-tested after each weight mea-
surement, in order to eliminate the error caused by a pos-
sible change in the counterbody surface properties. For
heat resistance tests, the samples were placed in an oven
at 700 °C. The total testing time was 100 h. The samples
were held at this temperature for ~6 h, then removed
from the oven and cooled to room temperature in a dryer.
The samples were placed in a corundum crucible, in order
to record the mass of the detached oxides. The sample
weight changes were measured with lab scales, with
0.1 mg accuracy.

[ RESULTS AND DISCUSSION

Studying the cathode weight evolution during elec-
trospark deposition of new electrode materials is aimed
at identifying cathode weight gain and the optimal treat-
ment time. If the cathode loses weight, the process is inef-
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ficient. If the relative weight gain is low, the coating will
be thin and non-continuous. The EDBE process generates
electrical discharges between the steel pellets and the sub-
strate, resulting in liquid metal transfer from the pellet
surface to the substrate. Hafnium carbide powder particles
occur on the surface of the electrodes at the time of dis-
charge fuse with the metal. It leads to cathode weight
gain (Fig. 2, a). After two minutes, the cathode weight
gain rate slows down for all the bulk electrode materi-
als. This can be explained by the accumulation of defects
in the doped layer, and more intense electrical erosion as
the number of discharges grows [18]. When the hafnium
carbide concentration in the BE material increases from
4 to 12 vol. %, the cathode weight gain increases linearly
from 9.96 to 26.1 mg/cm?. Such mass transfer can be
explained by better conditions for electric discharges and
higher discharge frequency with the increase of the HfC
powder concentration in the granules. Previously we
also observed a positive correlation between the powder
concentration in the BE material and the cathode weight
gain for Cr,C,, TaC, and WC powders [19 — 21]. Howe-
ver, this relation can be inversed in other powders [22].
Therefore, further study of the powder composition and
particle size distribution effects would be of interest.

Fig. 2, b shows the XRD patterns of the coatings.
The coatings contain hafnium carbide and intermetallic
FeAl phases. This indicates that the coating has a ceramic-
metal structure. The metal matrix is iron aluminide FeAl,
and hafnium carbide is the reinforcing phase. The con-
centration of hafnium carbide in the coatings increases in
a linear way with the powder content in the bulk electrode
material. Note the XRD pattern of the Hf12 coating fea-
tures only HfC reflexes.

The average thickness of the coatings increases from
30.5 to 43.5 um as the hafnium carbide powder content
in the anode mixture increases (refer to Table 2), which
agrees well with the measured cathode weight gain
(Fig. 2, a). Figs. 3, a, ¢ show the cross-sections of the Hf4
and Hf12 coatings. All the coatings have a biphasic struc-
ture: a dark gray matrix with white inclusions. Accord-
ing to the EDS analysis, the white inclusions are hafnium
carbide (Fig. 4). The inclusion size in the HfC/Fe—Al
coatings ranges from 0.2 to 7 um. Figs. 3, @ and ¢ show
that the HfC grain density increases with the hafnium car-
bide powder increase in the BE material, which agrees
with the XRD analysis results. According to the EDS
analysis results (Fig. 3, b, d), the concentration of alumi-
num in the coatings is higher than that of iron. As the iron-
aluminum state diagram indicates, this ratio corresponds
to the iron aluminide FeAl detected by XRD (Fig. 2, b).
Therefore, the deposition of HfC powder mixed with
iron and aluminum granules by the EDBE process cre-
ates a metal-ceramic structure through the introduc-
tion of ceramic particles into the metal matrix [23].
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Fig. 2. Cathode gain during electrospark deposition with a non-localized electrode (@) and X-ray diffraction patterns of deposited coatings (b):
1—Hf4; 2 - Hf8; 3 — Hf12
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The coatings are porous. The pore formation during ESD
is usually attributed to the evaporation of the electrode mate-
rial at high temperatures created by the low-voltage electric
discharge [24]. Due to the high cooling rate after the dis-
charge, the gas bubble does not have enough time to reach

Substrate

the surface of the melt. Several studies report that the poros-
ity decreases with the discharge energy increase resulting
in a reduced material cooling rate [25; 26]. The average R,
roughness values are similar for all the coatings and fall in
a narrow range from 5.1 to 5.28 um (Table 2).
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Fig. 3. Typical electron images of the cross section of coatings: Hf4 (a), Hf12 (c¢) and distribution of elements in the cross section
of the corresponding coatings according to EDS analysis (b, d). Dotted line indicates the scanning direction

