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This work explains the method alloying process of the TiNi thin films in addition to the shape memory
properties of the TiNi thin films made by alloying the TiNi multilayer thin films. The surface layer of
an equiatomic TiNi alloy, which exhibits the shape memory effect in the martensitic slate, is modified
with high-dose implantation ions N¥, Ni*-N"*, and Mo*-W" ions at a dose of 10" — 10" cm™ and
studied by Rutherford back scattering, scanning electron microscopy, energy dispersive spectroscopy,
X-ray diffraction, and by measuring the nanohardness and the elastic modulus. After double implantation
ions, the hardness of the TiNi samples is 2.78 + 0.95 GPa at a depth of 150 nm and 4.95 2.25 GPa at
a depth of 50 nm; the elastic modulus is 59 GPa. The coating demonstratedthe increased corrosion
resistance in acidic and alkaline media in comparison with that of the non-implanted surface. A correlation
between the elemental composition, microstructure, shape memory effect, and mechanical properties
of the near-surface layer in TiNi is found.

Keywords: shape memory; pseudoelastic; implantation, NiTi, properties.

B pabote npesioxkeH MeTox MOTU(pUKAIIMYA CBOMCTB TOHKUX MJICHOK TiNi ¢ 3))eKTOM mamMsaTH POpPMBI
MyTeM JIETHPOBAHHA U (POPMUPOBAHHUS MHOTOCIOMHBIX TIEHOK. [I0BEpXHOCTHBIN CIION SKBUATOMHOTO
cruiaBa TiNi, obnanatomiero 3¢ ¢gextom namsaTa GopMbl B MApTEHCUTHOH (ase, U3MEHSIICS MyTeM
BBICOKOZ03HOM nMIutanTanuu noHoB N*, Ni*-N* u Mo*-W* ¢ nozoii 10'7— 10" cM~? u ucciiegoBancs
MeTonamu PesepdoproBckoro o6paTHOTO paccesiHus, CKaHUPYIOLIEH EKTPOHHOW MHUKPOCKOIIHH,
SHEPTOAMCIIEPCUOHHON CIIEKTPOCKOMHS, TU(PPAKIUK PEHTTCHOBCKUX JIyded. JIONOTHUTENBHO W3-
MEpSUTICh HAHOTBEPAOCTh M MOAYIb ypyroctu. OOHapy>KeHO, 4TO P IBOWHON MMIUTAHTAIIMH HOHOB
MUKpOTBepaocTh 00pasioB TiNi cocrasnser 2.78 + 0.95 I'Tla na mryoune 150 aMm u 4.95 +2.25'Tla
Ha nryoune 50 HM, a Monyab yrpyroctu 59 I'Tla. [lo cpaBHEHHIO ¢ HEUMIUTAHTUPOBAHHOM MTOBEPX-
HOCTBIO MOKPHITHE 00J1/1aeT HOBBIIIEHHON KOPPO3HOHHON CTOMKOCTBIO B KMCIIBIX M HIETOYHBIX Cpeiax.
OO0Hapy>keHa KOppeJsIus MeX Ty SJIEMEHTHBIM COCTaBOM, MHKPOCTPYKTYpoii 1 3ddekroM namsitu
(opMBI 1 MEXaHHYECKUMH CBOHCTBAMH MTPHUITOBEPXHOCTHOTO cJiost TiNi.

Karouessble cinoBa: 3pdext mamMatu Gopmel, ICeBAOYNPYTocTh; uMInIanTanus, NiTi, cBoicTBa.

Y po06oTi 3arpormoHOBaHO METO MOU(iKaIlii BTaCTHBOCTEH TOHKUX IITiBOK TiNi 3 edhekToM mam’sITi
(bopMH IUIIXOM JIeTyBaHHS Ta GOpMyBaHHS OaraTomapoBHX IUTiBOK. [loBepXHEBHIl Iap €KBIaTOMHOTO
crutaBy TiNi, o Mae edexr mam’sti popMu B MapTeHCUTHIH (asi, SMIHIOBABCS IUIIXOM BHCOKOIO3HOT
iMmutanTamnii ioHiB N*, Ni*-N* ta Mo*-W* 3 no3oro 10'7— 10'® cMm? i mocmimkyBaBcs Metogamu Pe-
3epdopaiBCHKOTO 00EPHEHOTO PO3CIFOBaHHS, CKAHYIOUO01 €JIeKTPOHHOI MIKPOCKOITi1, EHEPTOAMCIIePCIiTHOT
CIIEKTPOCKOMii, nupaKilii peHTTeHIBChKUX MPOMEHIB. J[0JaTKOBO BHMipIOBaIIUCS HAHOTBEPIOCTS i
MOJYJIb TIPYKHOCTI. BusiBieHo, 110 Npy moABiitHMIA iMIUTaHTAaIli 10HIB MiKpOTBepAicTh 3pa3kiB TiNi
craHoBHTh 2.78 £ 0.95 I'Tla Ha mbuni 150 HM Ta 4.95 £+ 2.25 I'Tla Ha muOwWHI 50 HM, a MOy
npykHOCTi ctanoBUTH 59 ['Tla. Y mopiBHAHHI 3 HEIMITTAHTIPOBaHHOO TIOBEPXHEIO MOKPUTTS MA€ il
BUIIIEHY KOPO3iifHY CTIHKICTh Y KUCTIHIX 1 Ty>)KHUX CepeIOBUINAX. BUSBIEHO KOPEIALIIF0 MiXK €TeMEHTHUM
CKIIaZIOM, MIKPOCTPYKTYpOIO Ta e()eKTOM maM’siTi GOPMH 1 MEXaHIYHUMHU BIIACTUBOCTSIMH TTPHITO-
BepxHeBoro mapy TiNi.

