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The article investigates the kinetics of mass transfer of the electrode material AIB,,-
50 wt.% Al during electrospark alloying (ESA) of the titanium alloy VT1-0, as well as the
structure and properties of the resulting coating. The coating was applied using an
ALIER-52 installation. The thickness (840 pum), microhardness (4-8 GPa) and wear rate
were determined. The coating is multiphase: Ti aluminide, Ti and Al oxides, Ti and TiB, are
found. The wear of the ESA-coated specimens is shown to be much less than that of the
uncoated one. A conclusion is made about the possibility of using this electrode material
for ESA process.

Keywords: AlB,,~Al, ESA, mass transfer kinetics, structure, phase composition, micro-
hardness, wear rate.

Hocaigxenns BaacTuBocTell eneKkTpoickposux mokpurrie AlB,,—Al ma THTaHOBOMY
cinaasi BT1-0. O.I1.Ymancvruil, M.C.Cmopoxcenro, B.€.Illeaydvro, B.B.Mypamos, B.B.Epe-
menuyvruii, I.C.Mapyenwrx, M.A.Bacuavriscvra, OJ].Kocmenrxo, 0.0.Baciaves, O.€.Te-
penmues

Hocmimxeno kimeTuKy MacooOMiHy emexTpogHoro Martepiamy AlB,-50 mac.% Al mpnu
enekTpoickpoBomy JeryeauHi (ELJI) TuranoBoro cumary BT1-0, a Tako:x cTpyKTypy Ta Biac-
TUBOCTL OTPUMAHOTO IOKPUTTS, 110 HaHeceHe Ha ycramHoBli ALIER-52. [lna Hporo BusHaue-
Ho ToBIUHY (340 MKM), MikpoTBepaicTs (4—8 I'lla) Ta inTeHcuBHicTE 3HOIyBanHA. [lokpuT-
Ta Gararodasme, BusHaueno amromimix Ti, oxcumu Ti Ta Al, Turan Ta TiB,. Ilokasamo, mro
sHoc 3pasky 3 El-moxpurrsam sHauHO MeHIIM, Hi¥ 3pasky 6e3 HOKPUTTSA. 3poGJIEHO BUCHO-
BOK IIPO IEePCIEKTUBHICTL 34CTOCYBAHHA TaHOTO eleKTpozHoro Marepiany zma EIJL.

HcenemoBanbl KMHETHKA MaccollepeHoca aleKTpogHoro Martepuana AlB;,-50 mace.% Al
npu anexTpouckpoBoM JyerupoBanuu (SUJI) turamosoro crmasa BT1-0, a Taxkske cTpykrypa u
CBOIICTBA IIOJTYUYEeHHOTO IIOKPHITHA, HaHeceHHOro Ha ycraHoBke ALIER-52. Jlna Hero ompezeseHbL
rommuHa (340 MrM), MukporBepaocTsb (4—8 I'Tla) n mHTeHCHMBHOCTL H3HamuBaHUA. [lokpeiTHE
MHorodasHoe, OTMeUeHbl AMIOMHHNZ i, okcuael i u Al, Tutam u TiB,. Iloxkasamo, uro msHOC
obpasua ¢ OU-oKpbITHEM 3HAUNTEIBHO MeHbIe, yeM obpasia 6e3 moxpeiTusa. ChesaH BBIBOI O
MEepPCIeKTUBHOCTY IPUMEHEHNS JAHHOTO dJIEKTPOAHOro Marepmasa s OUJL.
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1. Introduction

Among the wide range of constructional
materials, the titanium alloys occupy a spe-
cial place, the most important advantages of
which are high strength and high tempera-
ture resistance in combination with high
corrosion resistance. Due to low density,
good weldability, resistance to erosion and
cavitation, the titanium alloys are widely
used in aircraft industry, rocket science,
shipbuilding, as well as in chemical engi-
neering, food engineering, transport engi-
neering and medicine [1-3]. For example, in
the PS-90A aircraft engine for the Ilyushin
11-96, Ilyushin I1-76, and Tupolev Tu-204
planes, 10 % of the parts are made of vari-
ous titanium alloys, and in the designs of
planes of the AN family (ANTONOV com-
pany) the mass of such parts is 8-9 % of
the mass of the airframe [4, 5].

