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A formation of the near surface barrier composite oxide film and two-stage 80 implant diffusion in
modified layers of Ti-6Al-4V alloy were observed in the present work. Fast and super fast regimes occur
during second stage of the diffusion. Sample modification was performed using ion implantation and sub-
sequent thermal annealing in ultra-high vacuum (UHV) atmosphere. Parameters of ion implantation are
the following: 180+ ion energy of 30 keV; fluence of 3 x 1017 ion/cm?2; RT. Post-implantation annealing was
performed in the temperature range of 100...800 °C by a step of 100 °C. SIMS and SEM techniques were
applied for the sample characterisation. Effective diffusion coefficients (EDC) of 180 implant were extracted
from SIMS depth profiles. An Arrhenius plot of the EDC shows that 180 implant diffusion in Ti-6Al-4V
proceeds by the two stage mechanism: i) athermal, radiation-enhanced diffusion in range of 100-400 °C;
and ii) fast, thermally activated diffusion at 500-700 °C. A super fast regime of the diffusion occurs above
800 °C. A protective composite oxide film was formed in near surface alloy layers after annealing in the
temperature range of 400-600 °C. Dissolution of this film was observed at 700-800 °C. Activation enthalpy
values of 180 implant diffusion were obtained too. Migration of 180 implant correlates with a formation of
the following dielectric inclusions of a new phase that are stable up to annealing at 800 °C: particles of
average size of 30 nm; and column nanocrystals oriented perpendicularly to the sample surface. Details
and possible mechanisms of 180 implant migration, surface oxide film formation, dielectric nanoinclusion

formation and its thermal stability were discussed.
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1. INTRODUCTION

A study of the radiation-induced oxidation of metals
(for example, Ti, Zr) and alloys is a subject of the interest
both from point of view of the fundamental and applied
researches [1-7, and references therein]. Among another
things, mechanisms of the oxygen diffusion and oxide lay-
ers formation in Ti, Zr, and alloys subjected to implanta-
tion with oxygen ions in different regimes are still not
clear. For example, formation of thin surface rutile (TiOz2)
film without oxygen vacancies on pure Ti samples were
studied in [5]. The films were formed after Plasma Im-
mersion Ion Implantation (PIII) in different regimes at
elevated temperatures. A long tail of the oxygen diffusion
depth profile up to a depth of about 500 nm during 1 hour
annealing at 400 °C and above was detected. Original
“film-substrate” interface layer was about of 15-20 nm. In
[6], pure Ti samples were implanted with O ions at higher
dose and temperature values ranged from — 70 to 600 °C.
In the case of implantation (180 keV, 1 x 10!® O*/cm?2,
600 °C), original Gaussian 0 implant depth profile was
found converted to the almost uniform depth profile layer
of about 500 nm. Possible mechanisms of the fast regime
of O implant diffusion to the considerable depths in works
[5, 6] were not discussed.

In our particular case, Ti-6Al-4V alloy samples as
an object for the study were chosen because of its wide
application spectrum in the different branches of sci-
ence and engineering, for example, in biomedical appli-
cations [5, 6, 9], in TOKAMAK facilities and ITER Pro-
ject [7], in airspace industry, photovoltaic, catalysis
[see, for example, 1 and references therein].
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The main goal of the present work is to study a mi-
gration of the 80 implant at elevated temperatures
and microstructure of buried composite layers in Ti-
6Al1-4V alloy modified with ion implantation and sub-
sequent annealing in ultra high vacuum conditions.

2. EXPERIMENTAL RESULTS AND DISCUSSION

A series of the commercial Ti-6Al-4V alloy samples
(Ti64) was wused for the study as plates of
1.5 x 3.5 x 15 mm. A surface of the plates was mirror-like
polished. The samples were implanted with 180* ions in
identical experimental conditions. The implantation was
performed at energy of 30keV and fluence of about
3 x 1017 atm/cm? at room temperature. The samples were
subjected to a post-implantation annealing in UHV condi-
tions at temperature range of 100...800 °C by a step of
100 °C. Annealing time was about 15-30 minutes.

