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ABSTRACT

The work studies the synergy effect of high-intensity implantation of aluminum ions and the
subsequent impact of a powerful pulsed ion beam on the microstructure and properties of titanium.
Specimens of titanium were implanted for one hour at a temperature of 1170 K with an ion fluence
of 10! ions/cm?. Layers with a thickness of about 150 pum were obtained. The energy impact was
carried out by a powerful nanosecond pulsed ion beam with an ion current density on the target
of 100 A/cm?. The paper presents data on changes in the elemental composition, surface morphology,
and microstructure of ion-doped and energy-modified layers. It has been established that the additional
energy impact on the ion-doped layer of a powerful pulsed beam improves microstructure at depths
greater than 3.4 um. The synergistic of high-intensity ion implantation of aluminum and the energy
impact of a pulsed ion beam improves the wear resistance of titanium by eighteen folds.
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AHHOTALIMA

B pabote nccnenoBana cCHHEpTysi BBICOKOMHTEHCHBHON MMIUTAHTAIIMH MOHOB QJIFOMUHUS U TIOCTIe-
JYIOLIETro BO3JEHCTBHSA MOIIHOTO MMITYJbCHOI'O MOHHOIO ITy4Ka Ha MUKPOCTPYKTYpY U CBOMCTBa
tutana. OOpa3upl TUTAaHA UMILIAHTUPOBAIM OJuH 4ac npu temneparype 1170 K ¢ dmroencom no-
HOB 10?! non/cM?. BbUTH MOTYYEHBI CIIOH TONIIMHOW 0KOJI0 150 MKM. DHepreTuueckoe BO3ICHCTBHE
OCYILECTBIISIIOCh MOUTHBIM HAHOCEKYH/IHBIM UMITYJIbCHBIM HOHHBIM ITyYKOM C INIOTHOCTBIO HOHHOTO
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Toka Ha mutieHn 100 A/cm?. B pabote npeacrasieHbl TaHHbIE 00 N3MEHEHHH 3JIEMEHTHOTO COCTaBa,
MOp(}OIOruu MOBEPXHOCTH U MUKPOCTPYKTYPbl MOHHO-JIETHPOBAHHBIX U HEPrOMOAUPHUIIMPOBAH-
HBIX CJIO€B. YCTAHOBJIEHO, YTO JIONOJIHMUTEIbHOE 3HEPIeTUUYECKOE BO3JAEHCTBUE HA MOHHO-JIETHPO-
BaHHBIN CJION MOIITHOTO UMITYJILCHOTO MTy4YKa yIydIllaeT MUKPOCTPYKTYpY Ha riTyouny Oosee 3,4 MKM.
CuHeprus BbICOKOMHTEHCUBHOM MOHHOM MMIUIAHTALMN AJIFOMUHUS M DHEPIeTUUYECKOE BO3/IEHCTBHE
HMITYJIbCHOI'O MOHHOTO ITy4Ka IOBBIIIAET H3HOCOCTOMKOCTh TUTaHa B BOCEMHAILATh pa3.

KJIFOYEBLIE CJIIOBA

BaKYYMHaSI Ayra; 1JiadMa; BbICOKAasd HWHTCHCUBHOCTL;, HMOHHAA HWMILIAHTAlIUWA; SHEPIETUYCCKOC

BO3J/ICIICTBHE; CUHEPTHA.

Introduction

Methods for modifying surface layers by
charged particle beams, laser radiation, and
high-pulse plasma flows are widely used in
many fields of science and technology for
directed changes in the physical and mechanical
properties of various materials. Various ways
and methods are divided into two classes.
First one includes the methods that change the
elemental composition and microstructure due
to ion doping of the target’s near-surface layer
[1-17]. Second one includes the methods based
on the pulsed impact on the surface of energy
flows of high power density, which modifies
the microstructure of the surface layers due to
the effect of superfast heating and cooling of
the target’s near-surface layer without changing
or slightly changing the elemental composition
[18-28].