Kuarouosi ciioBa: edexr mam’sati GopMu, IceBaONPYKHICTH; iMranTaris, NiTi, BmacTuBocTi.
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INTRODUCTION

Shape memory alloys (SMAs) possess an array of
desirable properties: high power to weight ratio, thus
the ability to recover large transformation stress
and strain upon heating and cooling, pseudoelasticity
(PE), high damping capacity, good chemical
resistance and biocompatibility. This attracted much
attention to the research of SMAs as smart and
functional materials [1]. Among these SMA films,
TiNi based films are the most promising ones.

Research related to application of TiNi alloys in
medicine started in the late sixties. TiNi alloys became
attractive for medical applications particularly
because of memory properties. Ability of TiNi ele-
ments to recover an original shape after being
deformed up to almost 10% offers a considerable
improvement during numerous medical treatments.
For instance a tailored compressive fixation of bone
fragments (e.g. fragments of small bones, broken
jaws, cranial fractures) can be easily performed using
recoverable deformation. Anchoring of implants (e.g.
tooth roots, joint implants) and dentures to the living
tissues as well as positioning of tissues (e.g. shifting
of misaligned teeth or vertebra, opening of narrowed
veins or urethral tracts) is easily achievable using
TiNi articles exhibiting shape memory behavior.
Forces generated by memory elements can be
controlled and invasive interventions can be
minimized. Actuating ability of shape memory articles
allows replacement or support of damaged muscles
and tendons. Unique memory properties allow
designing unique medical instruments with excellent
steerability and flexibility (e.g., endoscopes). In ad-
dition to memory properties, TiNi shape memory
alloys exhibit significantly better mechanical com-
patibility with tissues compared to other alloys and
ceramics used in medicine. TiNi alloys exhibit ex-
cellent corrosion resistance, wear resistance, me-
chanical damping capacity, MRI visibility and
sufficient radio-opacity [2].

The phase transformation in SMA thin film is
accompanied by significant changes in the me-
chanical, physical, chemical, electrical and optical
properties, such as yield stress, elastic modulus,
hardness, damping, shape recovery, electrical
resistivity, thermal conductivity, thermal expansion
coefficient, surface roughness, vapor permeability
and dielectric constant, etc. These changes can be
fully made use of the design and fabrication of
microsensors and microactuators. The fatigue life

and sharpness of the TiNi tool is excellent compared
to steel because of SIM formation and greater wear
resistance and corrosion stability. The PE and SME
were also utilized in instruments with a non-traumatic
tissue retractor, repositioning devices [3] or markers.
Chisels, scissor forceps, saws and blades made of
TiNi alloys, which do not use SME or PE are ef-
fective due to their excellent wear and corrosion re-
sistance. However, due to the lack of full under-
standing of the thin film SMAs together with the
difficulty in controlling of the deposition parameters,
they have not received as much attention in the
technology as other microactuator technologies [2].

The introduction of a third component (for
example — Si or B) into the films may markedly
improve their physico-mechanical properties and
thus extend the scope of application. Chromium is
known to have a beneficial effect on the stability of
titanium carbides, borides and nitrides against oxi-
dation and on the wear resistance of articles made
ofthem at elevated temperatures.

The application of high-dose intense implantation
leads to an increase in the ion penetra-tion depth;
intensified scattering of the surface layer; a shift in
the maximum, concentration, and shape of the
concentration profile; and many other processes that
are weakly pronounced during low-intensity ion
implantation at low doses (several units of atomic
processes) of implanted ions [4 — 6]. On the other
hand, TiNi-based alloys belong to the group of
materials in which a high-temperature phase with a
B, structure undergoes a shear or martensitic phase
transformation as the tem-perature changes or a
stress is applied. The atomic restructuring in TiNi-
based alloys is accompanied by both martensitic
anelasticity effects and a change in their surface state,
which is caused by the complex structure of the
martensite phase in them [7, 8].