Masse depth profiles of electropositive isotopes
(hereinafter as profiles) of O, C, Ti and Al, and some of
the composites of these elements were measured using
SIMS technique (mass-spectrometer CAMECA IMS
5F). Cs* ions were used as a primary beam at accelerat-
ing voltage of about 12.4 kV. Spectra of the secondary
electropositive ions were recorded. At each analytical
step, the sample surface was sputtered and analyzed
from a crater of about 150 x 150 microns. Mass-lines of
the certain isotopes were chosen from the spectra for
the subsequent measurement of secondary ion yield
intensity as a function of the depth. An influence of the
thermal annealing upon the 2C, 160, 180, 27Al160,
48T1160 SIMS profiles was studied.
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Fig. 1 — Typical SIMS depth profiles of 180 implants in Ti64
alloy annealed at different elevated temperatures. Experi-
mental distribution is dotted, fitting curves are lined

Morphology of the sample surface, crater bottoms,
craters size and its depths after the SIMS analysis was
analyzed using SEM technique.

Fig. 1 shows typical experimental depth profiles of
secondary mass concentration of 180 isotope in Ti64
alloy formed after ion implantation and post-
implantation thermal annealing in vacuum at tempera-
tures of 200 (a), 600 (b), and 800 °C (c). Normalized
yield as (Y[!O] — Y[*80]) / Y[*6O] is set on the ordinate
axis, Y is a secondary masses yield of 180" ions; time of
surface sputtering by primary ions in seconds is set on
the abscises axis. Profiles of 180 for temperature range
up to 400 °C are fitted by one Gaussian; for the range
of 500-700 °C — by superposition of three Gaussians;
and for 800 °C — by a considerably broadened Gaussian
function. Fig. 1a shows a typical SIMS implant depth
profile measured for the sample annealed at 200 °C.
Such profiles are fitted by one Gaussian and slightly
differ from each other in temperature range from RT to
400 °C by a step of 100 °C. Good agreement of experi-
mental and fitting is clearly seen. An experimental
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width of the distribution was normalized to the broad-
ening parameter calculated using SRIM2008 code [9]
and estimated to be +24 nm at projected range of
Rp =52 nm for 30 keV 180" ions. Broad central distri-
bution (Fig. 1b) with maximum concentration is at-
tributed to the isotropic distribution of 20 isotopes
over the depth of implantation modified alloy layers (as
well as for distribution at temperature range from RT
to 400 °C by a step of 100 °C, and at 800 °C). Narrow
peak at the surface is assumed to be a result of for-
mation of fine dielectric nanoprecipitates. The peak
disappears after annealing at temperature of 700 °C.
The last observation, as it will be shown further, is in
agreement with the results of SIMS depth analysis of
48Ti160 molecules. The partial SIMS yield of *8Til60
forms a buried step-shaped “plateau” in SIMS depth
profile. This plateau indicates a formation of the buried
oxide film in the samples annealed at lower tempera-
tures. At 700 °C, this plateau disappears. Simultane-
ous disappearance of the first near-surface peak
(Fig. 1b) in 80 depth profile and plateau of #8Til60,
27TAI80 yields in SIMS spectra may be explained by
migration of isotopes of oxygen-18 into the depth and
dissolution of the protective barrier surface oxide com-
posite layer. This assumption is consistent with further
evolution of the 80 profile after annealing at 800 °C
(see Fig. 1c). Broad deeper peak (Fig. 1b) with a tail to
the sample depth could be related to the distribution of
180 implant in the second type of nanoprecipitates.
SEM analysis of the walls and bottom of SIMS craters
demonstrates a dielectric nature of these precipitates.
The inclusions have columnar form and penetrate into
a considerable depth (several microns) perpendicularly
to the sample surface. Charging of these nanocrystals
under an analytical electron beam, its species and sizes
are quite similar to those of the oxide prismatic and
plated nanocrystals of micron length observed in pure
Ti (VT1-00, 99.58-99.9 %) formed after Inductive Heat-
ing Oxidation at 800 °C in [8]. Such nanocrystals
demonstrate an intensively grain growth from the ran-
domly distributed point oxide structures of 30 nm in
size originally formed at a 600 °C oxidation. Contrary
to the results of work [8], a temperature stability of the
30 nm nanoparticles at near surface layers is the main
peculiarity of our observations. Calculations of vacancy
depth distribution using SRIM2008 code [9] (ions of
180+ with starting energy of 30 keV at normal beam
incidence onto pure Ti target) predict an average depth
of about 60 nm from the surface. Half-width at half-
height of the distribution is substantially equal to an
average size (30 nm) of dielectric nanoparticles (DNP)
and thickness of the buried near-surface oxide compo-
site film. The observed correlation indicates an enrich-
ment DNP with 0 implant. It is also proved by an
effect of isotope exchange. Fig. 1b shows a considerable
deviation of the experimental SIMS normalized yield
(Y[180]-Y[18O])/Y[6O] of 80 secondary ions from sum-
mary fitting curve at near-surface layers of Ti64 alloy
after its sputtering with primary Cs ions. Thus, the
last correlation findings demonstrate a radiation na-
ture of the near surface nanoparticles and buried oxide
composite formation.