However, the titanium alloys are charac-
terized by low hardness, wear resistance
and scuffing resistance. Therefore, in order
to extend the working life of the parts made
of the titanium alloys, various types of
processing are used, such as mechanical,
thermal, chemical-thermal, and also protec-
tive coatings are applied (diffusion, ion-
plasma, detonation, electric spark [6—11]).

During electrospark alloying (ESA), the
electrode material (anode) is transferred to
the surface of the part (cathode) to form 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 [12-14]. Among the
latter, aluminum dodecaboride AlB, is of
interest. The method of its synthesis from
Al and BN, developed at the Frantsevich In-
stitute for Materials Science Problems of
NAS of Ukraine, turned out to be more ra-
tional and cost-effective than direct synthe-
sis from Al and B [15]. AlB{; has a low
density (~2.52 g/cm?), and the peculiarity
of its crystal structure (icosahedral boron

framework) determines its high hardness
(22-24 GPa) and infusibility (2070°C) [16].

However, the low crack resistance of alu-
minum dodecaboride significantly limits the
scope of its application [16]; therefore, it is
advisable to use AIB,, 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). Earlier it was found
that Al wets AlBy, well with the formation
of contact angles (=20 deg), and there are
no secondary phases in the interaction zone
at the Al-AIB,, interface [16]. In addition,
aluminum has a resistivity of 2.7 uQ - cm,
which is 60 % less than that of copper;
thereby it acts as a kind of additive increas-
ing the conductivity of the AlB;,—Al compos-
ite (a resistivity of AIBj, — 106 Q-cm),
which is of great importance in ESA.

So, the aim of the work is to investigate
the possibility of using the composite mate-
rial "AlB;o—Al" to obtain ESA-coatings on
titanium alloys, and to study the properties
of these coatings.

2. Experimental

AlB;, samples were prepared from a pow-
der synthesized at the IPMS of NASU ac-
cording to the procedure described in [17,
18]. AIB,y, with a porous ceramic framework
was obtained. Then it was impregnated with
an Al melt in vacuum (1.38-107% Pa) at a
temperature of ~1100°C. This made it possi-
ble to obtain a composite material alumi-
num matrix AlB;,—50 wt.% Al in the form
of a bar of 50x50x5 mm in size, from which
electrodes for ESA were cut by the electro-
erosive method.

Fig. 1 shows the microstructures of the
electrode material AlB5-50 wt.% Al, ob-
tained on a JEOL JAMP9500F microana-
lyzer. The material consists of three phases:
a metal matrix, AlBy, grains (the size of
which varies in the range of 1-4 um) uni-
formly distributed in the matrix, and Al,Oj

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

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 1.87 1.97 0.11 1.81 94.74 - 100.00
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SEI 10.0kV X15 A Tmm

Fig. 1. Microstructure of the electrode material AlB;5,-50 wt.% Al: a) — general view; b) — enlarged
fragment with elemental analysis data.
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Fig.2. Kinetic dependences of the total gain in the cathode mass , the total erosion of the anode ,
the average value of the mass transfer coefficient at ESA of lem?2 of the VT1-0 alloy.

particles (Fig. 1b). The chemical composi- Electrospark alloying of the samples of the
tion of the main phases of the composite titanium alloy VT1-0 (GOST 19807-91) of
AlB;5-50 wt.% Al was determined by micro 11.83 mm in a diameter was carried out on an
X-ray spectral analysis (Table 1). ALIER-52 installation (SCINTI, Chisinau,
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Table 2. Technological parameters of the RM) at‘the modes indiqated in Table 2. For
ALIER-52 installation each minute of processing of 1 cm?2 of the
sample surface, the specific erosion of the