As aresult, a developed martensitic relief with a
large num-ber of various interfaces appears, which
should affect both the electrochemical and corrosion
properties and the plasticity and strength properties
of these materials. As a method of surface alloying,
ion implantation of a surface can strongly affect the
structural parameters and stability of the B,phase in
the near-surface layers and, hence, the following set
of its properties: the martensite transformation
temperature, the martensiteanelasticity parameters,
the shape memory effect (SME), and superplaslicity.
As aresult, it can change the deformation relief, the
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cracking conditions, and the electro-chemical and
corrosion properties [9 — 14]. Therefore, double
implantation of N* and Ni* ions into TiNi is of par-
ticular interest, since the implantation of Ni* ions
changes the equiatomic composition of the alloy
and. in combination with N*ions, hardens the surface
layer and. correspondingly, modifies the physico-
mechanical and chemical properties [ 15]. The effect
of N* ions on the mechanical properties of steels
and alloys is well known. The alloying of steels and
alloys with elements such as W and Mo is widely
used to improve their mechanical properties;
therefore, it is interesting to perform implantation of
Mo" and W+ ions at high doses. The purpose of this
work is to study the depth profile of the elemental
com-position of the implanted layer, the structure
and morphology of the TiNi alloy surface, and the
mechanical properties of the alloy implanted by high
doses of N*, Ni* + N"and W'+ Mo" ions at doses
ranging from 500" to 10" cm™2[16, 17].

METHODS OF ANALYSIS AND COATING
APPLICATION

We analyzedequiatomicTiNi (51.5% Ni) alloy
samples 22x5.4x0.25 mm in size. In the initial state,
the samples were vacuum annealed at 803 K for 30
min followed by slow cooling. After cooling, the
sample surfaces were etched with a mixture of 10%
HCIO, and 90% acetic acid. The N" ion implantation
of the TiNi samples was performed on a semi-
industrial IMJON (Warsaw) implanter at doses of
100", 500", and 10" cm™ at a current density of
0.8 = 1 mA. The implan-tation of Ni* and Mo" +
W ions was carried out using a vacuum-arc Dia-
na source at a voltage of about 60 kV, a dose of
500" cm?, and a substrate temperature of less than
250 °C. Irradiation was performed at a pres-sure
of 0107 Pa. The pulse duration was 200 ms, the
pulse repetition frequency was 50 Hz, and the
nitrogen concentration in TiNi was determined from
the “eating away” in its energy spectrum. The phase-
transformation temperatures were determined with
a Pyris-1 differential scanning calorimeter, and the
elemental composition of the samples was
determined by the following methods: Auger electron
spectroscopy on a PHI-660 (Perkin-Elmer) device,
scanning electron microscopy on a Selmi (Sumy.
Ukraine) microscope equipped with EDS and WDS
microanalyses and on a Perkin-Elmer microscope,

and Rutherford backscattering of ions (2.012 MeV
proton beams. 2.035 MeV "He ion beams). Ruther-
ford backscattering spectra were analyzed using the
standard RUMP and DWBS software packages
[ 18] to construct the depth profiles of elements (Ni,
Mo", W*ions). lons backscattered at an angle of
170° were detected using a surface barrier detector
with an energy resolution of 20 keV. In addition, we
used a Neophot-2 optical micro-scope. To measure
the mechanical properties and SME, we used a
diamond pyramid (Brinel) microindenter) with a side
of40nmataloadof 4,7, 10,13, 16 and 20 N and
a Talysurt-5-120 scanning profilometer. The mea-
surements were performed in the initial state and
after ion implantation.

The microhardness on the surface of a sample
and across it was measured with a PMT-3 device
at various loads. The nanohardness was measured
with a trihedral Berkovich pyramid on a Nano In-
denter II (MTS System Corp., Ridge. Tennessee,
United States) nanohardness tester. To find the har-
dness and the elastic modulus at the maximum load,
we used the Oliver-Pharr technique [19].

X-ray diffractometry, using the Philips diffrac-
tometer type X’ Pert in the Bragg-Brentano geo-
metry, was used to identify the phase composition
of NiTi alloy samples in both non-implanted con-
ditions and after implantation with nitrogen. CuK
radiation (wavelength A —0.154184 nm) diffracted
by the sample was selected by a graphite mono-
chromator. The scanning voltage of the X-ray tube
was 40 kV, the current was 25 mA, the exposure
time was 10 s and the measured angle, 20, was
from 25° to 95°. The scanning step was 0.02°. The
low temperature X-ray diffraction studies were
carried out using the TTK Low-Temperature
Camera (Anton Paar). The sample was heated from
=50 °C up to +150 °C in argon atmosphere. The
measured angle, 20, was from 35° to 47° with the
scanning step of 0.02°. Lattice parameters were
deter-mined by using the Philips X Pert Plus
software for all detected peaks.