The main problem of ion implantation,
which limits its wide application, is related
to the low range of ions in a solid. Using the
example of nitrogen ion implantation, Wei and
other authors demonstrated in their works the
possibility of increasing the ion-doped layer
depth due to dopant diffusion enhancement
with increasing ion current density, which made
the ion implantation method for improving the
performance properties of metals and alloys
more attractive [29-33]. The development of
the high-intensity ion implantation method has
shown the possibility of forming deep ion-doped
layers in metals and alloys during implantation
of'both gas and metal ions, due to the production
and use of repetitively-pulsed gas and metal ion
beams with an ion current density increased
by several orders of magnitude [34, 35]. It was
found that the processes of diffusion and phase
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formation during the metal ion implantation
require high temperatures, which in turn cause
the grain structure growth. For example, the
work [36] presents the results on the formation
of Ti,Al and TiAl intermetallic phases, as well
as solid solutions of various compositions down
to a depth of ~50 um, where the grain sizes of
the Ti,Al phase reach 5 um or more. This work
is devoted to the study of the synergy effects
of high-intensity aluminum ion implantation
into titanium and energy impact on the surface
with an ion beam of superhigh pulse power in
order to decrease the grain sizes and improve its
microstructure and properties.

1. Experimental Setups

High-intensity implantation of aluminum
ions was carried out using an experimental setup
equipped with an axially symmetrical vacuum-
arc evaporator. The scheme of the experiment is
shown in Fig. 1.

The formation of high-intensity aluminum
ion beams was carried out by a method based
on plasma-immersion extraction of ions from
the free plasma boundary, their acceleration
in a high-voltage sheath, followed by ballistic
focusing [37]. Using the “solar eclipse” effect,
the plasma was cleaned from the products of
explosive cathode erosion. The samples of
commercially pure titanium (grade 2) with the
dimensions of 45%25x3 mm were used as targets
and mounted in the geometrical focus region of
the beam. The initial analysis of the specimens
made of titanium demonstrated that alloy had
98.96 at.% of Ti and a low content of Fe, Si
and V (0.13, 0.29 and 0.14 at.%, respectively).
The specimen surface was pre-polished to the
roughness of 100 nm and cleaned with alcohol.
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Fig. 1. Scheme of plasma-immersion formation of high intensity aluminum ion beam
and implantation of ions into titanium:
1 —anode, 2 — cathode, 3 — ion-emission plasma boundary, 4 — high voltage sheath, 5 — sample-collector

Puc. 1. CxeMa mia3MeHHO-UMMEPCUOHHOTO (POPMUPOBAHHUS ITyYKA HOHOB aJIFOMUHHS
BBICOKOW MHTCHCHBHOCTH Y UMILJIAHTAI[UM NOHOB B aJTFOMHHUM:
1 — anoo, 2 — kamoo, 3 — UOHHO-IMUCCUOHHASL SPAHUYA NIA3MbL, 4 — CI0U pazoeieHus 3apaod, 5 — 06paszey-KoLIeKmop

Implantation was carried out for one hour
at a temperature of 1170 K (the temperature
was measured from the target’s rear side using
an isolated thermocouple) with an irradiation
fluence of 10?' ions/cm® The ion beam was
formed at bias potential amplitude of 0.6 kV, a
frequency of 40 kHz, and a duty factor of about
65%. Taking into account the average charge
state of aluminum ions Z ~1.73 in the vacuum
arc discharge plasma, the average energy of the
ions slightly exceeded 1 keV [38]. Maintaining
a constant temperature during ion implantation
was carried out due to varying the frequency of
the bias potential pulses.

The energy impact with a high-power
ion beam (HIB) was carried out on a TEMP-
4M accelerator [1] at an accelerating voltage
of 200 kV, a pulse duration at half maximum
of 100 ns, and an energy density of 1.5 J/cm”™?
(for metallic materials, this is the regime with
surface layer melting). The composition of the
ion beam is carbon ions (C+, C++) up to 70%,
protons — up to 30%. The distance from the ion
diode to the treated surface was 15 cm. The
pressure in the vacuum chamber was no more
than 1x10* (—4) Torr [39].

