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The article deals with the study of the structure and properties of electric spark
coatings of AIB,-50 wt.% Al aluminum-matrix composite electrode material on Steel 45.
The fundamental possibility of obtaining such coatings is estimated by theoretical calcula-
tion of the Palatnik criterion (0.11). The thermal conductivity coefficient and heat capac-
ity of the composite were calculated or determined experimentally. The kinetics of
mass transfer during electrospark alloying (ESA) has been studied. Taking into
account rather high values of the cathode mass increase, the coating deposited in 4
mode (E =0.61 J, 1= 170 us) of the ALIER-52 setup was selected for further research.
The thickness (& ~ 53 um), microhardness (H, =10 GPa) and dry friction wear
5.01 mg/(km-cm?) were determined for the coating. The phase composition of the coating
was studied with a Rigaku MiniFlex 300/600 diffractometer; elemental X-ray spectrum
analysis of the surface and cross-section was carried out using a JEOL JSM-6490 LV
scanning electron microscope with energy-dispersive X-ray microanalysis. AljgFey AlFeOg,
AIB, and Al,O, phases and small quantities of Al, B, B,O,, AIBO;, AlFe, AlFe; and AlB,,
were revealed in the coating by X-ray analysis. The wear of ESA-coated specimens was
2.7 times less than that of an uncoated one. A conclusion is made about the possibility of
using this electrode material for ESA coatings of steels.

Keywords: AIB,,—Al composite, ESA, mass transfer kinetics, structure, phase composi-
tion, microhardness, wear.

Hocaigsmenns BaacTusocreil enexkTpoickposux mnorpurris AIB,—Al ma crami 45.
O.I1.Ymancvruil, O dyxoma, B.€Ilenrydvro, B.B.Mypamos, B.B.Kpemenuuyvruii, I.C.Mapuenior,
M .A.Bacuﬂbrciecwca , I.C.Eamencorux

CraTTi0O IPUCBAYEHO [TOCHIIYKEHHIO CTPYKTYPHU Ta BJIACTUBOCTEIN eJIeKTPOICKPOBHX IIO-
KPUTTIB 3 amoMOMATPHMYHOTO KoMmoauliiimoro marepiamy AlB,,-50 mac.% Al ma crami 45.
O11iHeHO TeOpPeTHUHY MOKJINBICTHL OTPUMAHHA TAKUX IIOKPUTTIB 34 ZOIIOMOTON TEOPETHUHOTO

pospaxyury gpurepito Ilanarmixka (0,11). Koedinienr rtensmonposiguocri Ta TenmmoeMHicTb
KOMIIO3UTy Oyam pospaxoBaHi um BusHaueHi ekcumepumeHTanbHOo. [ocaimxeHo xiHeTuURy
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MacomepeHnocy mix uac ejexTpoickpororo seryBauusa (ELJI). 8Bamkaroun Ha JoCTATHBO BUCOKI
3HAYEHHSA IPUPOCTY KaTOXY, LA MOTANBIIONO AOCHIAKEHHA o0paHO MOKPUTTS, IO HaHeceHe
Ha 4 pemxumi (E = 0,61 Txx, T= 170 mxc) ycranmoBku ALIER-52. Ilns Hboro BU3HAYEHO:
ToBmuHA (£ ~ 53 MKM), MiKpoTBepzicTb (Hu =10 ITla) Ta B3HOC mHmpu cyxoMy TepTi
5,01 mr/(xm-cm?). dasoBuil ckiIaj HOKPUTTA BUBUYEHO 3a AOIIOMOroK gudpaxromerpa Ri-
gaku MiniFlex 300/600, a emeMeHTHUII PeHTIEHOCIEKTPAJLHUII aHAJNI3 MOBepPXHI Ta momepe-
YHOTrO Nepepisy IpPOBefeHO Ha CKAHYHUOMY esleKTpoHHOMY Mikpockomi JEOL JSM-6490 LV,
00JagHaHOMY CHCTEMOI0 eHepPTOANCIEPCIHHOrO pPeHTreHiBChbKOro Mikpoamanizy PPA. B mo-
KPUTTI BUABJIEHO AI13Fe4, AlFeQ4, AIB, Ta Al,Oj, a rarxosx caigu Al, B, B,O5, AIBO;, AlFe,
AlFe; u AlB,,. Ilokasamo, mo smoc apasky 3 EIJl moxpurram y 2,7 pasu MeHIIuii, Him
3pasky 06e3 MOKPUTTA. 3pPO6JIEHO BHUCHOBOK PO IEPCIEKTUBHICTH BaCTOCYBAHHS JLAHOTO
enmexTpoxuoro marepiany zasa ELJI noxpurra cramnei.