Specimens for TEM and HREM (Tecnai G>.
FEI Company) examinations were prepared by
Focused Ion Beam System (FEl QUANTA 3D).

RESULTS AND DISCUSSION

The studies were started with DSC measure-ments.
The sample weight of approximately 5 mg was ana-
lyzed with an empty aluminum pan as the reference.
A temperature range from =50 °C to +150 °C was

246

OITT OUITPSE, 2012, 1. 10, Ne 3 vol. 10, No. 3



ALEXANDER POGREBNJAK, SERGEY BRATUSHKA, NEONILA LEVINTANT-ZAYONTS, LEONID MALIKOV

scanned at a rate of 20 °C/min during cooling and
heating. Fig. 1 shows the evolution of DSC cooling/
heating curves for the virgin and ion-implanted alloys.
As it can be seen, the NiTi alloy transforms in two
steps showing two peaks on the DSC curve in the
cooling direction. The first DSC peak correlates with
the transformation from the austenite (A)with a cubic
structure (B,-phase) to the R-phase with a
rhombohedral one (referred to as a rhombohedral
distortion of the austenite). The second DSC peak
correlates with the transformation from the R-phase
to the martensite (M) with a monoclinic structure

(B,,-phase).
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Fig. 1. (a) DSC curves of the virgin NiTi alloy. (b) DSC
curves of ion-implanted alloys indicating a two-step phase
transformation occurred during cooling.

Similar two-step martensite phase transition from
high temperature was observed for the NiTi alloys
after the thermo-mechanical treatment or solution
treatment and subsequent aging. The one-step but
composed transition took place during the heating
process. The endothermic peak during the heating
process resulted in the transition of the martensite
to the austenite phase. The peak in the heating di-

rection corresponds to the austenite (B,-phase) with
t =51.6°C,t_. =62.3°C for the virgin alloy

start > “finish
and with t..=32.5 °C,t_. =64 °C for the ion-

implanted one. The subscn]gf)t hstart’ denotes the onset
temperature at which the phase transformation starts,
and the ‘finish’ the temperature at which the phase
transformation finishes.

Transformation temperatures M, M, A A, T,
as well as their changes with applied stress must be
determined experimentally. Temperature depen-
dence of yield stress has to measured and tempe-
rature is estimated from cross-section of M and
R, dependencies. Proper design requires know-
ledge of the deformation behavior of particular TiNi
SMA element at application temperatures. [2]
Dependencies shown in fig. 2 must be determined
for the deformation mode which will be applied in

practice (e.g. compression, bending, torque etc.).
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Fig. 2. Schematic representation of the mechanisms and
effects SMA and PE.

The two peaks in the cooling direction corres-
ponding to the R-phase and the martensite B, -pha-
se were determined to have transformation

temperatures, respectively: t = 45.1 °C,
fmsh— 37.8°C,t =19 °C, t.  =1°C for the
virgin alloy and t =433 °C, tf - =37.4 °C,
t,.=246°Ct. . = 11 6 °C for an ion-implan-

ted alloy. With Auger electron spec-troscopy, we
also studied the TiNi samples before and after
implantation with nitrogen ions. In the initial state,
carbon and oxygen are present near the surface;
after sputtering for 15 — 18 min. only nickel and
titanium are present in the NiTi sample and their
concentrations are close to the equiatomic com-
position. After implantation, the nickel concentration
in the surface layer decreases to almost 10 at.%
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because of sputtering of the surface. Since it is dif-
ficult to separate the peaks of nitrogen and titanium
ions, we constructed a TiN profile with Auger
electron spectroscopy.

This profile indicates that the penetration depth
of N*ions is about 280 —200 nm. After sputtering
for 10 min the concentrations of nickel and titanium
ions are seen to level off and reach their intrinsic
levels (49.9 and 50.1 at.% Ni and Ti in the crystal
lattice of the TiNi alloy, respectively).

Fig. 3 shows optical microscopy data. They de-
monstrate a typical martensitic structure and changes
in the martensitic structure after implantation.

- i - L ;1: ~

Fig. 3. (a) Optical micrographs of the cross-section of a
TiNi alloy with a martensitic structure and SME before im-
plantation. (b) Optical micrographs after ion implantation.

