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Abstract. The state of the art in ion implantation of
superelastic NiTi shape memory alloys is analyzed. Various
technological applications of the shape memory effect are
outlined. The principles and techiques of ion implantation
are described. Specific features of its application for mod-
ification of surface layers in surface engineering are consid-
ered. Key properties of shape memory alloys and problems
in utilization of ion implantation to improve the surface
properties of shape memory alloys, such as corrosion
resistance, friction coefficient, wear resistance, efc. are
discussed. The bibliography includes 162 references.

I. Introduction

The design of novel materials is a key avenue of scientific
research aimed at progress in modern technology. All
materials can be classified into structural and functional
ones. The latter exhibit specific properties. Metallic alloys
that demonstrate the shape memory effect can be treated as
materials that simultaneously show the properties of struc-
tural and functional materials. An example is provided by
titanium nickelide NiTi." This compound exhibits unique
properties called the shape memory effect and superelastic-
ity. In spite of considerable literature on these properties,
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opinions are different on their mechanisms and on the
reasons for and nature of processes occurring in solids at
the structural level. Recently, this was clearly demonstrated
in a special issue of ‘Scripta Materialia’ journal' devoted to
the state of the art in research on shape memory alloys.*

Most studies on shape memory materials are concerned
with formation of surface layers with improved operating
properties. This can be done using methods suitable for
modification of near-surface layers. As a result, one gets
materials with improved operating properties (e.g., hard-
ness, elastic modulus, wear resistance, corrosion resistance,
etc.). The key issue is a correct choice of the modification
technique that should provide improved properties in the
surface layers of a material and retain the initial
superelasticity and shape memory effect. lon implantation
belongs to the most preferable and widely used methods for
surface modification of solids including metals, ceramics,
semiconductors and polymers. This is confirmed by numer-
ous studies carried out worldwide. Indisputable advantages
of the technique are as follows:

— the possibility to make the modified layer as thin as
possible with retention of specific features of phase tran-
sitions typical of the shape memory effect in the matrix
material;

— less probable delamination of coatings (high adhe-
sion of the implanted layer to the matrix) because there is no
clear separation between the surface layer and the matrix
material;

T Intermetallic nickel — titanium alloys are called ‘nitinols’.

i The Editor’s Preface began with the words: “We invited several research-
ers presently dealing with this subject to write down, quite literally, their
‘viewpoint’ on a relevant question pertaining to shape memory alloys...
The papers that follow do not always agree: there are conflicting view-
points, with the obvious implication that at least one cannot be entirely
correct.” This points not only to interest in shape memory alloys, but also
to the fact that the phenomena and processes occurring in these systems
are still to be clarified.
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— the possibility to use the technique as surface-doping
method and thus significantly influence not only the struc-
ture of near-surface layers, but also the properties of the
matrix material, viz., the characteristic transition temper-
atures, the superelastic behaviour, the shape memory effect,
etc.

Among shape memory materials, nickel and titanium
alloys are of the greatest importance for industry. The
production technology of NiTi alloys has been known
since the 1970s; however, processes occurring under operat-
ing conditions and on thermomechanical treatment are to
be clarified as yet. Therefore, these materials are still subject
to numerous studies.

During the last 10— 15 years, there has been considerable
literature including a variety of collections,! > reviews,®?
monographs,!®~ 15 handbooks %17 and original research
articles. However, problems in applications of ion implan-
tation and ion-beam modification of NiTi-based materials
have not been considered in detail. On the other hand, a
number of studies on problems in ion implantation into
solids 7~42 include almost no information on ion beam
induced modification of the properties of NiTi alloys43~%0
or contain fragmentary results of certain studies carried out
without detailed analysis, consideration of the nature and
mechanisms of the observed phenomena. Russian research-
ers and their colleagues from the former USSR have
contributed largely to investigations of the shape memory
effect and superelasticity. The results of their studies are
available from various publications including mono-
graphs.10-17

To ensure targeted surface modification, to vary the
properties of a material in specified manner and to control
them, one should consider a broad range of phenomena
occurring in a shape memory material representing a com-
plex system ‘implanted layer/matrix’. However, it should be
noted that such studies are scarce, some results being
contradictory.?® 42

The aim of this review was to present the state of the art
in studies on shape memory materials and the potential of
high-dose ion implantation in order to improve the phys-
icochemical and mechanical properties of such materials
taking NiTi-based alloys as examples.

I1. Specific features of ion implantation as method
for surface modification of materials

Numerous publications include the description and analysis
of results obtained in studies on various avenues of appli-
cation of ion implantation technique.*®~ ' By and large,
the method is used:

— to improve the functional properties of surface and

— to study processes occurring in materials irradiated
with high-energy particles.

In essence, ion implantation is a kind of doping materi-
als with high-energy particles. Atoms of the dopant ele-
ments are ionized in an ion source and then accelerated in
an electric field to have energies from tens to hundreds of
keV (this corresponds to ion velocities from hundreds to
thousands kilometres per second). The ion beam thus
formed is directed to the surface of a material. Ions
bombarding the target penetrate the material to a depth of
up to 1 um. Dynamic character of the process means that (i)
materials can be doped by almost all elements, (ii) the
concentrations of implanted ions can be very high (up to

50 at.% and more) and (iii) the process can be implemented
at rather low temperatures.?7-43,44,48-50,52-58

Two main ion implantation regimes involve continuous
and pulsed bombardment of a material. In the former case,
high-energy ions continuously penetrate the solid surface of
the matrix material. Implanted ions penetrate the material
to a depth from 0.01 to 1 pm and gradually lose their energy
in the interaction with atoms of the crystal lattice of the
matrix material.

A schematic of ion implantation and a typical plot of the
concentration of implanted ions (c¢i) versus penetration
depth (/), also called the concentration profile of dopant
ions in the matrix material, are shown in Fig. 1. Note-
worthy is a characteristic maximum of concentration, ¢max ,
located at distance /. from the surface of the material; at this
distance, ions lose their energy and can be treated as being

‘at rest’. The /. value depends on the nature of the solid and
implanted ions.29~32.36.37.51-56,61,71-82. 101

Ton :: : | ;
beam — -/% Matrix material
—>e |
Fig. 1. Scheme of ion implantation and the concentration profile of

elements implanted in the matrix material.*3

The volume of the material containing implanted alien
ions remains almost unchanged compared to the initial state
of the material; therefore, ion implantation is accompanied
by development of stress in the near-surface layer.* > This is
also observed on local increase in temperature on the sur-
face of the implanted material. According to a thermal peak
model, energy dissipation for an individual ion occurs
through formation, along the ion trajectory, of a local
region a few manometers in size with an initial temperature
of nearly 1000 °C and a lifetime no longer than 10— !'!s.
Heating of the implanted material first of all depends on the
ion dose [number of implanted ions per unit surface area of
the matrix material (D)], ion energy (£) and duration of
continuous irradiation. Usually, implantation is imple-
mented in such a manner that the temperature of a material
be at most 200 °C in order to avoid irreversible changes in
the material.