Puc. 3. Tunu4Hbie 2IEKTPOHHBIE W300paKEHNUS MTONEepedHoro ceueHus nokpoituid: Hf4 (a), Hf12 (¢) u pacnipenesnenue 31eMEHTOB B CEYCHUN
COOTBETCTBYIOLIMX MOKpbITHii cornacHo DJC ananusy (b, d). [lyHKTUpHAS JTMHHS yKa3bIBACT HAIIPABICHHE CKAHUPOBAHUS

305



N3BECTUA BY30B. YEPHASA METAJIJIYPTUA. 2023;66(3):302-310.
Bypkos A.A., Kyauk M.A. 3neKTpoucKpoBoe ocaxieHre MeTa/siokepamMmudeckoro Fe-Al/HfC mokpeiTus Ha cranb 35

Table 2

Characteristics of the coatings

Tabnuya 2. XapaKkTepUCTUKU NOKPBITHIA

Samples | Thickness, pm Roughness (R, ), pm
Hf4 30.5+8.3 5.28 £0.65
Hf8 384+9.7 5.26+0.63
Hf12 43.5+10.6 5.10+0.88
Fig. 5 shows the average microhardness values

of the Fe—Al/HfC coatings. Note that the indenta-
tion diagonal at a 0.5 N load is at least 10 um. This is
significantly larger than the diameter of the HfC grains
in the coating. The microhardness of the Fe—Al/HfC coa-
tings ranges from 10.9 to 13.5 GPa, which is 400 — 500 %
higher than that of steel 1035. Coating hardness varies in
a non-linear way with the HfC powder content in the BE.
The maximum value is observed in the Hf8 coating.
The lower hardness of the Hf4 coating can be explained
by its lower content of hafnium carbide (Fig. 2, b).
On the other hand, the low hardness of the Hf12 coating
can be attributed to the insufficient content of the Fe—Al
bonding (Fig. 2, b). As a result, the HfC grains easily
shift relative to each other when the diamond indenter is
driven in.

Fig. 6, a shows the friction coefficients of the coa-
tings measured by wear tests (dry sliding) under 25
and 50 N loads. The average friction coefficient of the
Fe—Al/HfC coatings ranges from 0.51 to 0.85: 6 to 40 %
lower than that of steel 1035. Moreover, the wear tests
of uncoated steel produced highly irregular friction coef-
ficient curves. This can be explained by the periodic depo-
sition and detachment of the material particles carried
between the friction surfaces. Under both loads, the aver-
age friction coefficients of the coatings decrease linearly

120
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Fig. 4. EDS spectrum of section / at Fig. 3, a

Puc. 4. OJIC criextp yuactka / K puc. 3, a
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with the hafnium carbide content increase in the BE mate-
rial due to the lower concentration of the ductile Fe—Al
bond.

Fig. 6, b shows wear resistance test results. Coa-
ting wear rate ranges from (2.82-4.41)107 to
(0.95 —2.53)-107 mm?3/(Nm) under 25 and 50 N loads,
respectively. The Hf8 coating has the lowest wear rate
under both loads. This agrees well with the coating hard-
ness values (Fig. 5) obtained with the Archard wear equa-
tion [27]:

il

H
where V, is the volume of wear debris produced; H is
the material hardness; & is the wear factor; P is normal
load; / is the sliding distance.

For the Hf4 sample, the low concentration of HfC
grains and high friction coefficient leads to more exten-
sive wear. With regard to the Hf12 coating, the low
concentration of metal bonding cannot hold hafnium
carbide grains, and the grains fall out. The wear rate
of the coatings under a 50 N load is 72 to 89 % lower
thanthatofsteel 1035. The average coating wear rate under
a 25 N load is slightly lower than that of steel 1035, and
almost half as much under a 50 N load. This is probably
caused by the steel 1035 surface hardening, when a 25 N
friction load is applied. Therefore, the optimum concen-
tration of hafnium carbide powder in the BE material is
about 8 vol. %. In general, the wear rate values indicate
a relatively low wear resistance of Fe—Al/HfC coatings.
Note that our paper on Ti/HfC coatings [14] reports much
lower wear rate values. This can be explained by the fact
that the wettability of hafnium carbide with FeAl alumi-
nide is lower than that of titanium. On the other hand,
the wettability of tungsten carbide with FeAl aluminide
is high [28].