Mode | Pulse Pulse current Pulse anode (Aa) and specific gain in the cathode
duration, |amplitude value, |energy, E, J mass (Ak) were measured with an accuracy of

us+20 % A+20 % 10™* g on an electronic balance OHAUS Ad-

2 40 125 0.09 venturer AR0640. The total anode erosion
170 200 0.61 (O Aa) and gain in the cathode mass () Ak),

700 200 2.52 as well as the average mass transfer coeffi-

fe ot e _ A t f* A B .iﬂ:-“. : bty .
Fig. 8. Microstructure of the AIB,,—50 wt.% Al ES-coating of on the VT1-0 alloy: a) — coating
surface in X-ray radiation with distribution of the elements over its surface, b) — cross-section of
the coating with elemental analysis.
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Table 8. Physical characteristics of the electrode materials and the value of the Palatnik criterion

Characteristic lAnode (AlB,,-50 wt.% Al)| Cathode (VT1-0) [22] The value of the
Palatnik criterion 1,/7,
A, W/(m-K) 72.58 18.85 0.57
C,, J/(kgK) 918.88 540
T., K 933" 1941
p, kg/m3 2616 4505

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

Table 4. Elemental analysis of the cross-
section of the ES-coating (Fig. 8b)

Spectrum Element, wt.% Total
B N o] Al
44.28 - 3.41 | 52.31 {100.00
2 56.12 | 5.84 | 1.57 | 36.46 |100.00

cient K’ = ZAk/ ZAa 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 using the calorimetric method
(GOST 23250-78). Thermal conductivity co-
efficient was obtained according to the
method described in [19]. The microhard-
ness of the coatings was measured on a
PMT-8 microhardness tester at a load of P
= 0.5 H. Tribotechnical studies of the coat-
ings were carried out on a MT-68 installa-
tion according to the pin-on-disk scheme in
the mode: P = 0.2 MPa, V =4 m/s, friction
path S = 3 km. Hardened U8 steel (HRC 61-
63) was used as a counterbody.

X-ray analysis of the friction surface was
carried out on a DRON-3M diffractometer in
CuK,, filtered radiation. The structure of the
coatings was studied using a JEOL JSM-6490
LV scanning electron microscope equipped
with systems of energy-dispersive X-ray mi-
croanalysis and reflected electron diffraction.

3. Results and discussion

It is possible to theoretically evaluate the
interaction between the electrode and the
substrate and to some extent predict the
composition of the coating using the Palat-
nik criterion [20, 21] which connects only
physical constants of electrode materials as
follows:

Yo capax’a(Ta - TO)2

T_c - ccpcx’c(Tc - TO)2 ’

698

where T, and T, are the characteristic times
of erosion (formation of melting centers in
the discharge zone) of the anode and the
cathode, respectively; C, . is the heat capac-
ity, J/(kg-K); p, . is the density, kg/m3; X, .
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 3 types of interactions
between anode and cathode made of differ-
ent materials, namely:

— at 1, <<|t, a coating is formed on a
cathode surface;

— at 1, ~ 7, it is possible to form a coat-
ing in the form of an anode-cathode alloy;

— at T, >> T, there is no material trans-
fer from the anode to the cathode, but the
transfer of material from the cathode to the
anode is possible [20, 21].

The data required for calculations ac-
cording to the Palatnik criterion in our con-
ditions are given in Table 3. It follows from
the calculations that it is possible to obtain
an ES coating from AlB;»-50 wt% Al on a
VT1-0 substrate.

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

5 min of alloying we obtain ZAk =
4.1 mg/em? and ) Aa= 5.6 mg. After
10 min, ZAk decreases to 3.1, and ZAa

increases to 7.5 mg, respectively. After
5 min, the average coefficient of mass
transfer K’ is 78.21 %. The negative cath-
ode mass gain was recorded for the first
time after 6 min (i.e., the threshold of the
brittle destruction of the doped layer is
T, = 6).

Functional materials, 28, 4, 2021
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Fig. 4. Diffraction pattern of the ES-coating AIB,,-50 wt.% Al on the VT1-0 alloy.