Low-energy ion implantation is characterized by ion
energies of at most 100 keV. In high-energy ion implanta-
tion, the ion energies lie between hundreds of keV and a few
MeV. Experiments 32444 showed that the higher the ion
energy the greater the penetration depth; however, the peak
in the concentration profile of the dopant ions becomes
more ‘diffuse’ (Fig. 2 a).

Most modern ion implanters operate at low currents and
obtaining desired results requires a longer implantation
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Fig. 2. Concentrations of nitrogen ions implanted into steel plotted

vs. ion energy (a) and ion dose (5).%?

Nitrogen ions (E = 75 keV) implanted into iron.

(a) E =50 (1), 100 (2), 200 keV (3); (b)) D = 3x 10'7 (1), 6 x 10'7 (2),
10'® (3) ion cm—2.

time. Therefore, utilization of these devices may appear to
be economically unsound. In the case of high-energy beams,
ion implanters are used to ‘mix’ coatings prepared earlier by
other methods and thus attain the desired concentration of
necessary dopant elements. Note that for complete ion
‘mixing’ the coating should be implanted with a much
lower dose (up to 10'®ion cm~2) compared to the dose
needed for direct implantation (up to
108 jon cm —2).44.45.49.50,95

Practically, ion implantation is used to create dopant
concentrations from a few to a few tens of atomic per cent in
the near-surface layer. At low doses, the concentration
profile of implanted ions obeys a Gauss distribution. Unlike
semiconductors, high ion doses from 10 to
(1-6)x 10'® ion cm—?2 are needed to impart necessary prop-
erties to metals (see Refs 38—42, 59, 60, 63—70, 91—-93,
102—112). At such doses, atoms in the implanted layer can
be several times displaced from their equilibrium positions.
The concentration profile of the implanted element is
affected by the accompanying processes (ion-beam sputter-
ing of a surface, scattering of the ion beam, ion mixing,
segregation of accelerated ions, radiation-accelerated diffu-
sion) resulting in new compounds (phases). In most cases,
one or two processes dominate. That is why the concen-
tration profile of dopant ions differs from the classical
Gaussian curve.

The concentration profiles of implanted ions in the near-
surface layers at high implantation doses and the determi-
nation of the size of such layers have been subjects of

considerable experimental and theoretical research. Crea-
tion of high concentration of dopant elements and great
implantation depths by increasing ion beam energy, energy
density and ion dose is precluded by sputtering of surface
layers of the material. This is a key effect that qualitatively
influences the shape of the concentration profile of
implanted ions. In some cases, the maximum in the concen-
tration profile can be in the vicinity of the surface; here, the
number of implanted ions becomes equal to that of sput-
tered atoms.* This is characteristic of implantation of
heavy-element ions.

Modern high-current ion sources provide a high ion
beam current density (~1 mA cm~—?2) at relatively low beam
energies (30 —40 keV).#!-46 Usually, these sources utilized in
industrial ion implanters allow one to create a wide ion
beam. High ion beam current density provides implantation
depths from a few to tens and even hundreds of nano-
metres.*2# This is due to accelerated ion diffusion that is
stimulated by both rapid defect formation and thermal
diffusion. The concentration profiles of implanted ions
and elements of the matrix material in the modified layer
were calculated 3:3-42-44,47-49,59-93, 103115 taking into
account diffusion, ion mixing and scattering that accom-
pany ion implantation.’6-93.103-115 However, no funda-
mental theoretical description of the distribution of
implanted ions with allowance for all processes occurring
in the course of implantation is available at the moment.
The distribution of ions implanted into the near-surface
layer is also significantly influenced by the dynamics of
atomic collisions as well as by the accumulation of ion
implantation-induced lattice defects.50- 116132

The concentration peak of implanted ions c¢max (see
Fig. 1) is usually at a depth of about 20—70 nm. Implanted
ions collide with atoms of the matrix material; the latter
leave their equilibrium positions, thus forming radiation-
induced defects. Since the ion energy is a few orders of
magnitude higher than the binding energy of atoms in the
lattice (about 25 eV for metals), a single implanted ion may
displace a total of a few thousands atoms. Thus, ion
implantation favours the formation of highly defective
regions that are oriented along the ion trajectory, being
due to secondary interactions of displaced atoms. This
effect is called cascade displacement. Note that usually the
concentration profiles of defects and implanted ions are
very similar, but the maximum concentration of defects is
always at shorter distance to the surface than the maximum
concentration of implanted ions.*3-47-48

Implanted ions of light nonmetals (nitrogen, oxygen,
etc.) are localized in the interstitial space in the crystal
lattice of the matrix material. Changes in the properties of
surface layers are first of all due to changes in their structure
and chemical composition. Owing to nonequilibrium char-
acter of the process, ion implantation causes the formation
of metastable systems that most often contain nitrides,
borides, carbides (depending on the dopant element) or
have an amorphous structure. In spite of a large number
of possible combinations ‘solid —dopant element’, a number
of characteristic structural phase transformations occurring
in solids during ion implantation can be distinguished.
Indeed, bombardment of a matrix material by an ion beam
leads to changes in its elemental composition in the near-
surface layer. Also, ion implantation usually favours frag-
mentation (reduction of grain size) and homogenization of
the structure of a material in the near-surface layers.
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Figuratively, the process is a kind of mechanical mixing of
materials on the atomic level.3

All these transformations in the surface layers from 0.01
to ~1 um thick lead to formation of regions whose proper-
ties are different from those of the matrix material. By
varying the type of the dopant elements, the dose, temper-
ature, ion energy and the ion beam current density one can
form metastable amorphized near-surface layers.$

I11. Properties of ion-implanted surface layer

Ion implantation significantly influences the mechanical
(wear, friction, hardness, fatigue, plasticity, adhesion),
chemical (corrosion, oxidation, catalysis) and electromag-
netic (electrical conductivity, magnetization, photoconduc-
tivity) properties of materials. By appropriately choosing
dopant elements and regimes of the process, the method
makes it possible to impart desired properties to the surface.

