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The article deals with the study of the possibility of using AlB;12—50 wt.% Al
aluminium-matrix composite material electric spark (ES) coatings to protect
titanium alloys during wear under fretting. Fundamental possibility of such
coatings obtaining is estimated by theoretical calculation of Palatnik’s crite-
rion (1.22). Thermal conductivity coefficient and heat capacity of the compo-
site were calculated or determined from an experiment. The coatings were
deposited on ALIER-52 setup. Fretting corrosion tests were carried out on
MFK-1 setup according to ‘the coating—counterbody’ system (counterbody—
hardened Steel 45). Phase composition of the coating was studied with
DRON-3M diffractometer and elemental x-ray spectrum analysis of the fric-
tion track surface was carried out using a JEOL JAMP9500F (SEM) microan-
alyzer equipped with an energy-dispersive x-ray microanalysis. The follow-
ing phases namely TiB;, Ti aluminides, Ti, TiO, TiO2 and AlB;, were revealed
by x-ray analysis in the coating. The absence of the AlB;; phase is notewor-
thy. It can be explained by thermal-oxidative destruction of aluminium do-
decaboride under severe conditions of ES alloying (ESA). Regardless of the
deposition mode, the wear of the sample with ES-coating is shown to be sig-
nificantly less than that of the uncoated one. A conclusion is made about the
prospect of using this electrode material for ESA of titanium alloys operating
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under fretting corrosion.
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CTaTTiO IPUCBAYEHO JOCJiAKEHHI0O MOKJINBOCTI 3aCTOCYBAHHA €JIEKTPOICKPO-
Bux (EI) OKpPUTTIB 3 aII0MOMATPUYHOIO KOMIIO3UIIAHOr0 MaTepisany AlBis—
50% mac. Al quid saxucTy TUTAHOBUX CTOIIIB Bijf 3HOIIIYBaHHA B yMOBax (pe-
THUHT'-KOPO03ii. OiHeHo TeoOpeTUUYHY MOKJINBICTDH OZlep:KaHHS TAKUX HOKPUTTIB
3a JIOIIOMOTOI0 TEOPETHYHOr0o POo3paxyHKY Kputepito Ilamaruika (1,22). Koe-
GilfieHT TEMIOTPOBIAHOCTHY Ta TEIJIOEMHICTh KOMIO3UTY OyJiN PO3paxoBaHi um
BU3HAUEHI eKcrepuMeHTaabHO. [IoKpuTTA HaHeceHi Ha ycraHoBIii ALIER-52.
BumnpobyBanusa Ha GppeTHHT-KOpPO3ito mpoBoauan Ha yeranoBii MPK-1 3a cuc-
TEeMOIO «IIOKPUTTA—KOHTPTLIO» (KOHTPTiIoO—3araproBana crajb 45). @azoBuit
CKJIaJ IIOKPUTTS BUBUEHO 3a gomoMoroio nudpaxkromerpa [JPOH-3M, a ereme-
HTHY PEHTT'eHOCIEKTPaJIbHY aHaJ[idy HOBepPXHi HOPisKKU TepTs IIPOBEJEHO Ha
mikpoanasizaTopi JEOL JAMP9500F (CEM), obiammHaHOMY CHUCTEMOIO eHep-
ToAUCIePCiiHOl peHTTreHiBChbKOI MikpoaHanisu. PPA B MOKPUTTI BUABJIEHO
TiBg, amominmigu Ti, Ti, TiO, TiO: Ta AlB;o. 3BepTae Ha cebe yBary BificyTHiCTE
¢asu AlBi2, 1110 € HACTIAKOM TePMOOKHCHIOBAJIBHOI IECTPYKIIiI fomekadbopumy
amoMiHio B sopcTkux ymoBax El-nmerysamnsa (EIJI). Ilokasamo, m1o, Hesaje-
*KHO BiJl pe;KMMy HaHeCeHHs, 3HOC 3paska 3 EI-MOKpUTTAM 3HAYHO MEHIIIHH,
Hi)X 3paska 0e3 IOKPUTTs. 3p00JIeHO BICHOBOK IIPO IIEPCIIEKTUBHICTE 3aCTOCY-
BaHHA JaHOTO eJeKTPoaHoro marepiany aiasa EIJI TuramoBux cToimis, 1110 mIpa-
IIOI0TH B yMOBaX (DPEeTUHI'-KOPO3ii.

KarouoBi cimosa: AlB;;—Al, El-moxpurTs, (ppeTHHI-KOpPO3isd, 3HOIIYBaHHSI,
TUTAHOBI CTOIH.