The distribution of aluminum dopant over
the modified layer thickness on a transverse

section, made using a Saphir 320 grinding and
polishing machine, was carried out using a
Hitachi S-3400 N scanning electron microscope
equipped with a Bruker XFlash 4010 energy-
dispersiveattachment. Theelemental composition
of the test specimens was determined by X-ray
microanalysis (MRSA) using an INCA-Energy
energy-dispersive X-ray microanalyzer (EDX)
(Oxford Instruments) built into a LEOEVO-
S0XVP scanning electron microscope. The
phase composition of the test specimens was
analyzed by X-ray phase analysis (XPA) based
on the analysis of diffraction pattern obtained
using a DRON-7 diffractometer. Transmission
electron microscopy (TEM) was used to study
the structural-phase state of local regions of the
test specimens. The foils were prepared
using an ion thinning system JEOL lon Slicer
EM-09100IS designed to prepare specimens
for research in scanning and transmission
electron microscopes. The wear resistance
of the modified specimens was studied on a
high-temperature  tribometer =~ PC-Operated
High Temperature Tribometer TNT-S-AX0000
and a  three-dimensional = non-contact
profilometer Micro Measure 3D Station.
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2. Results and discussion

High-intensity implantation of aluminum
ions into a titanium specimen at a temperature
1170 K with an irradiation fluence of
10?" ions/cm? for one hour formed a deeply-
doped layer with a thickness exceeding
150 pm with a maximum aluminum
concentration near the surface of 19 at.%
(Fig. 2). Detailed studies of the microstructure
of titanium implanted under such conditions
with aluminum are described in [37].

It has been established, that the implanted
layer mainly consists of the o,-Ti,Al phase
(97 vol.%). The formation of the intermetallic
phase is also confirmed by TEM. The micro
diffraction pattern analysis demonstrated the
presence of a,-Ti,Al phase, where the grains
are characterized by the 012, 122, 214, 310
orientation axes. It was shown that the grains
of Ti,Al have slightly elongated shapes, with an
average size of 5 um.

20
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Fig. 2. Distribution profile of aluminum concentration
over the titanium specimen depth:

1 — distribution of aluminum in titanium after
high-intensity ion implantation; 2 — distribution of
aluminum in titanium after exposure of the implanted
sample to a powerful pulsed ion beam

Puc. 2. [Ipodpuns pacnpeneseHns KOHIEHTPALUH
AIIOMHHUS 110 TITyOMHE TUTAHOBOTO 00pasia:
1 — nocne 6vicoKOUHMEHCUBHOU UOHHOU UMIIAHMAYUY,
2 — nocne 8030elicmsust Ha UMNJIAGHMUPOBAHHbLII 00paszey
MOWHO20 UMNYIIbCHO20 UOHHO20 NYUKA
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Post-implantation energy treatment with
a powerful ion beam was carried out with two
pulses with an ion current density on the target
of 100 A/cm?. Fig. 2 shows the distributions
of aluminum dopant in titanium after high-
intensity ion implantation (curve 1) and
subsequent exposure of the surface to a powerful
nanosecond ion beam (curve 2). The data in the
figure show that after exposure of the sample to
a nanosecond ion beam, both the width of the
implanted layer and the maximum concentration
of aluminum on the surface decrease. This effect
can be explained by the fact that the action of a
powerful ion beam is accompanied not only by
the melting of the near-surface layer, but also
by its partial evaporation. According to X-Ray
phase analysis data (Fig. 3 and Table 1), it was
found that the titanium alloy implanted with
aluminum ions with subsequent energy impact
consists of a solid solution based on Ti and Al.
Basically, the matrix includes the AlTi,, Ti,Al
and AL Ti phases, the individual Ti(h) and Al
phases that have not reacted with each other are
weakly expressed, and the AlO, phase is also
weakly expressed.
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Fig. 3. X-ray of a titanium alloy implanted
with aluminum ions