For each dopant element, there exist optimal doses and
ion beam energies that allow one to prepare materials with
desired properties. Most publications are concerned with
ion implantation of nonmetals (nitrogen, carbon, boron,
oxygen, argon);! studies on ion implantation of metals
(titanium, aluminium, copper, molybdenum, tantalum,
platinum, tin, efc.) are scarce.*445.49.50.95 Current research
efforts are mainly focused on implantation of metal ions
into alloys, ceramics and polymers to improve their operat-
ing properties, such as wear resistance, corrosion resistance
and to reduce the friction coefficient.

Ion implantation into structural materials based on
titanium and titanium alloys (often utilized as biomaterials)
is widely used. The properties of the near-surface layers in
titanium alloys change significantly in the presence of alien
ions.

1. Mechanical and tribological properties
Most publications on ion implantation are devoted to
mechanical tests of implanted surfaces because changes in
their mechanical properties have complex character. They
cannot be explained in detail because a unified theory of
hardening of the surface of implanted materials is unavail-
able at the moment. A number of phenomena“® are
thought to lead to surface hardening upon ion implantation.
These are:

— strain hardening;

— breakdown of crystal structure under high implanta-
tion doses, i.e., amorphization;

— greater depth of the hardened layer owing to radia-
tion-induced diffusion;

— retardation of dislocations by defects formed in the
course of ion implantation;

— changes in the chemical composition of the surface
layer;

§ Taking into account this fact, some authors (see, e.g., Refs 4, 5, 24) use
the term ‘ion metallurgy’.

4] Research on possible industrial applications of implantation with nitro-
gen, carbon, oxygen and other nonmetal ions in order to improve the

mechanical properties of materials has been docu-
mented. 720,39, 44,49, 50,61, 64

— formation of solid solutions containing high concen-
trations of dopant elements that can not be obtained by
other doping methods;

— reduction of grain size with simultaneous extension
of grain boundaries that slow down or block the motion of
dislocations;

— surface plasticization upon implantation of some
metal ions (e.g., Sn, Mo) which is due to surface fretting;

— formation of a ‘dry lubricant’ layer on the surface
during implantation of S, Mo+ S, N+ Ca, O, N+ Mo and C
ions or formation of surface oxide films that protect the
deeper-lying layers from rapid wear.

Key results of ion implantation include an increase in
wear resistance that is due to the inceased hardness of the
material owing to hardening of the near-surface layer
caused by high compressive stress that blocks the motion
of dislocations and as a consequence of formation of solid
inclusions.

Higher wear resistance of implanted materials is due to
reduction of the friction coefficient. Sometimes, in the
initial steps of friction, the friction coefficient of implanted
layers becomes higher than that of virgin samples and only
then decreases. Friction of an implanted material (e.g.,
steel) is accompanied by micropitting of grains on the
surface;3!-30-68.70 this leads to an increase in the working
area of friction surface and to healing of cavities formed
upon implantation and eventually imparts higher wear
resistance to the material. Among various dopant elements
(nitrogen, carbon, oxygen, phosphorus, calcium and noble
metals), the effect of nitrogen on the changes in the
tribological properties has been best studied.!!3- 133 Implan-
tation of nitrogen increases the wear resistance of almost all
metals. It should be noted that most studies concern
implanted alloys based on titanium.

Hardening of nitrogen-implanted titanium alloys is due
to various factors, in particular, the formation of a
quenched solid solution and to the presence of TiN impur-
ities, grinding of grains in the implanted layer (this in turn
causes reduction of the friction coefficient) and the presence
of residual stress. The dose of nitrogen ions has the
strongest effect on the wear resistance and microhardness
of materials. Opinions are different on the nature of the
increase in microhardness.*® A possible reason is defective-
ness of the crystal lattice rather than the presence of TiN
impurities, namely, the higher the dose of implanted ions
the more pronounced crystal lattice breakdown and, as a
consequence, the higher the microhardness.

Interpretation of changes in microhardness upon ion
implantation is complicated by the fact that in the micro-
hardness tests, the indenter tip often penetrates the material
to a depth that exceeds the thickness of the implanted layer.
For instance, for implantation of nitrogen into steel
(E=70-100 keV), the modified layer is at most
250—-300 nm thick, whereas the indentation depth of a
Vickers hardness tester (Hy,,,—Hy,,) is 0.5-1.5 pm.°
The values thus obtained characterize the microhardness
of the system ‘implanted layer/matrix material’.

Note that many studies revealed improvement of the
mechanical properties including microhardness of materials
at depths that much exceed the penetration depth of
implanted ions. This was observed, e.g., after implantation
of nitrogen into a steel and titanium alloys and explained >
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by the long-range effect.” More pronounced change in
microhardness at such depths can be explained by the effect
of radiation-induced diffusion of the dopant element and by
the influence of defects created in the crystal lattice in the
course of implantation.

In most cases, implantation of metal (Ti, Ta, Mo, Pt)
ions into steel also favours an increase in microhardness.
This was also observed® upon implantation of nitrogen,
boron, silicon and carbon ions [D=(1.2—
5)x 107 ioncm—2, E =70-160 keV] into steel, the
implanted layer being 0.4—0.7 um thick. A number of
studies are devoted to the most important mechanisms
that favour improvement of the mechanical properties of
steel (in particular, formation in the near-surface modified
layer of solid inclusions of nitrides, borides, carbides,
ete.). 45113134

Often, ion implantation causes the formation of ‘dry
lubricant’ in the form of oxide and carbide  coatings on the
surface of materials; this favours reduction of the friction
coefficient and better protection of the surface from wear.
Correlations between the mechanical and tribological prop-
erties as well as positive effect of ion implantation on these
properties have been documented.38 46

Changes in the chemical composition of the surface
layer may lead to changes in the mechanism of adhesive
wear (this can be a reason for reduced expenditure of
materials in friction) or to oxidation.!!3.133

2. Chemical properties

Surface modification of metals should not lead to deterio-
ration of their corrosion resistance under operating con-
ditions. The corrosion resistance can be improved as
follows:

— by forming a surface layer containing high concen-
trations (up to 40 at.%) of implanted element (nitrogen,
oxygen, etc.);

— by implanting ions of the elements suitable for
amorphization of the surface layer (calcium, phosphorus,
silicon);

— by implanting ions of the elements (platinum, palla-
dium) that induce passivation of metals, e.g., chromium and
iron, or change the cathodic reaction kinetics and course of
corrosion.