The surface layer of the implanted sample has a
significant concentration of nitrogen and oxygen and
the characteristic eating away is observed in the
spectrum of TiNi implanted sequentially by nitro-
gen and nickel. We used a standard computer
program and determined the nitrogen con-centration
from the eating away in the spectrum and plotted
element-concentration profiles. The eating away
appears when a light element is added to a heavy-
element matrix. The yield in a layer containing a light
element decreases in proportion to a decrease in
the heavy-element concentration. If the light-element
concentration increases to 100%, a pure light-ele-

ment layer forms. Therefore, we can easily determine
the error in determining the concentration of nitrogen
ions; it was found to be 5 at.%. The error in deter-
mining the nickel concentration for concentration
profiles was 1.2 at.%. The nickel profile was plotted
beginning from 50 at.%. This point was taken as an
initial point, since the titanium or nickel concentration
in the initial state is about 50 at.%.

When analyzing the profile of N* ions in TiNi
(fig. 4), we see that the nitrogen profile has a double-
humped shape: one concentration maximum is loca-
ted near the surface (the maximum concentration is
about 36 at.%). and the second peak is located at a
depth of more than 130 — 150 nm (133 at E* and
has a lower con-centration (27 at.%). In the valley
between the two nitrogen concentration maxima, the
co%cgntration of Ni* ions is maximal (about 20 at.%).
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Fig. 4. (a) Depth profiles of the element concentrations
obtained from energy spectra of the TiNi sample surface
after double implantation of N ions at a dose of 10'8 cm™
and Ni ions at a dose of 500" cm%; (b) X-ray spectrum
taken with WDS from the TiNi sample after double im-
plantation by N and Ni ions.

Moreover, prelim-inary SIMS (secondary-ion
mass spectrometry) studies also demonstrate the
formation of a double-humped nitrogen concen-
tration profile. However, the nitrogen concentrations
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in the maxima differ slightly from the RBS data, which
is caused by the higher threshold of delegability of
SIMS (0107 at.%).

Three TiNi phases are important in shape
memory phenomena. High temperature phase
(austenite) has an ordered CsCl or B,-type lattice.
So-called “R-phase” with rhombohedral crystal
lattice may form first upon cooling at T, temperature.
The second type of martensite has the monoclinic
B, lattice. Transformation temperatures depend on
chemical composition and structure of the TiNi alloy.

The R-phase is commensurate with B, lattice.
An instability of B, structure and formation of so
called incommensurate phase always precedes the
formation of R-phase. The two sequences of phase
transformations are possible in binary TiNi alloys
[2,20,21]:

I B, - incommensurate phase - R — B ,, or

IIB, - B,..

The R-phase formation precedes the B19'
transformation when the Ms temperature is lowered
(MS <TR). Increase of Ni content with respect to
Ti, work hardening, and aging can depress the M_
and yield the R-phase formation [20 —22]. The R-
phase transition is typified by extremely narrow
thermal hysteresis (1 to 2 °C). whereby thermal hys-
teresis related to B, may vary from approximately
20 °C to hundreds ot degrees [21]. By alloying the
binary TiNi system with other elements, the effective
control of transformation temperatures can be ac-
complished. Formation of orthorhombic martensite
B, instead of R-phase and B, — triclinic B,,, mar-
tensite transformation have been detected in ternary
systems.

Three factors influence the deformation behavior,
corrosion behavior and shape memory parameters
of TiNi alloys [2, 21, 22]:

1. chemical composition (content of Ti, Ni,
alloying elements and impurities);

2. dislocation density and grain size of austenitic
phase;

3. presence of coherent precipitate.

Any operation related to change of dislocation
density and grain size, diffusion, and precipitation
processes changes the transformation temperatures
of TiNi. This is extremely important because the high
temperature shape to be “memorized” by a TiNi alloy
is most typically imparted at temperatures between
400 to 600 °C. Varying chemical composition and

thermal and mechanical treatment of TiNi alloys
represent an important tool in tailoring their per-
formance. Recoverable strains during SME and PE
in TiNipolycrystals vary up to 8% and generated
stresses up to 1000 MPa have been reported. Inc-
reases in dislocation density after cold-work lead
to decreases in recovery strain because of limitations
(pinning) of interface movement. Work-hardened
materials yield higher generated stresses compared
to annealed TiNi alloys [2, 23, 24]. The M_ tem-
perature decreases and the T_ and A temperatures
increase after work hardening. Introduced structure
defects result in widening of thermal hysteresis and
widening of intervals between M_and M, or A_and
A, respectively. The orientation dependence of
properties, especially in the case of wrought TiNi
specimens, is typically observed [2, 20, 23]. The
structure parameters will also determine fatigue
lifetimes.