Finally, Fig. 1c shows SIMS 180 implant depth pro-
file in Ti64 alloy after annealing in vacuum at 800 °C.
Near homogeneous depth profile of oxygen, a shot time
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of annealing of about 15 min and deep depth of diffu-
sion of about 4.7 microns demonstrate super fast mi-
gration and near complete dissolution of oxygen im-
plant over the sample depth.

Effective diffusion coefficients (EDC) of 80 in a
Ti64 alloy are shown on Fig. 2 as function of tempera-
ture in Arrhenius coordinates. Diffusion coefficients
were extracted from the SIMS profiles of concentration
distribution of oxygen-18 isotopes over the depth of the
alloy modified by ion implantation. Since the SIMS
profiles were fitted by the Gaussians, the diffusion coef-
ficient was calculated in one-dimentional approxima-
tion as [10]:

_ot-a?
2t

D , 2.1

where o, is a parameter (width at half-height) of the

Gaussian distribution at i-th temperature (units are in
centimeters); o, is a parameter of the Gaussian dis-

tribution for the as-implanted sample; ¢ is a time of the
annealing in seconds.

An Arrenious plot of diffusion coefficients (Fig. 2)
inflects at a point of the annealing temperature value
between 500 and 600 °C. The inflection indicates that
180 implant migrates in two different ways at low-
temperature and high-temperature ranges. Values of
effective diffusion activation enthalpy (EDAE) were
found to be 0.035 (Fig. 2.2) and 1.16 eV (Fig. 2.1) for
temperature values of RT...500°C and 600...700 °C,
respectively. Athermal nature and EDAE value indi-
cate radiation enhanced diffusion (RED) occurred at
annealing temperature range of RT...500°C. The
obtained EDAE values are in a good agreement with
the calculated data in [see, for example, review 11]
where behaviour of vacancy-like defects was studied in
amorphous metal alloys using Molecular Dynamics
Simulation. For example, height of activation barriers
was distributed from 0.034 to 0.08 eV in various models
at medium vacancy formation energy of 0.062 eV.

A character of the diffusion coefficients dependence,
and values of EDAE for 600...700 °C temperature
range indicate a thermally-activated nature of the 180
isotope migration. A driving force of such a migration
may be a phase transition «-Ti < f-Ti. The EDAE va-
lue is in a good agreement with the calculated data of
[1]. Energy parameters of oxygen diffusion in «Ti
samples in various crystallographic directions are stud-
ied in this work. The value of diffusion activation en-
thalpy in our paper is quite close to the value of energy
transition of oxygen in one of the crystallographic di-
rections in a «-Ti cell that is 1.19 eV [1]. Referenced in
this paper experimental data agree very good with the
values of activation enthalpy but differ essentially from
the values of diffusion coefficients.