T Experimental studies of different properties and microstructure of ion-
implanted materials revealed that the effect of ion beams during irradi-
ation of some materials extends to much longer distances as compared to
the thin surface layer where retardation of the ions being implanted occurs.
These results were first of all obtained for such mechanical properties, as
microhardness, wear resistance, friction coefficient, etc. Pioneering studies
on possible changes in the structural phase state upon ion implantation in
deeper-lying layers of the matrix material compared to the thickness of the
surface doped layer are now available. There are very few studies on the
long-range effect of ion implantation on the structure and properties of
semiconductor and metallic materials [see, e.g., A N Didenko,
Yu P Sharkeev, E V Kozlov Metally (Metals), (3), 122 (1993), in Rus-
sian]. However, some authors cast doubt on the existence of the long-range
effect, because it is not detected in surface studies by nondestructive
methods, e.g., positron annihilation, Rutherford backscatttering with
channelling and M&ssbauer spectroscopy (see, e.g., Ref. 62and V A Shu-
lov, in Abstracts of the First International Conference on Ion—Solid
Interactions (Minsk: Byelorussian State University, 1995) p. 26 (in Rus-
sian)].

1 Oxygen and carbon are components of the residual atmosphere in the
accelerator chamber.

There exist optimal implantation doses of nitrogen ions
that impart maximal corrosion resistance to titanium
alloys.##135.136 Depending on the type of the titanium-
based alloy and on some other parameters, the implantation
dose is varied from 10' to 10'7 ion cm—2.

Changes in the corrosion resistance of NiTi-based alloys
are due to not only structural, but also compositional
changes in the modified layer. For instance, depending on
the parameters of the process (ion dose, ion energy and ion
beam current density) implantation of, e.g., nitrogen may be
followed by separation of the &-Ti>N and TiN phases
dispersed in o-Ti. Implantation of carbon ions results in
the formation of TiC. Since the solubility of carbon in o-Ti
is lower than that of nitrogen, consumption of TiC with the
formation of TiC, and Ti»,C phases occurs at lower doses.
Implantation of oxygen ions leads to formation of TiO or
TiO, depending on dose. Implantation of phosphorus
results in the formation of titanium phosphides and to
amorphization of the surface.

As mentioned above, changes in the chemical composi-
tion and structure of the surface layer cause changes in its
mechanical and tribological properties. At high implanta-
tion doses (D > 10'8 ion cm —?2), one can form surface layers
that are compositionally different from the matrix material.
The microstructure and structural phase transformations in

the implanted layers have been subjects of numerous stud-
(g 49,137
ies. -

IV. The shape memory alloys

Considerable literature on shape memory alloys is an
indication of interest in unique properties of these sys-
tems.!38- 141 Studies in this field are aimed at solving
technological problems concerning the design of shape
memory materials and extension of the field of their
application through improvement of properties. Great func-
tional potential of shape memory alloys allows one to solve
various materials science, engineering and technological
problems; this gave an impetus to discussions on the state
of the art in the field, prospects for investigation and
application of shape memory materials.6!~64,72-75,83-86
The shape memory effect and superelasticity in NiTi-
based alloys have been studied for a few decades.!'0 26
Nevertheless, schemes of martensitic transformations in a
material are not always readily understandable because
these transformations depend on many factors including
temperature, mechanical load, crystal lattice deformations,
crystallographic parameters, etc. Many authors (see, e.g.,
Refs 138, 141, 142) attempted to explain the effects caused
by these factors. In some cases, researchers succeeded to
explain dynamic changes observed in studies on deforma-

tion in certain samples both experimentally and theoret-
ically.8-9-47.49. 143145

1. Mechanisms of the shape memory effect and
superelasticity

The shape memory effect and superelastic behaviour of
alloys has been known since the 1930s. Systematic studies
of martensite structures began in the 1940s.!38 Considerable
interest in shape memory materials arose after the discovery
of the shape memory effect in NiTi alloy by Buehler ef al. in
1963.8

§ W J Buehler, J Gilfrich, K Wiley. J. Appl. Phys. 34 1465 (1963).
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At present, a large number of metallic shape memory
systems are known. Among commercially available shape
memory systems, nickel alloys (NiTi, NiAl, NiTiFe) and
copper alloys (CuZn, CuAIX, CuAlZnX, CuAlFe) are most
widely used. Shape memory materials exhibit an unusual
behaviour in particular temperature ranges; structural
phase transformations occurring in samples under thermo-
mechanical load are now explained. The observed changes
are accompanied by complex interplay between the mechan-
ical stress, atomic displacements from equilibrium positions
at lattice sites and temperatures in specific ranges. The
results of analysis of correlations between thermal and
mechanical phenomena as well as the results of materials
science studies suggest the possibility of practical applica-
tion of the shape memory effect in alloys.

a. The shape memory effect

Nickel —titanium alloys have different crystal lattices
depending on temperature. Below some critical temper-
ature, the lattice is elastic, being characteristic of the
martensite phase; above the critical temperature, one deals
with a ‘rigid’ lattice characteristic of the austenite phase.
The martensite structure has a lower symmetry compared to
austenite. There are various methods to obtain different
phases of the martensite structure and only one way to
return to the austenite structure. Cooling is accompanied by
the formation of several groups of regions with the marten-
site structure; their deformation causes migration of close-
lying boundaries. Eventually, residual deformation of the
material (¢ # 0) may result in the martensite phase with
different orientations of the crystal lattice (Fig. 3). Heating
of the material in a particular temperature range causes a
distorted martensitic transformation to the initial phase
(austenite) and subsequent recovery of the initial shape.

T
Austenite
superelasticity
<>
Ar [ e#0
As |~ l T
M+ Unidirectional Oriented
shape memory martensite
effect
Martensite l
My
E—
e=0 e#0

Fig. 3. A schematic of phase transformations underlying the super-
elasticity and shape memory effects.*?
For the temperatures 4¢, As, Msand My, see text.

The phenomenon of temperature-induced recovery of
the initial shape of a material is called the shape memory
effect; it can be uni- and bidirectional. If deformation
occurs at ambient temperature, a martensite sample heated
in a particular temperature range can recovery its initial
shape. This is the unidirectional shape memory effect. The
matrix ‘remembers’ only the shape of the high-temperature
phase (see Fig. 3). Heating of deformed samples is accom-
panied by recovery of the initial shape, whereas no changes
in shape occur on cooling. The extent of recovery depends
on the deformation degree.