1. Introduction

It is known [1] that up to 70 % of ma-
chine parts and technological equipment fail
as a result of natural wear. To increase the
wear resistance, protective coatings applied
to the working surfaces of parts are quite
effective [1-5]. For this, various technolo-
gies are used, for example, concentrated en-
ergy flows. One of them is the method of
electrospark alloying (ESA) [6], in which
the anode material eroded by a spark dis-
charge is transferred and deposited on the
surface of a workpiece (cathode), forming a
hardened layer with improved physical and
mechanical properties. Various refractory
compounds, namely carbides, nitrides, alu-
minides, silicides, and borides can be used
as the anode material [7T-9]. Among the lat-
ter, aluminum dodecaboride AIB4, is of in-
terest. The method of its synthesis from Al
and BN developed at the Frantsevich Insti-
tute for Problems of Materials Science of
NAS of Ukraine, turned to be more rational
and cost-effective than direct synthesis from
Al and B [10]. AIBy, has a low density
(~2.52 g/cm?), and the particularity of its
crystalline structure (icosahedral boron
framework) determines its high hardness (22—
24 GPa), and refractoriness (2070°C) [11].

However, the low crack resistance of alu-
minum dodecaboride significantly limits the
scope of its application [11]; therefore, it is
advisable to use AIB4, in combination with
ductile bonded metal. It is promising to use

aluminum, which is characterized by high
plasticity, low density (2.7 g/cm3) and low
melting point (660°C). Previously, it was
[found that Al wets AIBy, well with the forma-
tion of contact angles (© = 20 deg), and there
are no secondary phases in the interaction
zone at the Al-AIB;, interface [11]. In addi-
tion, aluminum, which has a resistivity of
2.7 uQ-cm, acts as a kind of additive increas-
ing the conductivity of the AlIB4,—Al composite
(a resistivity of AIBj, — 108 Q - cm), which is
of great importance in ESA.

The aim of the work is to investigate the
possibility of using the composite material
"AlB1o—Al" to obtain ESA-coatings on Steel
45, and to study the properties of these
coatings.

2. Experimental

The AIBy, samples were prepared from
the powder synthesized at the IPMS of NASU
according to the procedure described in [12,
13]. At first, a porous AlB, ceramic frame
was obtained. Then it was impregnated with
Al melt in vacuum (1.83-107* Pa) at a tem-
perature of ~ 1100°C. This made it possible
to obtain an aluminum-matrix composite of
AlB{>-50 wt.% Al in the form of a bar of
50x50x5 mm in size, from which the elec-
trodes for ESA were cut by the electro-ero-
sion method.

Fig. 1 shows the electrode material AlB,-
50 wt% Al microstructure obtained with a

Table 1. Chemical composition of the composite material AlB,,-50 wt.% Al (Fig. 1, inset)

Spectrum Element, wt.% Total
B C N O Al Fe
1 82.07 0.66 — 0.03 16.92 0.32 100.00
2 81.52 0.88 0.15 0.05 17.00 0.40 100.00
3 78.77 3.94 1.01 0.45 15.83 - 100.00
4 0.26 0.60 0.67 47.02 51.45 - 100.00
5 1.37 1.97 0.11 1.81 94.74 - 100.00
Functional materials, 29, 4, 2022 515
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WD 22.6mm

Fig. 1. Microstructure of the cross-section of the
electrode material AlB;,-50 wt.% Al (inset — en-
larged fragment with elemental analysis data).

SEl 10.0kY X15

Tmm

JEOL JAMP9500F microanalyzer. The mate-
rial consists of three phases: a metal matrix,
AlBqyo grains (the size of which varies in the
range of 1-4 um) uniformly distributed in the
matrix, and Al,Oz particles (Fig. 1, inset).

The chemical composition of the main
phases of the AIBy,-50 wt.% Al composite
was determined by X-ray spectral microana-
lysis (Table 1).

ESA processing of samples (Steel 45,
GOST 1050-88) of 1x1 cm in size was car-
ried out on an ALIER-52 installation
(SCINTI, Chisinau, RM) at the modes indi-
cated in Table 2. For each minute of the
processing of 1 cm? of the sample surface,
the specific erosion of the anode (Aa) and
specific gain in the cathode mass (Ak) were
measured with an accuracy of 107* g on an
electronic balance OHAUS Adventurer
ARO0640. The total anode erosion (ZAa), gain
in the cathode mass (XAk), and the average
mass transfer coefficient K’ = XAk/>Aa were
calculated during the alloying time T =
10 min/cm?2.