A fast growth of the plated and prismatic oxide uni-
form microcrystals (at 800 °C and above) from the ran-
domly distributed point oxide structures of 30 nm in size
(formed at a 600 °C) in samples of pure Ti were observed
in [8]. More enhanced growth of metal-oxide coating oc-
curred at temperature over the phase transition of
a-Ti & S-Ti. Fast thermal migration of 80 implant in
our case may be driven by this phase transition.
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Fig. 2 — Arrhenius plot of effective diffusion coefficients of 180
implants in a Ti64 alloy as a function of the post-implantation
annealing temperature. Curves of different diffusion processes
are numbered

O diffusion was studied in Ti (99.99 %) in [6]. Ti
samples were implanted with O* ions at energy range
100-400 keV with fluence 1 x 107...2.2 x 1018 O*/cm?2.
The Gaussian distribution of oxygen was observed up
to fluence 4 x 107 O*/cm2. Intensive diffusion for im-
plantation at energy of 180 keV with fluence 1 x 108
O*/cm? was observed at 400-600 °C, where oxygen com-
pletely dissolves in the explored layers at depths near
700 nm at temperature of 600 °C. Starting temperature
range of fast diffusion activation is in good agreement
with data of the present paper, however, temperature
value of super-fast diffusion is about 200 °C less than
that in our work.

In [5], the samples of pure Ti were implanted with
oxygen ions by Plasma Immersion Ion Implantation
(PIII) technique. Parameters of implantation are the
following: pulse rate of 1 kHz; voltage of 30 kV; dose in
the range of 3-24 x 107 cm ~2; temperature range of
265-550 °C. Pure rutile layer without of oxide vacancies
was formed. Diffusion rate was about 0.5 micrometers
per hour at temperature above 400 °C. A deep diffusion
“tail” into the sample was observed at 550 °C. An acti-
vation energy value of the oxygen diffusion was found
to be 0.85 eV, while that for the volume growth of rutile
monocrystals (TiOz) was to be 0.5-0.6 eV.

A temperature value (of 550 °C) when the fast dif-
fusion of oxygen implant observed in [5] is practically
the same one (of about 530 °C) of 30 implant observed
in our present study (see Fig. 2). In our case, the tem-
perature value was obtained as a result of an extrapo-
lation of the high-temperature curve of Arrhenious plot
to zero point.

Two-stage diffusion of Ti implant in polycrystalline
corundum (a-Al203) was also observed in our previous
work [12]. Despite of quite different ion implantation
regimes, ion species, matrix composition used in pre-
sent work and in [12], a temperature behavior of the
implant transport is quite similar. Moreover, a super-
fast regime of the oxygen implant diffusion observed in
present work proceeds like catastrophic oxidation of
metals at elevated temperatures [see, for example, re-
view 13].

A more detail study of the fast and super fast diffu-
sion of oxygen in a Ti-6Al-4V alloy and other systems is
required in the further works.
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3. CONCLUSION

Thus, two-stage diffusion of implanted oxygen-18
isotopes in Ti-6Al-4V alloy was observed for the first
time: athermal, radiation-enhanced diffusion (activa-
tion enthalpy E.=0.035¢eV) at temperature range of
100-400 °C; and fast, thermally activated (Eq = 1.16 eV)
at 500-700 °C. Thermal diffusion is characterized by
fast and super-fast (at 800 °C) regimes. Atom migration
proceeds simultaneously with a formation of two spe-
cies of the dielectric inclusions. Fast and superfast dif-
fusion are accompanied with 180 implant migration
and dissolution of a protective barrier near surface ox-
ide composite layer. Values of the effective diffusion
coefficients of 180 implant, activation enthalpies are
allowed to suggest a medium in which the fast and su-
per fast migration occur. Further experiments are

J. NANO- ELECTRON. PHYS. 7, 02028 (2015)

needed for a clarification of the fast migration mecha-
nism and its medium, a structure and phase composi-
tion of the dielectric nano- and micro-inclusions, and
growth and dissolution mechanisms of the near surface
composite oxide film.
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OxucieHue MOBepXHOCTHU U ObicTpaa nuddysusa 180-uMnIanTa B HAHOCTPYKTY PUPOBAHHBIX
caoax cmiasa Ti-6Al-4V

C.M. Hysanos!, A.T". Bamor?