(Received July 28,2022 )

1.INTRODUCTION

Among the wide range of constructional materials, the titanium alloys
occupy a special place. Their low specific weight, high specific
strength, and corrosion resistance are the most important advantages
of these alloys. Due to this combination of properties, titanium alloys
are widely used in aircraft industry, rocket science, shipbuilding, and
many other branches of technology [1-3]. For example, in the PS-90A
aircraft engine for the Ilyushin I1-96, Ilyushin I1-76, and Tupolev Tu-
204 planes, 40.4% of the parts are made of various titanium alloys,
and in the designs of aircrafts of the AN family (ANTONOYV company)
the mass of such parts is 8—9% of the mass of the airframe [4, 5]. The
range of operating temperatures for the titanium alloys to use is in the
range from very low cryogenic temperatures to 600°C, which exceeds
the range of similar temperatures for light alloys based on Al and Mg
[1]. At the same time, titanium alloys are characterized by low hard-
ness, wear resistance, and scoring resistance, which causes problems
when working in friction conditions.
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The analysis of causes of wear and technological methods of hardening
surface treatment of friction parts shows that in many cases the problem
of increasing their wear resistance is solved by modifying the working
surfaces by electrospark alloying (ESA) [6—11]. This method, character-
ized by technological simplicity and low power consumption, allows to
form on metal substrate surface-strengthened layers with high wear re-
sistance and the strength of adhesion of the deposited coating with the
base. A large number of parts of modern aviation objects subjected to
ESA-surface hardening are made of titanium alloys, working in condi-
tions of fretting corrosion wear. At the same time the use of ESA-surface
hardening technology does not provide sufficiently effective protection
of the functional surfaces of these parts for a long service life.

The WC—Co cemented carbides, refractory compounds of transition
metals, such as carbides, nitrides, aluminides, silicides, and borides
are used as materials for surface ESA hardening [7, 8]. ESA-coatings
deposited by WC—-Co cemented carbides are distinguished by high
hardness and wear resistance; however, they form a relatively thin
layer due to the fast-falling in time (during the alloying process) mass
transfer of the alloying electrode material to the machine part. The
disadvantage of titanium-containing refractory compounds most re-
lated to titanium is the tendency to form loose surface oxide films dur-
ing common atmospheric oxidation and tribooxidation. Titanium ox-
ide has a volume 1.6 times greater than that of the base metal. Accord-
ing to the Pilling—Bedworth ratio [12], such films are loose, low-
strength and cannot perform protective functions in the process of
frictional destruction.

Among the materials to deposit protective coatings by the ESA
method, aluminium dodecaboride AlB;: is of interest. Its synthesis
from Al and BN, developed at the Frantsevich Institute for Materials
Science Problems of N.A.S. of Ukraine is more rational and economi-
cally efficient than direct one from Al and B [13]. AlB;: has a low den-
sity (~ 2.52 g/cm?®) and the particularity of its crystalline structure
(icosahedral boric frame) determines its high hardness (22—-24 GPa)
and infusibility (2070°C)[14].

However, the low crack resistance of aluminium dodecaboride sig-
nificantly limits the scope of its application [14]; therefore, it is advis-
able to use AlB;; in combination with plastic metal bonds. It is promis-
ing to use aluminium, which is characterized by high plasticity, low
density (2.7 g/cm?), and low melting point (660°C). Earlier Al was
found to wet AlB;: well, with the formation of contact angles (6 = 20
deg) and the secondary phases in the interaction zone at the AlI-AlB;;
interface are absent [14]. In addition, aluminium having a resistivity
of 2.7 uQ-cm, acts as a kind of additive increasing the conductivity of
the AlB;2—Al composite (a resistivity of AlB;2—10° Q-cm), which is of
great importance in ESA.
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So, the aim of the work is to investigate the possibility of using the
aluminium dodecaboride AlB;2—Al composite material to obtain pro-
tective ESA-coatings on a titanium alloy operating under fretting cor-
rosion.

2. EXPERIMENTAL DETAILS

The AlB;: samples were prepared from the powder synthesized at the
IPMS of N.A.S. of Ukraine according to the procedure described in
[15, 16]. At first a porous AlB;; ceramic frame was obtained. Then it
was impregnated with an Al melt in vacuum (1.33:107* Pa) at a temper-
ature of ~1100°C. This made it possible to obtain the aluminium-
matrix composite of AlB12—50 wt.% Al in the form of a bar of 50x50x5
mm in size, from which the electrodes for ESA were cut by the electro-
erosion method.

The structure of the material consists of three phases: a metal ma-
trix, AlBy; grains (the size of which varies in the range of 1-4 um) uni-
formly distributed in the matrix, and Al:Os particles (the cross-section
microstructure of the electrode material AlB12—50 wt.% Al, obtained
with a JEOL JAMP9500F microanalyzer and the result of its micro x-
ray spectral analysis at local points are given in [17]).