The X-ray diffraction patterns of the ion-
implanted NiTi alloy against the temperature are
shown in fig. 5. From the results obtained it can be
seen that alloys at 20 °C exhibit the three phases:
the dominating B ;-phase and a small amount of
the R, and B, phases. The appearance of austenite
phase (crystalline, nanocrystalline and/or amor-
phous-like) may be related to structural changes in
the NiTi alloy during the ion implantation process
and to high temperature of target. Appearance of
the R-phase, similar to the results obtained for an-
nealed materials, may be induced by high tempe-
rature of target. An increase of temperature in the
material results in an increasing fraction of the B, -
phase. The diffraction patterns of this B ,-phase do
not vary up to 65 °C.

Above this temperature an increasing fraction of
the B,-phase and a distinctly decreasing fraction of
the B, one were observed. The B, » B,-phase
transformation finishes above a temperature of
80 °C. The X-ray diffraction patterns obtained for
the highest temper-atures (from 80 °C to 150 °C)
contain only reflections from the B,-phase.

Lowering the temperature up to about 41 °C,
besides still existing B,-phase, the R-phase appears.
From the results obtained it can be seen that the
R - B, -phase transformation starts form a tem-
perature of 25 °C and finishes about 25 °C. Along
with the decreasing temperature, besides the domi-
nating B, -phase, a small amount of the B,-phase
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Fig. 5. Recorded X-ray diffraction patterns versus temperature of ion-implanted NiTi alloy at a fluence of 10" cm™

and energy 50 keV.

was detected. Such phase composition was also
observed for the material at 20 °C on the start and
finish of the second thermal cycle. The broad struct-
ure of this diffraction peak may testify that still some
amount of the amorphised and/or nanocrystalline B -
phase is present in the alloy. It should be noted that
from the results obtained there is no evidence for
TiN and Ti,Ni compound formations.

In the process of nitrogen ion implantation with
the fluency 10'® cm™ and 50 keV of energy, the
well-defined double-layer structure with different
microstructure as well as different phase and che-
mical composition was formed (fig. 6). During ion
implantation, collisions between the incident ions and
the NiTi-target atoms lead to the formation of near-
surface amorphized layer (A-layer, fig. 6a) and the
extended defects in the crystalline structure of bulk
material (D-layer, Bulk in fig. 6a).

The transition zone of a damaged region is wide
and its composition changes gradually from totally
amorphized Ti-rich material (heavily damaged and

Fig. 6. (a) Bright-field image of the ion-implanted NiTi alloy
demonstrating the structure. (b), (c) Chemical composition
changes in near-surface layers.

nano-crystalline) to Ni-rich crystalline (Aland A2
regions in A-layer in fig. 6b, ¢). Amorphous-like layer
contains some amount of crystalline inclusions within
its bulk, mainly near a bottom boundary of the
transition zone. This confirms the fact that the
amorphization process occurs faster from the depth
of maximum damage regions towards the sample
surface than in its bulk. Due to differential strain
between the undamaged and damaged layers, many
cracks appear in this region. In the depth of 80 —
160 nm the material has a defected crystalline
microstructure.

The TiNi samples implanted by N* ions are seen
to have a higher (by 15 —20%) hardness than the
initial samples. The changes in the SME (fig. 7)
demonstrate that the implanted TiNi alloy exhibits
an indentation with a higher hardness after recovery
as aresult of healing to 75 °C. In other words, all
mechanical changes related to the SME and me-
chanical properties (hardness) are interrelated with
the elemental composition and micro-structure of
the material. The hardness H and the elastic modulus
E were determined using a nanohardness measuring
device (Nanoindenter II) according to the Oliver-
Pharr and Berkovich indentation methods.The

W

.Eil:;

Fig. 7. SME measurements (with a scanning profilometer)
on a TiNi sample after heating to 75°C.
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hardness (H) and Young’s modulus (E) data change
correspondingly. Their values were determined at
various depths (see tabl. 1).

4.0
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Table 1
Hardness and elastic modulus of TiNi samples
Sample E, GPa | H, GPa
depth of 150 nm
Initial 56 +2 2.13+0.30
W+ Mo 59 +11 2.78+0.95
W + Mo after annealing| 298 + 81 4.11+0.35
depth of 50 nm
Initial 56 £4 2.74+0.30
W+ Mo 59 +8 4.95+2.26
W + Mo after annealing| 236+39 4.44+1.45

The hardness is seen to increase from 2.13 *
0.13t02.78 £ 0.95 GPa at a depth of 150 nm. The
elastic modulus varies from E =56 + 2 to 59 +
11 GPa. After annealing at 550 °C for 2 h, these
values increase sharply: H = 4.11 £ 0.35 GPa,
E =289+ 81 GPa(fig. 8). Small differences between
the hardnesses and elastic module of the initial and
implanted and annealed samples are also detected
at a depth of 50 nm. Upon implantation, we have H
=4.96+2.26 and E =59 + 8 GPa; after anneal-ing,
we have H=4.44 + 1.45 and E =236 + 39 GPa
(the elastic modulus increases by a factor of al-
most4.5).