The density of the electrode material was
determined by the method of hydrostatic
weighing (GOST 25281-82). Heat capacity
was measured by the calorimetric method
(GOST 23250-78). Thermal conductivity co-
efficient was obtained according to the
method described in [14]. The microhard-
ness of the coatings was measured on a
PMT-3 microhardness tester at a load of
P = 0.5 N. Tribotechnical studies of the
coatings were carried out on a MT-68 fric-
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Table 2. Technological parameters of the
ALIER-52 installation

Mode Pulse Pulse Pulse
duration, current energy, E, J
us £ 20 % amplitude

value,
A+20%
2 40 125 0.09
170 200 0.61
6 700 200 2.52

tion machine according to the pin-on-disk
scheme in the mode: P=0.2 MPa, V=
4 m/s, friction path S = 8 km. Hardened U8
steel (HRC 61-63) was used as a counterbody.

X-ray analysis of the coating surface was
carried out on a MiniFlex 300/600 diffrac-
tometer (Rigaku Corp., Tokyo, Ja;gan) in
CuK,, filtered radiation (A = 1.5418 A). The
structure of the coatings was studied using
a JEOL JSM-6490 LV scanning electron mi-
croscope equipped with system of energy-
dispersive X-ray microanalysis (Oxford In-
struments ple.).

3. Results and discussion

Theoretically, the interaction between
the electrode and the substrate can be esti-
mated and, to some extent, the composition
of the coating can be predicted using the
Palatnik criterion [15, 16], which relates
only the physical constants of the electrode
materials as follows:

Ta o capa)"a(Ta B TO)2
ccpckc(Tc - TO)2

p =

(4

where (for the anode and cathode, respec-
tively) 7, and T, are the characteristic times
of erosion (formation of melting centers in
the discharge zone); c, . is the heat capac-
ity, J/(kg'K); p, . is the density, kg/m3; A, .
is the coefficient of thermal conductivity,
W/(mK); T, . is the melting point, K; T is
the ambient temperature.

This ratio does not take into account a
large number of factors affecting the ESA
process, but, it can be used for a quantita-
tive evaluation of 8 types of interactions
between the anode and cathode made of
various materials, namely:

— at T, << T, a coating is formed on a
cathode surface;

— at T, ~ T, a coating can be formed as
an anode-cathode alloy;

Functional materials, 29, 4, 2022
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Fig. 2. Kinetic dependences of the total cathode mass gain XAk, the total anode erosion XAa, and the
average value of the mass transfer coefficient K’ at ESA of 1 cm? of Steel 45.

— at T, >> T,, no material transfer from
anode to cathode, but the transfer of material
from cathode to anode is possible [15, 16].

The data required for calculations ac-
cording to the Palatnik criterion under our
conditions are given in Table 3.

It follows from the calculations that ESA
coating of AlB{>-50 wt.% Al on a Steel 45
substrate can be obtained.

Fig. 2 shows the kinetic dependences of
the total anode erosion and the cathode
mass gain. These data indicate that at the
pulse energy of E = 0.09 J (mode 2), for

of obtain XAk =
3.4 mg/cm? and YAe = 11 mg. The negative

2 min alloying we
gain in the mass of the cathode Ak was
recorded for the first time for 38 min (i.e., the
threshold of the brittle destruction of the
doped layer is T, = 8). The average coefficient

of mass transfer K’ is 80.9 % for 2 min.
With an increase in the pulse energy to

E=0.61 J (mode 4), YAk = 44 mg/cm?2,
2Aa = 155.4 mg for 4 min of alloying.
Under these conditions, K’ is 42.18 % for

Table 3. Physical characteristics of the electrode materials and the value of the Palatnik criterion

Characteristics Anode (AIB,,-50 wt.% Al)| Cathode (Steel 45) [17, The value of the
18] Palatnik criterion 1 /1,
A W/(mK) 72.58 79 0.11
c,, J/(kgK) 918.88 473
T , K 933" 1763
0, kg/m? 2616 7826

* T, of the most low-melting phase (Al) was used for the calculation

** Caleulation by [19]

Functional materials, 29, 4, 2022
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PO

Fig. 8. Microstructure of the surface of a ESA coating AIB,,-50 wt.% Al on Steel 45 with distribu-

tion of the elements according to X-ray microanalysis.

1 min of the treatment with a decrease to
28.83 % for 4 min, T, = 5.

The 6 mode (E = 2.52 J) is characterized
by the values of YAk = 7.1 mg/cmZ and
2Aa = 64.5 mg for 2 min of treatment. K’ =
17.05 % for 1 min, followed by a decrease
to 11 % for 2 min, T, = 3.