There exist some threshold values of internal stress such
that at higher values, the extent of recovery of the initial
shape on heating decreases. The reason is that the stress in
martensite cannot be higher than the yield stress. Depend-
ing on the chemical composition and treatment conditions,
the deformation degree of shape memory alloys varies from
4% to 10%.2° Repeatability of unidirectional shape mem-
ory effect on cyclic martensitic transformations is of great
practical value. As the number of cycles increases, the extent
of shape recovery gradually decreases, whereas for large-
amplitude deformations, it is less pronounced. This can be
explained by nonideal properties of polycrystalline shape
memory materials that show thermoelastic properties at
grain boundaries of the matrix phase.

In the case of bidirectional shape memory effect, a
material ‘remembers’ the shapes of both high-temperature
and low-temperature phases. The bidirectional shape mem-
ory effect is related to cyclic character of phase trans-
formations in a particular temperature range, where
reversible changes in shape with no action of external
factors are possible. The mechanism of bidirectional shape
memory effect is still to be clarified and methods for
practical implementation of this effect are of great interest
for many researchers.?¢

b. The superelasticity

Manifestation of superelasticity by shape memory alloys
consists in almost complete recovery of the initial state of
the deformed material after unloading provided no changes
in external conditions.?> 14! A stress —strain diagram for the
superelasticity effect is shown in the form of the character-
istic cycle in Fig. 4. At a stress equal to ¢,_m, the marten-
site phase is initiated (martensite thermoplasticity); this is
the starting point of the martensitic transformation (see
below). If the appearance of the martensite phase is induced
by thermoelastic stress in the temperature range where the
austenite phase is stable, oriented martensite with macro-
scopic deformation (of the order of a few per cent) is
formed.

As a particular critical temperature is reached, a non-
linear elastic deformation (from one to a few per cent)
occurs. In the course of unloading, the reverse martensitic
transformation begins as the critical point corresponding to
om—a 1S reached. From this point on, the content of the
martensite phase decreases down to complete transforma-
tion to the austenite phase. At the instant corresponding to
zero stress, a complete (or almost complete) recovery of the
initial shape occurs. The stress om_a necessary to initiate
the reverse martensitic transformation is a linear function of
temperature provided no constant mechanical stress; there-
fore, temperature is an important parameter of structural
transformations.?% 3% Martensitic transformations in shape
memory materials are characterized by four critical temper-
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Oa—m

Om—a

Fig. 4.

A schematic of the superelasticity effect.*?

atures My, My, As and Ar that are usually determined by
differential scanning calorimetry (DSC). Figure 5 presents
typical DSC traces of a shape memory alloy with clearly
seen characteristic temperatures.

At the temperature M, austenite begins its transforma-
tion to martensite on cooling (starting point of the marten-
sitic transformation); My is the temperature at which the
transformation ceases; 4s and Ar are respectively the tem-
peratures corresponding to the starting point and finish of
the reverse transformation from martensite to austenite.
The temperatures M, My, A and Ar depend on the type of
material, specific features of its chemical composition, on
the technology and heat treatment of the material.

Physical phenomena underlying the shape memory
effect and superelasticity are opposite to the phenomena
accompanying thermoelastic martensitic transformations
(thermally induced phase transformations in materials).
They involve co-operative motion of atoms in the crystal
lattice; this can be induced either mechanically (by applying
corresponding forces) or thermally (using relevant thermal
stresses). Figure 6 presents a constitution diagram of the
Ti—Ni system and parameters of the crystal structures of
some phases formed in this system. The initiation temper-
atures of the martensitic transformation is illustrated in
Fig. 7. The B2 austenite phase has high lattice symmetry
and is stable at higher temperatures. The B19’ martensite
phase has a lower lattice symmetry and is stable at lower
temperatures (below My). On cooling below the temperature
M, the B2 phase undergoes transformation to the B19’
phase. This is symbolically represented as B2 — B19’, while
the reverse transformation has the form B19’ — B2.

The behaviour of the shape memory alloys in the stress —
strain coordinates and correlations between stress as well as
the corresponding characteristic temperatures are shown in
Fig. 8.

If martensite undergoes self-recovery on unloading, one
deals with zero deformation, whereas deformation at tem-
peratures below M is due to nonuniformity of the crystal
lattice, which manifests itself as macroscopic deformations.
Figure 8,a presents the stress—strain curves at residual
deformation of the material. Heating to a temperature

<— Cooling

Heat flux

Heating—> \

Fig.5. Typical DSC traces for a shape memory material with
martensitic phase transitions. '3’

close to As induces a martensitic transformation, a defor-
mation martensite transition to the parent phase (austenite)
and subsequent recovery of the initial shape.

The reversible thermoelastic martensitic transformation,
also called diffusionless transformation, is based on switch-
able atomic displacements. The term ‘diffusionless trans-
formation’ means that no long-range diffusion occurs, i.e.,
atoms do not cross the boundary between the martensite
and austenite phases. Switchable character of the transition
manifests itself as co-operative atomic displacements caused
by transformation of the crystal lattice. Each atom moves
unidirectionally and the displacement amplitude is propor-
tional to the distance from the atom to the common plane of
the parent phase. This is accompanied by displacements due
to shear or twinning, where atoms are displaced as a result
of uniform lattice deformation. The overall relative dis-
placement of an atom involved in the martensitic trans-
formation is at most one interactomic distance. As a result,
the degree of ordering of atoms and lattice defects, as well
as the chemical composition of the martensite phase are the
same as those of the austenite phase.

The nature of the shape memory effect and superelas-
ticity are quite understandable; however, theoretical
description of the series of phase transitions and their
evolution is complicated, still being a subject of intensive
experimental and theoretical research.823-49, 139,140,143, 144

The mechanisms of the superelasticity and shape mem-
ory effects are highly sensitive to external factors, e.g.,
temperature, stress applied, chemical composition and heat
treatment regime. For instance, minor changes (up to
0.1 mass %) in the chemical composition of the most widely
used shape memory alloys based on NiTi lead to changes in
the characteristic temperatures (up to 10 °C) and, therefore,
to changes in the shape of the stress—strain curves (c—¢
plots).