0OT4 titanium alloy (GOST 19807-91) was chosen as the sample ma-
terial for ESA. This is the alloy of average strength, well welded by ar-
gon-arc, contact and electron-beam welding, and also has good thermal
stability and is intended for the manufacture of parts operating at
temperatures up to 350°C for 2000 hours and up to 300°C—30000
hours [18, 19]. For example, in the already mentioned PS-90A aircraft
engine, rings of working I-III stages of the high-pressure compressor,
flanges of the thrust reverser, shells, cups, shields, etc. are made from
OT4 alloy [4].

ESA of the samples of the aforecited alloy was carried out on an
ALIER-52 setup (SCINTI, Chisinau, Republic of Moldova) at the modes
indicated in Table 1.

The density of the electrode material was determined by the method
of hydrostatic weighing (GOST 25281-82). Heat capacity was meas-
ured by the calorimetric method (GOST 23250-78). Thermal conductiv-
ity coefficient was obtained according to the method described in [20].

Fretting corrosion tests were carried out on an MFK-1 setup (GOST
23.211-80) in the ‘coating—counterbody’ system, under dry friction in
air, in the following mode: oscillation amplitude—87.5 um, frequen-
cy—25 Hz, pressure—19.8 MPa, number of fretting cycles N =5-105.
Hardened Steel 45 (HRC 48—-52) was used as a counterbody.

The wear resistance of the tribocouple material was evaluated by the
gravimetric method by the difference in the mass of the sample before
and after testing on an analytical laboratory balance with an accuracy
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TABLE 1. Technological parameters of ALIER-52 setup.

Mode Pulse duration, Pulse current amplitude value, [Pulse energy E, J
us (£ 20%) A (£20%)
2 40 125 0.09
4 170 200 0.61
6 700 200 2.52

of 10* g. The volume wear was determined taking into account the
density of the coating material.

X-ray analysis of the coating surface was carried out on a DRON-3M
diffractometer in CuK,-filtered radiation. The microstructure of the
friction track surface was studied using a JEOL JAMP9500F (SEM)
microanalyzer equipped with the system of energy-dispersive x-ray
microanalysis.

3. RESULTS AND DISCUSSION

To evaluate theoretically the interaction between the electrode and the
substrate and, to some extent, predict the composition of the coating is
possible using the Palatnik criterion [21, 22], which connects only the
physical constants of electrode materials as follows:

capa}\‘a(Tu — TO )2
ccpc}\‘c(Tc - 710)2 ’

12

Lo
T,

where 1, and 1. are the characteristic times of erosion (formation of
melting centres in the discharge zone) of the anode and the cathode,
respectively; c., c.—heat capacity, J/(kg-K); p., p.—density, kg/m?; A,
r.—coefficient of thermal conductivity, W/(m-K); T., T.—melting
point, K; T is the ambient temperature.

This ratio does not take into account a large number of factors af-
fecting ESA process, but, it can be used for a quantitative evaluation
of 3 types of interactions between anode and cathode made of various
materials, namely:

—at 1./1. << 1 acoating is formed on a cathode surface;

—at 1,/1. ~ 1 it is possible to form a coating in the form of an anode-
cathode alloy;

— at 1,/1. >> 1 the substrate is eroded; the formation of a coating is
unlikely (but the transfer of material from the cathode to the anode is
possible [21]).

The data required for calculations according to the Palatnik criteri-
on in our conditions are given in Table 2.
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TABLE 2. Physical characteristics of the electrode materials and the value of
the Palatnik criterion.

Characteristic, Anode (AlB;2—50 | Cathode (OT4) [The value of the Palatnik
wt.% Al) [23, 24] criterion t./t.
A, W/(m-K) 72.58 10
C,, J/(kg-K) 918.88 ~457 1.99
Tw, K 933* 1941
p, kg/m?3 2616 4550

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

It follows from the calculation that a mixed layer (from the materi-
als of the substrate and the deposited electrode) of the ESA-coating
with high adhesion to the substrate can be obtained with the AlB:2—50
wt.% Al material.

X-ray analysis showed the following phases namely TiB:, Ti alu-
minides, Ti, TiO, TiOz and AlB;, were revealed by x-ray analysis in the
coating (Fig. 1). Attention is drawn to two aspects.

Firstly, the absence of the AlB;: phase. ESA process occurring at
plasma temperatures (2-10* K) in air is known to be accompanied by
thermo-oxidative destruction of an anode and a cathode materials [25].
Such severe conditions aid in destructing of aluminium dodecaboride
to constituent elements at T=2300 K [26].