Puc. 3. PentrenorpaMma TUTaHOBOTO CIUIaBA,
HUMIITIAHTUPOBAHHOI'O HOHaAMHU aJTFOMUHUS
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Table 1. Phase composition of a titanium alloy implanted with aluminum ions

Tabauua 1. ®a30Bblil cOCTaB THTAHOBOI'O CIIABA, UMIUIAHTUPOBAHHOTO HOHAMHU aJTFOMUHUS

Peak Ne/ Phase / Lattice type / Lattice parameters /
Howmep d h k 1
®aza Tun pewierku [TapameTpsl pemieTku
IIUKa
1 AlTi Hexagonal / a: 5.755, 2.5 2 0
2 3 T'excaronanbHast c: 4.638 2.32 0 0
3 U 223 0 1
. Tetragona a:3.971,
4 ALTi TerparonansHas c:2.432 1.69 0 ! 13
5 1.47 0 1 14
6 Ti Hexagonal / a: 3.456, 1.31 2 0 2
7 T'ekcaronanpHast c:5.525 1.25 1 0 4
8 Ti Al Hexagonal / a: 11.52, c: 4.65 12 3 3 3
I'excaronanbHas
9 Ti Hexagonal / a: 3.456, 1.16 2 0 3
10 T'excaronanbHast c: 5.525 1.1 2 1 1
11 i 0.92 3 3 1
Al Cubic/ a: 4.04
12 Ky0uueckast 0.9 4 2 0
13 ALO Rhombohedral / a: 11.52, ¢: 4.65 0.9 4 2 0
273 Pom6osmprueckas
Studies  using transmission  electron obtain bright-field and dark-field images, as well

microscopy showed that the approximate depth
of the layer modified by a powerful ion beam
is ~4—4.5 um. The change in the alloy structure
confirms that the energy impact was carried out
to a depth of 4.31 microns (Fig. 4).

Fig. 4. TEM image of a titanium alloy implanted
with aluminum ions

Puc. 4. [I5M n3ob6pakeHre THTAHOBOTO CILIABA,
HUMIIJIAHTUPOBAHHOI'O HOHAMHU aJIIOMUHUA

The near-surface layer of the specimen was
studied by the TEM method, which was used to

as a microdiffraction pattern of the specimen.
When deciphering the microdiffraction pattern
(Fig. 5), it was found that the alloy surface
includes the Ti,Al, ALTi and ALTi phases;
traces of Al,O, were also detected.

Ti:Al (514) h

Ti:Al (420) h, AOs
ALTi (002) o

Fig. 5. Dark-field annular microdiffraction pattern
of the surface of a titanium alloy implanted with
aluminum ions, with deciphered phase composition

Puc. 5. TeMHONOIbHAS KOJIBLIEBAS
MUKPOAM(PAKUIIOHHASI KAPTHHA TOBEPXHOCTH
TUTAHOBOTO CIUIaBa UMILIAHTUPOBAHHOTO HOHAMHU
IIOMHHUS, ¢ paciin(ppoBaHHBIM (HAa30BBIM COCTABOM
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According to the microdiffraction pattern
identification, the Ti,Al phases (Fig. 6) and
the ALTi (Fig. 7), AL Ti phases (Fig. 8) were
localized in the bright-field image. The Ti Al
phase is the main one and occupies the main
volume. The particles of the AL Ti phase have
a rounded shape. Particle sizes, on average,
are in the range of 2—14 nm, the average size
is 8.72 nm. The AL Ti phase is present in the

specimen in a larger volume, and has the form
of elongated bands, with a width of 4 to 60 nm,
the length of phase precipitates in the test region
is from 30 to 300 nm.

At a depth of 2 pm, the same phases were
found as those on the modified specimen surface.
Additionally, the AITi, phase was identified. The
Ti,Al phase remains the main one, as that on the
specimen surface (Fig. 9).