B —i— non-makEmad
500 B . —#r implanted 2x10
450 + 4 L5 —@- implanted 2% 10

f Al 'y

O 350 & T -

3 [ ]

=

= 3 P [

= 250 P e — _3

I ——

o 0.0

0.02 0.03
Load [10' N]

0.04

Fig. 8. Microhardness NiTi samples before and after
implantation.

Avalue of elastic recovery W, of a surface layer
was calculated using the curves “loading-unloa-
ding”’. The penetration diagrams are shown in fig.
9a—c. A peculiarity of given diagrams is essential-
ly high for a metal elastic recovery in indentor un-
loading. This indicates a low modulus of E elasticity
with a relatively high hardness H (a value of the

b)

Depth (nm)
2NN W
o o v o

A
(=]

05

020 40 60 80 160

Load (mN)

©)

100 120 140

Depth (nm)

0 20 40 60 80 160

Load (mN)
Fig. 9. (a) A diagram of indentation penetration for an initial
sample. (b) A diagram after the implantation. (c) A diagram
after the annealing.

100 120 140

elastic recovery was determined by the ratio E/H).
A load which was necessary for indentor penetration
to 50 nm depth was minimum for an initial sample
(0.8 = 0.1 mH), increased to (0.9 0.1 mH) for an
implanted sample and was maximum for an im-
planted sample after annealing (1.2 —0.1 mH). This
indicates growing hardness of the surface layer after
implantation and annealing. The fact that an elastic
recovery of a print depth in unloading after annealing
was much longer than that for an initial one is worth
our attention. This indicates that hardness growth
was accompanied by weak modulus enhancement
i.e. hardness after implantation and annealing
increased more significantly than the elastic modulus.
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Investigation of the influence of nitrogen ion
implantation on the wear resistance of shape memory
material was carried out on samples from equal tothe
atomicalloy NiTi (Nitinol, Shape Memory Cor-
poration, Japan) in the martensitic phase. Samples
of size 2245,440,3 mm annealed for 30 minin a
vacuum oven at 583 K, and then washed in a so-
lution of 10% NCIO, 90% CH,COOH. Nitrogen
im-plantation was carried out at doses of
D,=100" J/cm*) and D, =2000" J/cm*) at a beam
energy of 50 — 65 keV ions. The wear resistan-
ce of the surface layer at friction was carried out
using a sapphire ball tribologicaltester 6 mm in
diameter with a piston sliding without lubrication on
the surface of the material.

In testing, the ball was loaded with a load of
0.4 N and 0.70 N, and the amplitude of the recip-
rocating motion of the ball was 3 mm. The wear
resistance were investigated non-implanted and
implanted (doses D, and D,) samples of alloy NiTi.
The test was 1:00, 3:00, 6:00 and 12:00 hours. To
obtain reproducible results for each attempt (for
different values of load and time) tests for all samples
were repeated three to five times. After moving the
ball on the surface of the load visible signs of wear
(tracks) in the form of grooves. The depth of the
furrows can judge the degree of wear of the material.
Measure of ash material can serve as the volume of
the furrow. Additionally, after the wear test were
carried out in profilometrics measurements obtained
by furrows, which allowed the comparison of surface
morphology. Using the software, Hommel Map
Expert maps were constructed surface under study,
allowing to show signs of wear on the surface of
NiTi upside down, allowing to observe that the
“bottom” grooves, resulting in friction (fig. 10).

After ion implantation modified samples showed
greater resistance to abrasion of the surface layer
compared to non-implanted material. The depen-
dence of the flow of material NiTi before and after
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Fig. 10. (a) Examples of profiles of wear of the alloy NiTi:
an inverted trace of wear surfaces non-implanted NiTi (load
0.4 N / friction during 12 h). (b) Profiles of wear of the
implanted NiTi alloy (load 0.7 N/ friction during 6 h)

ion implantation during “dry sliding” friction in the
test of time (under a load 0of 0.7 N and 0.4 N ) is
shown in fig. 11. For both loads (0.4 N and 0.70
N) at any time in the abrasion test (1:00, 3:00, 6:00
and 12:00 hours) the amount of material blown from
the implanted samples was lower than for non-
implanted material.
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Fig. 11. (a) Consumption NiTi before and after ion
implantation (D, = 100" J/cm® and D, = 2[10" J/cm?) during
“dry sliding” test of time: for the load 0.4 N. (b) Con-
sumption NiTi for the load 0.7 N.