1 Uncmumym npuxnaornot pusuxu, Hayuonanvnas akademus nayk Yepaunst, yu. Ilemponasnosckas, 58, 40030
Cymot, Vepauna
2 Hnemumym mamepuaniosedenus, Jlapmwmadckuti mexnuveckuil yHusepcumem, yJi. Ilemepaen, 23, 64287
Jlapmwmaom, Tepmarnus

B macrosmeit pabore obHaApy:KeHO 00pa3oBaHMe IPUIIOBEPXHOCTHON 0apbepHOM KOMITO3UTHOM OKCHTHOM
IUIEHKY U J(Be CTaquu Tuy3ud UMILIAaHTHPOBAHHBIX U30TONOB 180 B MOAMQUIMPOBAHHBIX CJIOSAX CILIABA
Ti-6Al-4V. Bropas cragusa nuddysuu nporekasia B ObICTPOM U CBepPXOBICTPOM peskumax. Monudurarmsa 06-
pasioB 6LIJIa BEITIOJIHEHA C MCIOJIL30BAHNIEM MOHHOM HMILJIAHTAIIUXA U IIOCJIEAYIOIIEr0 TEPMHUYECKOI'0 OTHUTA
B cBepxBeIcoKOM Bakyyme (CBB). [lapamerpsr norHo# ummuianTanun: sHeprus noHos 20+ 30 kaB; durroerc
3 x 107 momos/cm2; Temneparypa RT. ITocie uMIIaHTAIIMOHHBIN OTKUAT OBLII peaIM30BAH IIPHU TeMIIepaTypax
B guamazore 100...800 °C ¢ marom B 100 °C. Bropuuynas monuas macc-cuexrpomerpust (BUMC-SIMS) u
cranupyiomas ajaekTporHas mukpockorus (COM-SEM) wmcrmosb3oBaHbl I Mccaeq0BaHus 00pasios. M3
BUMC-tipodmsieit Oblita m3BjedeHa 3aBUCUMOCTH BeJIMYMH oQQEKTUBHBIX KoadduitmeHToB mauddysun
(OKJ) umrutanTa 180 oT TemiepaTyphl B appeHUYCOBBIX KoopanHaTax. Appenuycora kpusas K]l moxassi-
Baer, uro B cmraBe Ti-6Al-4V muddysus 80-ummianTa mpoTekaer B JBe CTAIWUM: 1) aTePMUYECKOM, pajana-
IIMOHHO-CTUMYJINPOBAHHON qudysun mpu Temieparypax B auamnasdore 100-400 °C u ii) 6sicTpoi, TepMude-
ckn axtuBupyemoit mpu 500-700 °C. CepxObicTphiii pesxumM audysun HaAOIIOIAETCS MIPU TeMIeparype
800 °C u BeImre. 3amuTHAS KOMIIO3UTHAS OKCHIHAS ILIEHKA Oblyia 00pa3oBaHa B IIPUIIOBEPXHOCTHEIX CJIOSIX
CILIaBa IOCJIE OTKUra Impu TemIireparypax B auamadone 400-600 °C. PacrBopenue aT0ol MIEHKH 00HAPYHKEHO
mpu 700-800 °C. Murparus 80-uMIuianTa mpoTekaer Ha (poHe 00PAa30BAHUS CIICYIONIMX IUIJIEKTPHUECKIX
BKJIIOUYEHUI HOBO# (hassl, CTaOMIIBHBIX BILIOTH A0 oT:kura mpu 800 °C: gacrturs co cpegunm pasmepom 30 HM;
¥ CTOJI0YATHIX HAHOKPHCTAJIJIOB, OPHEHTHPOBAHHEIX IEPIEHIUKYJIIPHO MOBEpXHOCTH 00pasroB. Obcy:xma-
FOTCS TTOIPOOHOCTH M BO3MOKHBIN MeXaHu3M Murpammu 80-uMiianTa, 00pa3oBaHue MOBEPXHOCTHOM OKCHI-
HOM TIJIEHKH U JUIJIEKTPUYECKUX HAHOBKJIIOUEHHUM, MX TEPMUYECKAs CTA0MILHOCTD.

Kmiouessie ciosa: Cmnas Ti-6Al-4V, Nounas nmiutanramusa, Tepmudecknit orsgur, Oxucienune, {uddy-

33U, H aHOYaCTHUIIA.

02028-4



SURFACE OXIDATION AND FAST 180 IMPLANT DIFFUSION... J. NANO- ELECTRON. PHYS. 7, 02028 (2015)

OxucsieHusa moeepxHi Ta mBuAKka qudysia 1830-iMIIaHTy B HAHOCTPYKTYPOBAHUX HIapax
cmiaasy Ti-6A1-4V

C.M. ysanos!, A.T". Bamor?