16
14
s 12
o
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8
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£
e 6
2
= 4
2
0
Steel 1035  Hf4 Hf8 Hf12
Samples

Fig. 5. Microhardness of the coatings and steel 1035

Puc. 5. MukpoTBeprocTb HOKpbITHil U cTanu 35
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Fig. 7, a shows the results of cyclic heat resistance
tests of the steel 1035 samples with Fe—Al/HfC coatings
at 700 °C. After 100 h, the weight gain of the coated
samples ranges from 123 to 164 g/m?. The weight gain
is caused by oxygen fixation as iron oxide Fe,O, as
the hematite and hafnium dioxide HfO, are modified
(Fig. 7, b). The XRD patterns of the Hf8 and Hf12 coat-
ings feature reflexes of hafnium carbide. It can be attrib-
uted to the protective effect of the Fe—Al matrix. How-
ever, this is unlikely due to weak Fe—Al to HfC adhesion.
Furthremore, Musa C. et al. [29] showed that a com-
pacted hafnium carbide-based material obtained by self-
propagating high-temperature synthesis (SHS) followed
by spark plasma sintering is resistant to oxidation at tem-
peratures up to 750 — 800 °C. Luo H. et al. [30] reported
that PVD coatings (HfC/a-C:H) begin to oxidize in

the 500 to 600 °C temperature range. The HfO, reflexes
shown in Fig. 7, b indicate that the hafnium carbide was
oxidized at 700 °C. In general, the oxidation start tempera-
ture in hafnium carbide-based materials strongly depends
on the carbon content in HfC, the presence of impurities,
and the share of the amorphous phase. The highest weight
gain after 100 h of testing was observed in the Hf12 and
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Fig. 7. Oxidation resistance of the samples at a temperature of 700 °C
in air (a): 1 — FeAl; 2 — Hf4; 3 — Hf8; 4 — Hf12; 5 — steel 1035
and X-ray diffraction patterns of their surface after testing
for oxidation resistance compared to steel 1035 (b):

@ — HfC; M —Fe,0,; A —HfO,

Puc. 7. XKapocroiikocts 06pa3nos mpu remneparype 700 °C
Ha Bo3ayxe (a): 1 — FeAl; 2 — Hf4; 3 — Hf8; 4 — Hf12; 5 — cranb 35
U PEHTTEHOBCKUE AUPPAKTOrPaMMBI HX TIOBEPXHOCTH TTOCIIE HCIIBITAHMUS
HAa YKapOCTOMKOCTH 110 CPABHEHHUIO €O CTalbio 35 (b):
@ — HfC; M —Fe,0,; A —HfO,
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Hf4 samples with the highest and lowest hafnium car-
bide contents, while the lowest gain was found in the Hf8
sample with an intermediate hafnium carbide content.
For comparison, we tested a sample with Fe—Al, hafnium
carbide-free coating. The weight gain was slightly higher
than for the Hf8 sample. Reinforcing a Fe—Al matrix with
hafnium carbide does not increase the heat resistance
at 700 °C. The comparison of the sample weight gains in
the samples indicates that electrospark deposition of Fe—
AI/HfC coatings improves the heat resistance of steel
1035 at 700 °C by 70 — 120 %.

- CONCLUSION

As the concentration of HfC powder in the anode
material increases, the cathode weight gain and coating
thickness increase in a linear way. The coating structure
is a FeAl intermetallide matrix reinforced with hafnium
carbide grains (a metal-ceramic composite). The hafnium
carbide content in the coating increases with the HfC
powder content in the anode material. The average fric-
tion coefficient values of Fe—Al/HfC coatings range from
0.51 to 0.85: 6 to 40 % lower than that of steel 1035.
The dry sliding wear resistance of the coatings under
a 50 N load is 260 — 860 % higher than that of steel 1035.
Electrospark deposition of Fe—Al/HfC coatings improves
the heat resistance of steel 1035 at 700 °C by 70 — 120 %.
The decrease in hardness, wear, and heat resistance
with the increase of HfC content in the anode material
above 8 vol. % indicates low wettability and weak adhe-
sion of Fe—Al to hafnium carbide.
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