In the case of load 0.4 N (fig. 11a) at a dose of
implantation D, increased wear resistance was
higher not only compared to non-implantedsamples,
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but also in comparison with the samples modified at
a lower dose of D . After 1 h of friction ball dif-
ference between the ash material for all samples is
negligible. Significant differences in the amount of
material blown from the non-implantedand implanted
samples visible during the test due to friction at 3 h,
6hand 12 h. As can be seen from fig. 11b, ata load
of 0.7 N increases the wear resistance of samples
implanted with a dose of D, NiTi noticeable not only
in relation to the non-implantedsamples, but also
implanted with a lower dose samples.

Fig. 12 shows the TiNi sample surface after
double implantation by N* and Ni* ions. The surface
is rather rough (2 = 0.8 — 1.2 Mmm) due to sputtering
mainly by nitrogen atoms. This surface was subjected
to electron- probe microanalysis. The following
elements were detected in the near-surface
layer (fig. 10): N ([R.1 at.%),0 ([b.61 at.%, C
(00.58 at.%), Ni ([#9.43 at.%), and Ti ([#1 at.%).
To detect Ti, we used another detector.

WD =499 mm 2000 kW

Fig. 12. TiNi sample surface implanted by nitrogen and
nickel.

The low (as compared to the RBS data) titanium
con-centration is caused by the larger depth of SEM
as compared to EDS (which is 2.2 Mm); moreover,
the nitrogen ion range is at most 300 nm at the
energies (60 — 70 keV) used in our experiments.
Upon implantation, the elastic modulus increases
insignificantly; however, after heat treatment, it
increases to 236 + 39 or 289 + 80 GPa (i.e., by a
factor of 4 —4.5 compared to the initial state).

The coating demonstratedthe increased
corrosion resistance in acidic and alkaline media in
comparison with that of the non-implanted surface.

CONCLUSIONS
The development of TiNi based SMA thin films and
their microactuators has achieved considerable

progress in recent years. This was largely driven by
a fast expansion of, in particular, microelectro-
mechanical system and biological communities, in
which the demand for novel actuators and biological
applications has been growing dramatically. As such,
atimely review of the important issues pertaining to
the preparation of high quality and high performance
shape memory TiNi thin films and the technical
applications of these films is necessary.

We showed that the sequential double im-
plantation of N" and Ni" ions into nitinol (TiNi) leads
to the formation of a complex depth profile of the
nitrogen con-centration, which is caused by the
rejection of nitrogen ions from the region of the
maximum Ni" ion losses (i.e., the region of the ma-
ximum Ni" ion concentration) to the region of residual
tensile stresses. As a result of the implantation of
N, Nif, W7, and Mo" ions, the hardness after
implantation increases by 30% com-pared to the
initial state and the hardness after subse-quent
thermal annealing at 550 °C for 2 h increases by a
factor of 2.2. The SME changes because of the
formation of nitrogen and carbon (carbonitride)
layers as a result of N* implantation and because of
a change in the con-centrations of Ti and Ni atoms
due to the sputtering of Ni atoms, which is accom-
panied by a change in the martensite transformation
temperature.

The martensitic form of equiatomic NiTi was
implanted with N ions with the fluence 10" cm™
and 50 keV energy. To characterize the transfor-
mation sequence and transformation temperatures,
the DSC measurements were carried out on an non-
implanted as well as an implanted material. Both the
non-implanted and ion-implanted NiTi alloys
transform in two steps (B, - R - B,,) in the co-
oling direction and one-step transition (B ; » B,)
in the heating process. To verify identifications of
martensitic transformations in the NiTi alloys during
heating and cooling, the X-ray structural investiga-
tions were performed.

The TEM structural characterization reveals the
existence of the well-defined double-layer structure
with different microstructure as well as different
phase and chemical composition in the near-surface
region of the ion-implanted NiTi alloy. From the
surface to a depth of 80 nm, the sample has an
amorphized structure in the form of two sub-layers:
the first is a Ti- and N-rich nanocrystalline and/or
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amorphous-like and the second — Ni-rich crystalline.
In the depth of 80 — 160 nm the material has a
defected Ti-rich crystalline microstructure and deeper
—an unaffected grain structure of the parent material.

Some important issues pertaining to the prepa-
ration of high performance shape memory TiNi films
using sputtering methods and their applications were
reviewed in this paper. Successful application of TiNi
thin films requires consideration of the following is-
sues: preparation and characterization, residual stress
and adhesion, frequency improvement, fatigue and
stability, patterning and modeling of behavior. TiNi
film based micoractuators will find potential
applications in medicine, acrospace, automotive, and
consumer products. Miniature TiNi actuated devices
based on sputtered TiNi films are ready for the huge
commercial market, especially for medical micro-
devices and implantable applications.
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