Fig. 6. TEM image:
a — original bright-field image; b, c — dark-field images with identified Ti Al phase

Puc. 6. [IDM uzobpaxenue:
@ — UCXOOHOEe C8EMILONONbHOE U300padicenue, b, ¢ — MeMHONONbHbIE UZ00PANCCHUS]
¢ udenmucpuyupoeannoii pazou Ti Al

Fig. 7. TEM image:
a — original dark-field image; b — dark-field image with identified Al Ti phase

Puc. 7. [15M wuzobpaxenuc:
a — UCXOOHOEe MEeMHONONbHOE usobpasicenue;, b — memHononvroe uz00pasicenus
¢ uoenmucpuyuposannoui paszou Al Ti
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Fig. 8. TEM image:
a — original dark-field image, b — schematic localization of Al,Ti phase;
¢ — dark-field image with identified phase

Puc. 8. [I9M m3o06paxenue:
a — ucxoonoe memnononvHoe usobpasicenue; b — cxemamuuecxas roxanuzayus gaszer ALTi;
€ — MeMHONONbHOEe U300padiceHue ¢ UOeHMUGUYUPOBAHHOU pa3zotl

The ALTi phase is localized in bands, as
well as on the surface. The width of the bands
is from 10 to 60 nm (average 34 nm); the
length of the bands in the test region reaches
220-850 nm. For clarity of the general phase
localization, a general scheme was made (Fig. 9).

When examining the area at a depth
of 4 um (Fig. 10), the deciphering of the

annular dark-field diffraction patterns showed
that the main phase is Ti,Al with a hexagonal
crystal lattice with parameters a = 1.15 nm,
¢ = 0.46 nm. However, part of the reflexes
also coincides with ALTi phase with a
tetragonal crystal lattice and lattice parameters:
a=0.39 nm and c = 2.4 nm.

Fig. 9. TEM image:
a — original bright-field image; b — dark-field images, ¢ — the general scheme
of localization of the Ti Al, AL,Ti and AL,Ti phases.
Ti Al (purple colour), ALTi (yellow) and ALTi (orange)

Puc. 9. [I15M m3o00paxenue:
a — UCXOOHOE CBEMIIONONbHOE U300padcenue; b — memHononbuvle u300padicenus;
¢ — obwas cxema nokamusayuu Gas Ti AL, ALTi u ALTI.
Ti Al (cupenesoii ysem), ALTi (srcenmotir) u ALTi (opandiceebiil)
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TisAl (7 1 8) h
TisAl (634) h
Ti:Al (514) h

Ti:Al (320) h; ALTi (311) t
Ti:Al (840) h

TisAl (9 0 11) h

Fig. 10. TEM image:
a — bright-field image,; b — dark-field point diffraction of the alloy, at a depth of 4 um

Puc. 10. II5M uzobpaxenue:
a — uzobpasicenue cemno2o nois; b — memHononvHaA moueunas ougpaxyus cniasa,
Ha enyboune 4 MKm

When examining a region at a depth
of 4.5 um, it was found that the structure is
monotonic. Deciphering of point dark-field
diffraction patterns showed that the main
phase at this depth is AlTi, with a tetragonal
crystal lattice with parameters a = 0.38 nm,
¢ = 0.85 nm. The average sizes of phase
inclusions are from 100 to 200 microns

(Fig. 11).