The mode 4 (compared to the modes 2
and 6) is characterized by rather high val-
ues of XAk and K’ in the first minutes of
alloying, and the coating applied in the mode
was chosen for further research.
The microstructure of the fused surface of
ESA coating applied in the 4 mode is shown
in Fig. 3. It should be noted that the Al
content is high (from 53 to 64.46 wt.%). In
addition, the surface layer contains: O —
from 7 to 17 wt.%, C — from 7 to 14 wt.%,

N — from 6 to 18 wt.%, Fe — from 8
to 12 wt.%. Boron is evenly distributed
over the entire surface.

The coating is multiphase: X-ray analysis
showed the presence of main phases Alj3Fey,
AlFeOg, AlB,, Al,O3, and small quantities of
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Al, B, B5O3;, AIBO3, AlFe, AlFe;, and AlB4q
(Fig. 4). The absence of the AIB;, phase is
noteworthy. The ESA process occurring at
plasma temperatures (2-10¢ K) in air is
known to be accompanied by thermo-oxidative
destruction of anode and cathode materials
[20]. Such harsh conditions contribute to the
destruction of aluminum dodecaboride into its
constituent elements at T = 2300 K [21]. Oxi-
dation of AIBy, (at T =1273 K) can also
occur with the formation of boron oxide B,O3
and aluminum borate 9Al,03-2B,05 [22], as
well as oxidation of AlBqg (at T ~ 973 K) —
with the formation of 2Al,03-B503 [28]. The
formation of the AlFe and AlFes; phases dur-
ing the deposition of ESA coatings was also
noted earlier [24—-26]. The most characteristic
phase in the coating is the intermetallic com-
pound Alj3Fe, located at a depth of ~5 um
from the surface in the form of a layer of
dark stripes of ~ 20 um wide (Fig. 5, spectra
3 and 5, Table 4). These data correlate, to
some extent, with the data of [27], which

Functional materials, 29, 4, 2022
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Fig. 4. Diffraction pattern of a ESA coating
AlB,-50 wt.% Al on Steel 45.

reported the formation of the Al;sFe4 phase
with a needle-like or angular shape.

The microstructure of the cross-section
of a ESA coating with elemental analysis at
separate points is shown in Fig. 5 and Table 4.
The coating thickness is ~ 58 um. The mi-
crohardness of the layer is Hu~ 10 GPa,
which can be explained by the essential con-
tribution of intermetallic phases Alj3Fey,
AlFe, AlFe;. For example, the hardness of
the Al{sFe4 phase is HV 5 850-1090 [28]. It
should also be noted that the AlIFeO3; com-
pound has also a high hardness HV 1650
1700 [29]. So, the presence of such phases
results in decreasing (in 2.7 times) the
weight wear of the ESA coated specimen
when compared to the uncoated one (Fig. 6).
The friction coefficient f = 0.37.

4. Conclusions

The process of the formation of ESA
coatings of the AIB4»-50 wt.% Al composite
on the Steel 45 has been studied. Based on
the analysis of the kinetic dependences of
mass transfer, the optimal processing mode
(mode 4, E = 0.61 J) was determined. This
is characterized by rather high values of the
total cathode mass gain and mass transfer
coefficient for the first minutes of alloying.
The ESA coating has a thickness of A ~
53 um and microhardness H,~10 GPa. The
ESA treatment contributes in increasing the
wear resistance of Steel 45 due to the for-
mation of intermetallic phases in the coat-
ing structure.

The AIB{>—Al system turned out to be
promising from the point of view of its pos-
sible application in ESA treatment of steels.

Functional materials, 29, 4, 2022

30 um
Fig. 5. Microstructure of the cross-section of a

ESA coating AlB;,-50 wt.% Al on Steel 45 with
elemental analysis (substrate is on the left).

14|

12+ 1-4mode of ESA
[ 2-uncoated sample

Wear, mg/(km-cmz)
oo

1 2

Fig. 6. Wear rate of a ESA coating AIB,,-50
wt.% Al on Steel 45.

Table 4. Elemental analysis of the cross-
section of a ESA coating AIB,,-50 wt.% Al
(Fig. 5)

Spectrum Element, wt.% Total
(plf}‘l’::f)le B Al Fe

1 (Fe;Al 1.89 13.74 84.37 | 100.00
2 (Fe;AD 2.01 13.81 84.18 | 100.00
3 (AlFe,) | 1.25 | 60.64 | 88.11 |100.00
4 (FeAl) 1.72 31.32 66.96 | 100.00
5 (AlFe,) | 1.98 | 59.36 | 33.72 | 100.00
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