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Abstract. In this study, we studied the effects of aluminum coating treatment temperature on the microstructure and phase composition
when applied to a VT6 titanium alloy substrate within a low-pressure arc discharge plasma environment. The ion-plasma treatment was
conducted at 450 and 500 °C, employing argon shielding, while the aluminum coating was deposited using the vacuum-arc process,
resulting in a coating thickness of ~3 pm. Microstructural analysis was performed using a scanning electron microscope, and the struc-
tural and phase composition were examined using X-ray diffraction (XRD) imaging in symmetric imaging mode with CuK radiation.
Our findings demonstrate that the application of the aluminum coating initiates the formation of a near-surface o-stabilized layer,
extending up to 2.5 pm in thickness due to the heat generated during the ion cleaning process. Subsequent ion-plasma treatment further
results in the development of a TiAl, intermetallide site, reaching thicknesses of up to 1.5 pm, while the o-stabilized region expands
to 5.5 um. Higher temperatures during the treatment process contribute to an increase in the thickness of these aforementioned layers
and also lead to the emergence of an intermediate TiAl intermetallic layer.
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BnuvaHue TeMnepaTypbl MIOHHO-NIa3MeHHOM 06paboTKK
aNioOMUHUEBOIO MOKPLITUA Ha MUKPOCTPYKTYPY
n $pasoBbIM cOCTaB TUTaHOBOIro cnnasa BT6
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AHHoTauyums. TIpeicTaBiaeHbl Pe3y/IbTaThl HCCICOBAHMS BIHSAHUS TEMIICPaTypbl 00pabOTKH TOBEPXHOCTH aJIOMUHUEBOTO TTIOKPHITHS Ha
TUTaHOBOM ciutaBe BT6 B mrazme ayroBoro paspsija HU3KOTO IaBICHUSI HA MUKPOCTPYKTYpHBIC H (ha30BbIe n3MeHeHus. VloHHo-1as3-
MEHHYI0O 00pab0TKy NMPOBOJMIN B IIa3Me JYTOBOTO pa3psia HU3KOTO JaBieHUs mpu Temreparypax 450 u 500 °C B cpene aprona.
ANIOMMHUH HaHOCHJIM BaKyyMHO-IYTOBBIM METOJIOM, TOJIIMHA ITOKPBITHS COCTAaBILUIA ~3 MKM. MHUKPOCTPYKTypHbIE M3MEHEHHS
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WCCIICIOBAIA C TIOMOIIBIO PAaCTPOBOW 3JIEKTPOHHOW MHKpocKomuu. CTpYKTYpHO-(Da30BBIi COCTaB OMPENEIsUI MO Pe3ysbTaram
pacuppoBKH TU(PAKTOrpamMM, MOTyIECHHBIX TIPH CUMMETPHYHON chemke B Cuk -usmydennu. [Tokasano, 4To mocie HaHECEHHUs
AITFOMUHHEBOTO TIOKPBITHS B PE3yNIbTaTe HATPEeBa MPU HOHHON OYHCTKE (OpMHpPYETCsl IPUIIOBEPXHOCTHBIN 0-CTAOWIN3UPOBAHHBII
cioit toimuHOM 1o 2,5 mMxMm. [locnenyromnas HOHHO-TDIa3MEHHAss 00pa0oTKa MPUBOAMUT K (POPMUPOBAHUIO HHTEPMETAJLIHIHON
obactu TiAl3 TOJNIIUHOM 110 1,5 MKM, 0-CTaOWIM3HpOBaHHAS OOJIACTh YBEIMYHMBACTCSA 10 5,5 MKM. BBISBICHO, YTO MOBBIIICHHUE
TeMIIepaTypbl 00pabOTKU MPUBOIMT KaK K YBEIIMYCHUIO TONIINHBI YKa3aHHBIX BBIIIC 00JIACTEH, TaK M K MOSBICHHUIO IIPOMEKYTOTHOU

HMHTEpMeTaJUTHIHOH 30HBI TiAl

KnioueBbie c/1oBa: HOHHO-IUIA3MEHHAs! 00pabOTKa, HHTEPMETAUIHIHbIC TOKPBITHS, IPAJAUCHTHBIC TOKPBITHS, THTAHOBBIC CILIABbI
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Introduction

Titanium and its alloys fnd extensive application in
the aerospace industry and medicine [1-3]. However,
their wear resistance is low, with most titanium friction
parts being susceptible to diffusion interaction between
the contact surfaces and subsequent wear [4; 5]. There
is a demand to enhance the wear resistance of titanium
alloys.