At a depth of 15 um, the Ti,Al, ALTi, and
Ti phases were identified. With increasing
depth, the concentration of aluminum dopant
decreases, which decreases the aluminum-
containing phases. Fig. 12, a shows the
microdiffraction pattern, with the deciphered
phase composition. Ti,Al phase remains the
predominant phase. In Fig. 12, b the regions of
AlTi, and Ti (t) phase precipitation are marked.

|

Fig. 11. Dark-field alloy at a depth of 4.5 pm:
a— TEM image of a titanium alloy implanted with aluminum ions at a depth of 4.5 um;
b — schematic representation of the grain structure

Puc. 11. Temnoe nose criaBa Ha TiryouHe 4,5 MKM:
a — IIDM-u3z06padicenue mumanogo2o cniasa, UMHIAHMUPOSAHHOL0 UOHAMU ATIIOMUHUSL
b — cxemamuueckoe uzobpasicenue cmpykmypbl 3epHa

138 2023. T. 5, N 3(13)



T1LAI(203) h
TLAI(211) h

AL:Ti (002) h

TisAl(112) h
Ti»Al(200) h
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Fig. 12. Microdiffraction pattern with deciphered phase composition (a),
TEM image with highlighted regions of phase localization (b)

Puc. 12. MukponudpaxuronHas KapTuHa ¢ pacurdpoBaHHbIM (azoBbIM cocTaBoM (a),
[IOM-u300paskeHHE C BBIJCICHHBIMY yUacTKaMu Jiokanu3auu dhas (b)

At a depth of 60 um, the grain structure of
the titanium alloy is visible, the average grain
size is 250 um (Fig. 13). Grain boundaries have
thickness of up to 20 nm.

Fig. 14 shows data on the wear of the
original titanium image, titanium implanted
with aluminum ions and the specimen with

subsequent energy impact by a powerful ion
beam. Tribological studies have shown that
post-implantation impact by a powerful pulsed
beam improves wear resistance by 10 times
compared to a titanium specimen modified with
aluminum ions and by 18 times compared to the
original titanium specimen.

TisAl(840) h
AL:Ti(602) o

Ti (t)

TisAl(101) h

Ti> Al(400) h
Ti-Al(610) h

Fig. 13. TEM image of a titanium alloy impl

anted with aluminum ions at a depth of 60 pm (a),

schematic representation of the grain structure (b), microdiffraction pattern

with deciphered

phase composition (c)

Puc. 13. [I9M u3o0pakeHre THTAHOBOTO CILUIABA HMIUTAHTUPOBAHHOTO HOHAMH AJTFOMUHUS
Ha mryonHe 60 MKM (a), cXeMaTH4YECKOEe N300pakeHNE 3€PEHHON CTPYKTYPEI MUKpOIU(dpaKIMOHHAS KapTHHA
(§) 60 R ) b),

¢ pacu(poBaHHBI

M (a30BBIM COCTaBOM ()
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Wear intensity, relative units

0

[

Original titanium lon implantation Post-implantation impact

sample

by a powerful ion beam

Fig. 14. Wear rate of a titanium specimen implanted with aluminum ions, a specimen
with post-implantation impact by a powerful pulsed ion beam and the original titanium specimen

Puc. 14. IHTeHCUBHOCTH N3HOCA 00pa3iia THTAHA UMITJIAHTUPOBAHHOTO HOHAMHU aTIOMUHUS,
o0pasia ¢ MoCTUMILIAHTAIIMOHHBIM BO3JICHCTBHEM MOIIHOTO UMITYJIHCHOTO
ITy4Ka HOHOB U MCXOJHOTO 0Opasiia TUTaHa

Conclusions

Comparing the results of the present study
of high-intensity implantation of aluminum ions
into titanium with the data obtained in work
[37], as well as a comparative analysis of the
data obtained in this work at different depths
of the ion-doped target layer, makes it possible
to draw a number of important conclusions.
The synergy of high-intensity ion implantation
with post-implantation energy impact on the
implanted surface of a pulsed ion beam with
a high power density allows maintaining the
depth distribution of the implanted dopant, but
significantly changes the layer microstructure
in the impact zone. Pulsed heating and repeated
ultrafast cooling reduce the grain size due to
heat transfer from the surface inside the material
of the irradiated specimen. The synergy of deep
doping of titanium with aluminum as a result of
high-intensity ion implantation and the effect
of super-fast hardening due to ultra-fast heat
transfer increases the wear resistance of the
surface layer by 18 times.
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