A correct description of the properties in question
requires not only knowledge of the chemical composition
of the alloy, but also detailed information on all techno-
logical operations in each step of treatment of the alloy.
Usually, it is difficult to decide which material (in the initial
or final step of treatment) should be considered as the base
one. Estimation of the Young modulus (C) of the NiTi
alloy deserves particular attention because its numerical
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Fig. 8. The behavior of the shape memory alloy in the stress—strain

4/ This diagram appeared in a monograph by V E Giinter, V N Khodor-
enko, Yu F Yasenchuk, T L Chekalkin, V V Ovcharenko, A A Klopo-
tov, G Ts Dambaev, P G Sysoliatin, N G Fomichev, V N Olesova,
M Z Mirgasizov, A V Proskurin, R V Ziganshin, V K Polenichkin,
A N Matyunin, M Yu Fatyushin, N A Molchanov, A N Monogenov
Titanium Nickelide. A New-Generation Material for Medicine (Tomsk: Izd.
MITs, 2006) (in Russian)]. The book provides a comprehensive descrip-
tion of phases in the Ti— Ni system.

coordinates (a) and illustration of the relationship between stress and
the corresponding characteristic temperatures (b).*3

value depends strongly on temperature and can vary from
60 to 70 GPa for the austenite phase as the temperature
varies within 15 °C. Thus, parameters of various techno-
logical operations performed in the course of treatment of
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the shape memory alloys are of great importance for the
design of corresponding experiments.

2. Mechanical properties of shape memory materials

Shape memory materials have found wide use in medicine
(as implants, springs and levers in orthodontics, as surgical
and dental tools), mechanical engineering (in production of
motors, various types of connectors, temperature sensing
elements and actuators) and in production of instruments
for seismology.?> Products from NiTi shape memory alloys
were for the first time utilized in 1971; however, the list of
application fields of these systems is far from being
exhausted.

Yearly, the nomenclature of commercially available
products from NiTi alloys extends by 30%. Difficulties in
practical application of titanium nickelide are first of all due
to its complex thermomechanical behaviour. The high-
temperature (parent) austenite phase and the low-temper-
ature martensite phase have different mechanical proper-
ties. A typical stress—strain curve of NiTi shape memory
alloy (martensite phase) illustrating phase transformations
in the system is shown in Fig. 9.

T

Plastic deformation

Elastic deformation —>

T

Crystal lattice transformation

(displacement of the boundaries of martensite twins)

Fig. 9.
phase).?

Stress —strain curve of shape memory alloy (martensite

The plot clearly demonstrates three regions, viz., the
plateau corresponding to the motion of close-lying marten-
site twins and transformation of the crystal lattice of the
martensite phase at the martensite/austenite interface; the
region corresponding to elastic deformation of martensite
(linear function of strain); and the region corresponding to
plastic deformation of martensite.

A comparison of the o —¢ dependences for austenite and
martensite revealed different stress values for these phases,
which were especially large for NiTi—10%Cu alloys
(Fig. 10).

Mechanical properties of shape memory materials are
very sensitive to their structure, chemical composition,
changes in the temperature of the environment and espe-
cially to the phase composition at a given temperature. The
temperature dependences of the specific features of defor-
mation processes in shape memory alloys are shown in
Fig. 11. As can be seen, cooling of the austenite phase of
the material leads to formation of a zero-deformation
martensite phase which can exist either in this state or in a
mixed (two-phase) state.!?® The martensite phase can be
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Fig. 10. Stress—strain curve of NiTi—10% Cu shape memory alloy in
the austenite (/) and martensite (2) phases.?

Oa—m

T

Fig. 11. Stress—strain curves of the shape memory alloy at different
temperatures.?’

deformed with ease under relatively low stress. When the
‘low-temperature form’ of the martensite phase is unloaded,
residual deformations are observed. Heating of samples
above the temperature A¢ causes shape recovery of the
‘high-temperature’ phase. This is just the case for unidirec-
tional shape memory effect (see above). To keep the
material in the austenite phase, the sample is placed in a
holder of specified shape and then heated for about 60 min
to a temperature much above Ar. Often, the so-called
learning of the material is used. If the austenite phase is
mechanically or thermomechanically loaded at a temper-
ature above Ay, the martensitic transformation in the form
of superelastic transitions (under cyclic stress) can occur
provided that strain is slightly higher than some critical
value. Then, the material with the martensite phase exhibits
an elastic behaviour. Unloading causes no reverse marten-
sitic transformation, whereas the initial shape is preserved.
This process illustrates the phenomenon of superelasticity
(see Fig. 4).

As mentioned above, the mechanical and physical prop-
erties of shape memory alloys are usually left out of
consideration because they depend strongly on the chemical
composition and on parameters of technological process
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Table 1. Properties of shape memory materials.*?

Property NiTi Steel Titanium Ti—6Al1—4V
austenite martensite

Microhardness /GPa 0.10—-0.80 0.05-0.30 0.79-1.20 0.390 0.83-1.07

Elastic modulus /GPa 70-110 21-69 190-200 105-110 100-110

Ultimate stress /MPa 1-20 700—1000 330-600 375-540 1100

and final heat treatment of alloys. That is why the often-
cited values of the physical parameters of shape memory
materials are guide values (Table 1).

An important advantage of NiTi shape memory alloys
over, e.g., systems based on Cu—Zn— Al is the possibility
of being treated at higher temperatures (including ion beam
treatment) without fear of structure breakdown and dis-
appearance of plasticity. This suggests that the NiTi shape
memory alloys are most promising for practical applica-
tions.

V. Influence of ion implantation on the structure of
NiTi alloys, the shape memory effect and
superelasticity

Among new-generation materials,?>- 45 alloys based on
NiTi shape memory alloys are of paramount value for
industry,?%- 146 although a correct theoretical model for
their behaviour is unavailable. The key problem that pre-
cludes wide use of the NiTi alloys consists in the need to
modify the surface layer of the material in such a manner
that the bulk functional properties, such as the shape
memory effect and pseudoelastic deformation, be preserved.
Presently, the emphasis in research efforts is placed on the
development of methods and technologies for the formation
of composite layers with altered properties in the NiTi
alloys. In this connection, ion implantation belongs to the
most promising technologies.