L ITnemumym npuknaonoi gisuku, Hayionanvha akademin Hayk Yrpainu,
eyz. Ilemponasniscora, 58, 40030 Cymu, Yrpaina
2 ITnemumym mamepianoznascmaa, Jlapmumaocokili mexHiuHil yHigepcumemn,
eya. Ilemepazen, 23, 64287 Jlapmwmaom, Himeuuuna

¥V mawmiit po6oTi crocreperkeHo (popMyBaHHS IPUIIOBEPXHEBOI 0ap €PHOI KOMITO3UTHOI OKMCHOI ILTIBKH Ta
IBUAKA AUQyY3is IMILUIaHTOBaHMX 130oTomiB 20 B MommdikoBaumx mapax cmwiaBy Ti-6Al-4V. Jlpyra cramia
nudyasii mpoTikae y IMIBUAKOMY Ta HAAIIBUAKOMY pexknMax. Mommudikalirisa 3paskiB OyJia BUKOHAHA 3 BUKO-
PHUCTAHHAM 10HHOI IMILIAHTAIIIl Ta HACTYIIHOrO TepMidHoro Biamasy. [lapamerpu ioHHOI iMILIaHTAIll: eHep-
ris iouis 30+ 30 keB; duroerc 3 x 1017 iomis/cm?; Temmeparypa RT. Ilicis immnanTamiiaii Bignaa O0yB pea-
JidoBaHUM mpu Temieparypax y miamasoni 100...800 °C 3 simcramuo y 100 °C. Bropunma iomHa Mmac-
crrerpometpia (BIMC-SIMS) ta ckanyoua emexrporra mikpockoris (CEM-SEM) BukoHaHI 11 JOCITIIKEH-
Ha 3paskiB. 3 BIMC-tpodisis Oysia BUTATHYTa 3aJIEKHICTh BeJMYUH eeKTUBHHUX KoedilieHTiB mudyail
(EKII) immutauty 180 Big TeMIlepaTypH y apeHiycoBuUx koopauHarax. Apeniycosa kpuBa EKJI mokasye, 1o y
crutaBi Ti-6Al-4V gudysia 180-iMmiasTy mpoTikae y OBl cTamil: 1) aTepMidHOI, pagialifHo-IIPUCKOPEHOI IH-
dysii mpu Temmeparypax y miamasoni 100-400 °C Ta ii) mBuakoi, TepMmiuHO-akTHBOBaHOI mmpu 500-700 °C.
Hammsunkwmit pesxum nudysii cmocrepiraerbesa mpu temmeparypi 800 °C Ta Bume. 3axucHa KOMIIOSUTHA
OKHCHA IIIBKA OyJia yTBOpeHa B IIPUIIOBEPXHEBUX IIapax CIUIABY INCJIsA BIIIAaJIy IIPH TeMIepaTypax y jia-
nasoni 400-600 °C. PoszunnHenHs 1iel maiBku Buasieno mpu 700-800 °C. Mirparrisa 180-iMIIaHTy mpoTikae
HA TJIl YTBOPEHHS HACTYIIHHMX JieJIEKTPUYHMUX BKJIIOYEHB HOBOI (pasu, CTAOLIBHHUX a4k OO0 BiAHAy IIpHU
800 °C: uacTok 3 cepenHiM poamipom 30 HM; 1 CTOBITYATUX HAHOKPHUCTAJIIB, OPIEHTOBAHUX MEPIEHINKYJIAPHO
moBepxHi 3paskiB. OOroBOPIOTHCS MOAPOOHUIN Ta MOKJIMBHAN MexaHiaM Mirpairii 80-iMILIaHTY, YTBOPEHHS
IOBEPXHEBOI OKHMCHOI ITIBKY Ta JUEJIEKTPIYHUX HAHOBKJIIOUEHb, X TepMIiYHA CTA01IbHICTD.

Kimouori ciosa: Crutag Ti-6Al1-4V, lorna imrutanraris, Tepmivamit Bigman, Oxucinenss, Hudysis, Harouacrka.
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