With an increase in the pulse energy to
E =0.61 J (4 mode), ), Ak = 86.2 mg/cm?,

2 Aa = 80 mg for 2 min of alloying. Under

these conditions, K’ is 70.88 % for 1 min
of treatment with a decrease to 45.25 %
after 2 min: T, = 8.

6 mode (E = 2.52 J) is characterized by

the wvalues of 2Ak=134.8 mg/cm? and

Y Aa = 800 mg for 3 min of treatment. K’ =

50.48 % for 1 min, followed by a decrease
to 44.87 % for 8 min, T, = 4.
The modes 4 and 6 are characterized by a

rather high values of 2 Ak and K’ in the

first minutes of alloying. To choose the
most effective mode, we use the efficiency
criterion for the formation of the doped

layer vp; [23]:
Yo =8 Koy T

X
where A, is the cathode mass gain, g/cm?;
K, is the average mass transfer coefficient
during T,; T, is the specific time up to the
beginning of the Al brittle destruction,
min/cm?2.

Calculations have shown that y,; = 3.93
and 6.64 (g-min)/cm* for modes 4 and 6,
respectively, i.e. the efficiency of the ESA
process increases with pulse energy increas-
ing, which correlates with [23]. So, the ESA
process in mode 6 is more efficient, and the
coating applied in it was chosen for further
research.

The microstructure of the surface of the
ES-coating and its cross-section with an ele-
mental analysis at the separate points
(Table 4) are shown in Fig. 8. These data
indicate that the coating surface in mode 6

Functional materials, 28, 4, 2021
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1 - sample with ESA-coating
2 - uncoated sample
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Fig. 5. Wear rate of the ES-coating AIB,,-
50 wt.% on the VT1-0 alloy (mode 6).

is melted and homogeneous in structure. Al,
O, Ti and B elements are evenly distributed.

X-ray analysis (Fig. 4) showed the phases
of titanium, titanium aluminide (Al3Ti), ti-
tanium and aluminum oxides, and titanium
diboride in the coating. The formation of
the Al3Ti phase was observed during ESA of
the VT1 alloy using an aluminum electrode
[10]. The absence of the AIB;, phase is note-
worthy. The ESA process occurring at
plasma temperatures (2-10* K) in air is
known to be accompanied by thermo-oxida-
tive destruction of anode and cathode mate-
rials [24]. Such harsh conditions lead to the
destruction of aluminum dodecaboride into
its constituent elements at T = 2300 K [25].

The thickness of the coating is 340 pum
(Fig. 3b). The microhardness Hu varies from 4
to 6-8 GPa. It can be explained by the pres-
ence of the TiB, phase, titanium aluminide
AlTi, and AlL,Ojz (hardness 12-14 GPa). The
data correlate with similar ones given in [11].

The wear rate I, of the sample with ES-
coating applied in mode 6 is much less than
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that for the uncoated one (Fig. 5). Such an
increase in wear resistance can be explained
by the presence of Al;Ti, TiB,, and Al,O; —
materials known for their wear resistance
and hardness [26—30] in the ESA coating.
The friction coefficient is f = 0.36.

4. Conclusions

The process of the formation of AlB,-
50 wt.% Al ES-coatings on the titanium
alloy VT1-0 has been studied. Based on the
analysis of the kinetic dependences of mass
transfer as well as on the calculated effi-
ciency criterion for the formation of the
alloyed layer yp;, the processing mode 6 (E
= 2.52 J) was determined as optimal. This
is characterized by rather high values of the
total cathode mass gain and mass transfer
coefficient in the first minutes of alloying.

The obtained ES-coating has a thickness
of 340 um and microhardness from 4 to 6—
8 GPa. ES treatment increases the wear re-
sistance of the titanium alloy due to the
formation of Al3Ti, TiB, and Al,O3z in the
coating structure.

The AIB{,—Al system is promising from
the point of view of its possible application
for ESA coating.
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