Most studies on the effect of ion implantation on the
surface properties of materials are concerned with titanium
and titanium alloys. To improve the tribological properties
of titanium alloys, ions of light elements (nitrogen, boron,
carbon), inert gases or their combinations are most often
used. Note that publications on the formation of surface
layers in shape memory materials are scarce. Surface engi-
neering of shape memory materials is a relatively new
avenue of research in materials science and usually the
results of studies on surface modification are limited in
scope or provide one-sided subjective
view.120-126,129,134,136 Numerous publications are devoted
to the solution of technological problems related to pro-
duction of alloys; articles including the description of layer
formation on NiTi surface are relatively few. As a rule,
many authors restrict their research on fabrication of
implanted layers in shape memory materials to studies of
the effect of implanted elements on the biocompatibility and
corrosion resistance. 138143

At the same time, it should be noted that studies of ion-
implanted layers not only from the standpoint of their
functional properties, but also as subject of basic research
are now available. Results of complex investigations of
structural-phase changes in materials during ion implanta-
tion were reported. Experimental data were obtained by
various methods including Auger electron spectroscopy,

Rutherford backscattering, X-ray diffraction, grazing-inci-
dence X-ray diffraction, etc.

In particular, the effect of ion implantation on the
properties of NiTi shape memory alloys under cyclic defor-
mation was studied '#7 taking samples of Tigo gNisg» alloy
implanted with high doses of Al* ions as examples. The
initial samples were cut as strips 5 x 30 x 1 mm in size and
annealed at 673 K. The characteristic temperatures deter-
mined by DSC were as follows: My =279 K, M, =332 K,
As = 339 K and A¢ = 363 K. Two series of Al*-implanted
NiTi samples were obtained with the following ion implan-
tation parameters:

series /: D1 = 1 x 10'® ion cm~2, E; = 50 keV;
series 2: Dy = 3x 10'8 jon cm~2, E> = 150 keV.

To reveal how ion implantation influences the shape
memory effect, stretching tests (shape memory tests) were
carried out at 77 = 293 and 7> = 373 K. The authors of
Ref. 147 reported the stress —strain curves with indication of
the initial and new stress values as well as considered the
sequence of phase transformations occurring in the course
of tests. Figure 12 presents the stress—strain curves
obtained in a single cycle of the shape memory test. The
results obtained can be interpreted as follows.

1. Process 0—a: at 77 =293 K (for the mixed NiTi
structure with higher proportion of martensite with low
content of the R-phase), the sample with the martensite
structure was deformed by 4% under strain. The o, value
obtained in the first cycle was considered to be the initiation
stress for the accommodation of martensite variants or the
appearance of the R-phase. The o stress was defined as the
stress to a 4% strain. The strained sample was in the
martensite phase.

Fig. 12. Schematic view of stress—strain curves obtained in a single
cycle of shape memory test.!4”
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2. Process a—b: the sample with the martensite structure
was unloaded but remained in the tester; this corresponded
to the residual strain state.

3. Process b—c: the sample with the martensite structure
in the residual strain state was heated to 7>, =373 K
corresponding to transformation of the martensite structure
to austenite. The internal stress produced by the process (o)
was defined as the shape recovery stress.

4. Process ¢—0: the sample with the austenite structure
was unloaded and then cooled to 77 =293 K and the
martensite structure with low content of the R-phase
formed again.

The shape memory test curves (Fig. 13) of the NiTi
samples clearly demonstrate a significant difference between
the implanted and virgin samples. Indeed, an increase in the
number of cycles (N) leads to changes in the shape of the
test curves for both virgin and implanted NiTi alloys. An
increase in the number of test cycles causes the stress of
formation of the R-phase (om) to decrease owing to the
occurrence of martensitic transformations. The o, value
determined after five cycles of shape memory tests is at most
80 MPa (¢f. 140 MPa for a single test cycle).

For ion implantation with the dose D;, the stress of
formation of the R-phase determined after one test cycle
was ~60 MPa (c¢f. about 140 MPa for the virgin material).
After five test cycles, the om value for the material
implanted with the dose D; is difficult to determine due to
the change in the shape of the o—¢ curve. After ion
implantation with the dose D;, the o5 value changed as
well from about 100 MPa for a single cycle of the shape
memory test vs. nearly 200 MPa for the virgin material to
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Fig. 13. Sample shape memory test curves of NiTi alloy before (a) and
after implantation with Al™ ions (b, ¢).

Ion doses: D1 = 1x10'"% ion cm—2 (b) and D> = 3 x 10'8 ion cm—?
(c).147

about 80 MPa after five test cycles. However, the o, value of
the D -implanted material differed only slightly from that of
the unimplanted material, namely, ~200 MPa after single
test cycle vs. ~190 MPa after five test cycles, respectively.
At the higher dose D», the o—¢ curves differ significantly
from the curves typical of the virgin material (see Fig. 13 ¢).

Note that after both five and ten cycles of the shape
memory test the hardness of the NiTi alloy implanted with
the dose D> increases. The character of the o —¢ curves was
explained by simultaneous appearance of the R-phase,
austenite and martensite. From Fig. 13 ¢ it follows that the
om value is difficult to determine because the curves show
no plateau characteristic of the shape memory alloy. After
ten cycles of the shape memory test, the o —¢ curve is steeper
than after five test cycles and differs appreciably from the
corresponding curves for the virgin and D;-implanted
materials. The o5 and o, values also changed after implan-
tation with the dose D», being equal to 140 and 180 MPa,
respectively, after test cycles. If at the dose Dy, the recovery
stress o, hardly changed, it decreased at the higher dose D-.
It is believed 47 that changes in the oy, o5 and o, parame-
ters are due to significant structural distortion and changes
in the chemical composition of the implanted regions in the
surface layer that occur at the high implantation dose
(D> = 3x10'® ion cm—2). Implantation with the high ion
dose leads to considerable changes in realization of the
shape memory effect. The results obtained by Rutherford
backscattering and X-ray diffraction analysis showed that
the ion-modified layer is 0.5—0.6 pm thick under these
doses.