Secondly, the appearance of the Al;Ti; phase, which is non-
equilibrium and is absent in the Al-Ti phase diagram [27]. The for-
mation of non-equilibrium intermetallic phases Al;Ti, Al;Tis, TissAl
was noted by [28] in the contact zone of Ti and Al during their explo-

[ ESA-coating, 1 1 —TiB, 4— ALTi, 7 — AlB,
200 b mode 4 5 2 — ALTI 5— Ti(hex)) 8§ — TiO,
3 — AlTi, 6 — Ti(eub.) 9 — TiO
2
5 3
2 200 ‘ //
o
= z 2 2
5 - 1 4 A g
5 47, 3 8
100 - Y8 4 < 5 8 _6
s Lot \2 L LGN RAW
oL ey S Ml pograny ‘\-,r""‘ldudu' v l‘r“{ LN Mgt
Loy Y iepeg e g e g g g e g g g § e g g Jres g e s g g
20 30 40 50 60 70 80

20, degree

Fig. 1. Diffraction pattern of ES-coating of AlB12—50 wt.% Al on OT4 titani-
um alloy (mode 4).
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1 — ES-coating on OT,, mode 2
30+ 2 — ES-coating on OT,, mode 4
r 83 — ES-coating on OT,, mode 6
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Fig. 2. Dependence of volume wear AV on the mode of coating deposition.

sion welding. This fact is explained from the standpoint of anomalous-
ly fast directional mass transfer under stress conditions creating the
curvature of the crystal lattice. In our case, the appearance of the
Al;Tis phase can be explained by the characteristic features of the ESA
process, namely: the spark discharge consists of a sum of short (108—
107° s) current pulses that lead to microexplosions of cathode spots.
During such microexplosions, the pressure reaches 10 GPa at a plasma
temperature of 2-10* K [25]. This can lead to the appearance of process-
es initiating the redistribution of atoms, which, in turn, can accelerate
the appearance of any new phases.

The results of wear tests during fretting corrosion (Fig. 2) indicate
that, regardless of the deposition mode, ESA-coatings from the elec-
trode material of the composition AlB12—50 wt.% Al, formed on the
OT4 titanium alloy, have significantly less volume wear, than uncoat-
ed OT4 alloy. The coatings deposited in modes 4 and 6 are the most
wear-resistant. The decrease in their wear, in relation to the OT4 alloy,
is approximately the same and amounts to 72 and 73.5% , respectively.

In Figure 3, a, b is shown the microstructure of the friction track of
ES-coated (mode 4) sample and the results of its elemental analysis are
presented in Table 3.

The data in the Table 3 indicate that oxide phases of titanium, possi-
bly TisO and (or) TisO, are present in the friction track (spectra 5, 6, 7,
light areas). In addition, judging by the content of elements in spectra
1-4 (dark areas), there are predominantly oxides of titanium and iron.
Such structures are obviously formed from compressed powdery prod-
ucts of wear of the coating material and the counterbody. Their for-
mation on a harder and stronger sublayer of the coating material cre-
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Fig. 3. Microstructure of the friction track: a—general view; b—enlarged
fragment with elemental analysis data.

TABLE 3. Elemental analysis of the surface of the friction track in the AlBi2—
50 wt.% Al ESA-coating (Fig. 3, b).

Spectrum Element, wt.% Total
B | ¢c | o | at | m | Fe
1 0.28 1.43 42.25 0.88 38.93 16.21 100.00
2 0.42 1.70 39.70 0.91 41.23 16.04 100.00
3 0.81 2.71 40.14 0.89 41.20 14.24 100.00
4 1.21 2.56 38.98 0.90 40.34 16.00 100.00
5 - 0.80 7.18 1.57 89.20 1.25 100.00
6 - 0.71 3.77 1.80 92.70 1.01 100.00
7 0.21 1.10 4.55 1.83 91.53 0.78 100.00

ates a positive gradient of mechanical properties in the friction contact
zone, which is one of the conditions for ensuring increased antifric-
tionality and wear resistance of materials in friction pairs [29].

This reduces frictional loading of surface layers in real contact areas
and together with the presence in the coating of such high-strength
structural components as titanium diboride and titanium aluminides
(Fig. 1), may be factors determining the increased wear resistance of
the coating in study.

4. CONCLUSIONS

1. Composite material AlB:2—50 wt.% Al can be used to obtain protec-
tive ESA-coatings on a titanium alloy operating when wearing under



APPLICATION OF AlB;;—Al ELECTRIC SPARK COATINGS 1321

fretting corrosion. Theoretical estimation of the interaction between
the anode and the cathode materials by the Palatnik criterion showed
that in the process of ESA it is possible to obtain a mixed layer from the
components of the substrate material and the electrode material with
high adhesive strength.

2. Regardless of the deposition mode, ESA-coatings exhibit signifi-
cantly less wear than uncoated OT4 titanium alloy. The increased wear
resistance of the coatings in study under conditions of fretting-
corrosion wear is explained by the formation of protective structures
of wear products (which are mainly oxides of titanium and iron) on the
surface of the friction track, and the presence of high-strength struc-
tural components such as titanium diboride and titanium aluminides
in the coating.
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