One efficient approach to achieve this enhance-
ment is through ion nitriding [6-8] and alloy-
ing [9; 10] of the surface layer, as well as applying
coatings [11-13]. In the case of titanium alloys, ion
nitriding requires high temperatures and extended
holding periods [14; 15], while the low-temperature
process [16; 17] proves to be less efficient. The appli-
cation of coatings enables to create super-hard films
on surfaces based on nitrides, carbides, and oxides
of transition metal [18-20]. However, these coat-
ings may experience delamination when subjected
to impacts [21; 22], inevitably leading to accelerated
surface wear, intensified by detached coating particles.

Gradient coatings made from alloys with high
impact resistance and resistance to aggressive media
show better performance due to the absence of a distinct
substrate-coating interface. In steel products, a combi-
nation of nitriding and coating (Duplex Treatment) is
commonly employed [23; 24]. However, the applica-
tion of duplex treatment to titanium alloys does not
improve performance. In this scenario, the nitrided
layer exhibits significantly lower hardness and depth
compared to the same treatment time and temperature.

Titanium forms intermetallic compounds with
various metals, and these compounds typically have
enhanced physical and mechanical properties compared
to pure titanium and its non-hardened alloys. Ti—Al inter-
metallides have a low specific gravity (3.3-4.2 g/cm?)
and show high hardness, heat resistance, oxidation
resistance, and corrosion resistance. Some aerospace
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applications of this material have been reported by
Lazurenko D. et al. [25]. Nevertheless, due to the high
brittleness, particularly the TiAl, phase, intermetallides
are unsuitable for manufacturing solid parts. Zhang Y.
et al. [26], Liu Y. [27], and Parlikar C. [28] have inves-
tigated the application processes and resulting inter-
metallide coatings, reporting a significant increase in
strength (up to 20 %) and wear resistance for coating
thicknesses less than 16 um.

Currently, primary Ti—Al intermetallic coating tech-
nologies include aluminizing [29], magnetron [30],
and vacuum-arc [31] sputtering, as well as laser [32]
and electron-beam [33] surfacing, ion implanta-
tion [34], often combined with subsequent heat treat-
ment [35-37]. It is, however, challenging to control
the phase composition of the resulting layers during
coating deposition and ion implantation. When alumi-
num and/or Ti—Al coatings are deposited, followed by
heat treatment at the aging temperature of the titanium
alloy, the final coating consists only of the TiAl, phase.
Subsequent ion-plasma treatment can intensify the for-
mation of the TiAl and Ti,Al intermetallides, which are
more ductile compared to TiAl,.

Our study focuses on a combination of vacuum-arc
deposition used to create pure aluminum coatings, fol-
lowed by plasma treatment with low-pressure non-self-
powered arc discharges. The objective of this study
is to analyze the effects of the ion-plasma treatment
temperature on the aluminum coating on the structure
and phase changes of the VT6 titanium alloy surface
layers.

Materials and methods

We prepared samples in the form of 20 mm diame-
ter disks, each measuring 4 mm in thickness, obtained
from a titanium bar (VT6 alloy). The combined treat-
ment involved two stages. In the initial stage, we depo-
sited a pure aluminum layer, approximately 3 um thick,
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onto the surface of the titanium disk using vacuum arc
deposition. The sample surface underwent an initial ion
cleaning process in an Ar plasma (40 A discharge cur-
rent, 800 V bias voltage) for 30 min, raising the surface
temperature to 450 °C. Then it was exposed to Al plasma
for 1 min, generated by a 60 A arc evaporator current.
We monitored the surface temperature using a chromel-
copel thermocouple and an AST250+ IR pyrometer
(Accurate Sensors Technologies, India). In the second
stage, the surface was treated in a PINK plasmatron
with an incandescent cathode (ISE, Russia) [38] for 1 h
under argon shielding. The bias voltage varied depen-
ding on the temperature, but the discharge current was
always 50 A. We processed the samples at both 450
and 500 °C. Then the samples were vacuum-cooled in
argon atmosphere at 1 Pa.

Following the treatment, we examined polished
section structure of the samples using a Mira scan-
ning electron microscope (Tescan, Czech Republic)
operating in the secondary electron mode. For X-ray

4" Recrystallized

diffraction analysis (XRD), we used an Ultima IV dif-
fractometer (Rigaku, Japan) with CuK -radiation in
the symmetrical imaging mode.

Results and discussion

To investigate the interaction between the alu-
minum coating and the VT6 titanium substrate, we
examined how the ion-plasma treatment temperature
influenced changes in the structure and phase compo-
sition of the surface layers. Following the deposition
of the aluminum coating onto the rough substrate sur-
face (Fig. 1, a, b), an a-stabilized region I, approxi-
mately 2.5+ 0.5 um deep, is formed within the near-sur-
face layer of the substrate. This formation results from
the diffusion of the coating elements during the initial
stage of deposition when the surface of the titanium
alloy is still heated to 450—470 °C. The a-stabilized
region can be distinguished from the substrate due
to the dissolution of small recrystallized B-particles

Fig. 1. Polished section structures of the aluminum-coated titanium samples
a, b — initial coating; c—f— after ion-plasma treatment at 450 (¢, d) and 500 °C (e, f)

Puc. 1. I300paskeHus: CTPYKTYpbI IONEPEYHOTO CEUeHHs 00pa31ioB TUTAHA C OKPBITHEM U3 aTIOMUHUS

a, b — ucxoHOE MOKPEITHE; ¢—f — IOCIIe HOHHO-IUIa3MeHHOM 00paboTku npu 450 (¢, d) n 500 °C (e, f)
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within the a-grains, a consequence of aluminum diffu-
sion deep into the surface layer, and the a-phase stabili-
zation facilitated by the presence of Al, which is known
to be an a-stabilizing element.

The ion-plasma treatment conducted at 450 °C
(Fig. 1, ¢, d) also led to the formation of an intermetallic
site comprising the TiAl, phase with a high aluminum
content. The total length of the modified site increased
to 5+ 0.5 um. Plasma etching reduced the thickness
of the aluminum coating to ~2 um. The coating became
brittle, as evidenced from its fracturing during our
sample section polishing. This brittleness can be attrib-
uted to the presence of the brittle TiAl, intermetallic
phase and its large volume concentration in the surface
layers. Elevating the temperature to 500 °C resulted in
the emergence of a transition layer between the sub-
strate and layer //] (Fig. 1, e, /). This transition layer,
as reported by Ramos A. et al. [35] and Garbacz H.
et al. [36], primarily consists of the TiAl intermetal-

lide. As indicated by the gradient of aluminum concen-
tration, the layer above it consists mainly of the TiAl,
phase, while the layer below it comprises Ti,Al.

This assumption finds confirmation in the XRD
analysis, as depicted in Fig. 2. The surface layers fol-
lowing treatment at 450 °C mostly contain the TiAl,
intermetallide. No aluminum peaks were detected,
possibly due to the low Al concentration in the sur-
face layer of the coating. Additionally, aside from
the intermetallic phases, a solid solution forms as alu-
minum substitutes into the titanium lattice, evidenced
by the shift of titanium peaks towards larger diffrac-
tion angles, signifing a decrease in the lattice period.
As the treatment temperature increased to 500 °C,
the TiAl intermetallide was found in the surface layers,
while no Ti,Al peaks were observed. The intensity and
number of the TiAl, phase grew, which correlates with
the observed microstructure changes.
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Fig. 2. XRD images of the samples
1 — initial coating; 2 and 3 — after ion-plasma treatment at 450 (2) and 500 °C (3)

Puc. 2. TudpakrorpaMMbl HCCIIEIYEMbIX 00pa3LoB

1 — ucxoaHOE MOKpBITHE; 2 1 3 — MOCIe HOHHO-TTa3MeHHOU 00padoTku mpu 450 (2) u 500 °C (3)
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Given the inherent brittleness of the coatings, we
intend to explore the impact of ion-plasma treatment
duration and the thickness of the initial aluminum coat-
ing on the elemental and phase compositions, as well as
the wear resistance of these coating layers.

Conclusion

We conducted experimental investigations on inter-
metallic surface layers created through the deposition
of an aluminum coating onto a titanium substrate, fol-
lowed by low-pressure non-self-sustained gas plasma
treatment.

Our findings reveal that such treatment results in
the development of intermetallic and a-stabilized lay-
ers within the near-surface layer of the VT6 titanium
alloy. Treatment at 450 °C yields an intermetallic
layer, approximately 1.5 um thick, composed only
of the TiAl; phase. Raising the temperature to 500 °C
leads to the formation of an additional TiAl intermetal-
lide layer, measuring 300 nm in thickness, situated
beneath the 1.8 pm thick TiAl, layer. Importantly, XRD
analysis does not detect any Ti,Al peaks.

The creation of the a-stabilized layer commences
during the deposition of the aluminum coating itself.
As the ion-plasma temperature increases, the layer’s
thickness increases as well, attributed to the accele-
rated diffusion rate of aluminum into the titanium
substrate.
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