Changes in the structure and mechanical properties of
NigeTisq alloy after implantation of nitrogen and boron ions
were analyzed.'#® Austenite samples 20 mm long were cut
from a NiTi wire 1.5 mm in diameter, ground and polished
with diamond pastes (9, 3, 1 um)." The implantation dose
and energy were the same for the boron and nitrogen ions,
viz., D;=10'°, D, =5x10'", D3;=1x10'7 ion cm~—2;
E =150 keV. It was shown that at all implantation doses,
the surface roughness remained unchanged; however, no
roughness value was reported. Changes in the phase com-
position and microstructure were determined by grazing
incidence X-ray diffraction that enables studies at depths
from 0.56 to 2.8 um depending on the angle of incidence of
X-ray radiation. Surface sublayers enriched with titanium
oxides, borides and nitrides were found. The implanted
layer was 0.35 pm thick for implantation with nitrogen
and 0.4 pm thick for implantation with boron. It was
shown that the microstructure and phase composition of
the implanted layers are dose-dependent, namely, the sur-
face layer of austenite implanted with nitrogen ions con-
tained the B2 phase at all doses, but the content of this
phase was different for different doses. For low doses
(10'% ion cm—2), the X-ray diffraction patterns exhibit a
peak corresponding to the martensite phase B19'. An
increase in the implantation dose to 5 x 10'® ion cm—2 led
to domination of the base phase, whereas at the high dose
(10'7 ion cm—?2), the surface layer contained both marten-
site and austenite phases.

The mechanical properties of the surface NiTi alloys
were improved by various methods.!4® To attain amorph-
ization of the surface, defects were introduced into the

T Numbers in parentheses denote the grain size of the major fractions.
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crystal lattice in two ways, by mechanical treatment of the
surface (shot-peening) and by implantation with nitrogen
ions. Two series of NiTi samples were used, austenite
Nigg oTis; 1 (series /) and martensite NisgoTiso.1 (series 2).
The Ar temperature was 314 K for the first and 329 K for
the second series. After implantation, these characteristic
temperatures were unchanged. The values of other charac-
teristic temperatures were not reported. Disk-shaped sam-
ples 3 mm in diameter were annealed at 873 K for 30 min
and polished with diamond pastes (6 and 1 pm). Shot-
peening (diameter of glassy media varied from 50 to
300 um) was carried out under controlled pressure and
peening duration. Under shot-peening hardening of the
surface, samples were located at a fixed distance from the
outlet. Implantation of nitrogen ions (£ = 100 keV) was
performed in different doses from 2 x 10'? to 10'8 ion cm —2.
Based on the results of microhardness measurements using a
Knoop test with a load of 10 g, the microhardness of the
modified surface was plotted vs. load and implantation
dose. The microhardness of the samples under study (for
both martensite and austenite phases) was 150 Nk iog
(1.5 GPa). The microhardness of the work-hardened surface
gradually increased with the load and reached a value of
500 Nxn1og (5 GPa) at a pressure of 7 x 10° Pa (this corre-
sponded to a treatment duration of 60 s). The microhard-
ness of the implanted surface varied from 200 Nk iog
(2 GPa) at a dose of 5x10'joncm~2 to 350 Nkniog
(3.5 GPa) at a dose of 2x 10'7 ion cm—?2 for the austenite
samples and from 180 Nknioe (1.8 GPa) at a dose of
5x10'¢ jon cm~2 to 270 Nkniog (2.7 GPa) at a dose of
2 x 10'7 ion cm 2 for the martensite samples.

A transmission electron microscopy (TEM) study of
amorphized surfaces of the implanted and mechanically
treated martensite and austenite samples revealed the for-
mation of regions with high density of dislocations in the
modified layer at pressures of 6x 10° and 7 x 10° Pa for
shot-peening and at a dose of 2x10'®ion cm—2 for ion
implantation. This indicates large plastic deformations
induced by mechanical treatment, especially in the ground
(finely dispersed) regions. Other published data indicate
that the surface of NiTi alloys can be amorphized with
ease using various treatment procedures including ion mix-
ing, mechanical melting and ion implantation. Amorphiza-
tion occurs as a result of introduction of defects into the
crystal lattice of the material. Therefore, in the mechanically
treated samples the regions with the highest degree of
amorphization are better seen in the TEM images. In the
case of ion implantation, the concentration of radiation-
induced defects abruptly increases as the ion dose increases
from 2 x 10 to 10'® ion cm—2. The conclusions drawn 149
are as follows: (i) modification of the surface of NiTi alloys
by shot-peening hardening and ion implantation leads to an
increase in the surface hardness and a decrease in the
friction coefficient and (ii) these treatment procedures do
not influence the temperatures of the modified layer and
allow one to improve the surface properties of the alloys
without deterioration of their functional properties.

No concentration profiles of the surface layer were
reported,'#® although TEM allows these studies to be
carried out. These data would be of importance to establish
correlations between the properties of the composite system
‘modified layer/matrix material’, type and surface treatment
parameters.

Among the studies on implanted NiTi alloys (austenite
phase), there are Refs 148 and 150. It was concluded 48 that
the implanted nitrogen layer 0.3 pm thick contains almost
equal amounts of the B2 and B19’ phases. At all doses of
implanted boron and nitrogen ions, the modified layer
contained the B2 phase. But unlike implantation of nitro-
gen, at the same dose of implanted boron ions
(10'® ion cm—?2), the surface layer mainly contained the
B19’ phase, which was not detected after implantation of
high ion dose (107 ion cm —2).

An attempt to elucidate the effect of double implanta-
tion of Cu* (dose 0.7 x 10'7, 1.4 x 10'7, 2.1 x 10'7 ion cm —2)
and Ti™" ions (10'7 ion cm—2) on the mechanical properties
and shape memory effect in NiTi alloys was reported.!s!
The phase composition was analyzed using Nigg sTisg s
samples 1 x 15 x 15 mm in size, while mechanical tests were
performed with samples 1 x 1 x40 mm in size. The samples
were preliminarily annealed in a vacuum furnace at 1073 K
for 1 h, their surfaces were electrochemically etched in a
solution of acetic acid and 10% HCIO4. Powder X-ray
diffraction revealed the presence of the B2 phase (97%) and
the Ti,Ni secondary phase (3%). The characteristic temper-
atures were as follows: M = 283, My = 261, A, = 299 and
Ar =322 K. The test of the mechanical properties of
Niqo 5Tis0.5 samples included loading under constant torque
moment at a temperature above A4r followed by cooling in
the stressed state to a temperature below My, unloading and
heating again to a temperature above 4y. The torsion angle
was measured after loading (ytota1) and unloading (yg2—B19')-
The ytota1 and yp2_p1o’ values were reported as parameters
of the shape memory effect. Experiments revealed improved
parameters of deformation, namely, the angles Yot and
yB2—B19’ in the implanted samples appeared to be larger
than in the virgin samples; this was explained by greater
degree of reorientation of martensite in the implanted
material under stress. It is believed !5! that under thin
implanted layer there is a layer characterized by higher
internal stress that favours reorientation of martensite.
Also, the martensitic transformation temperatures change
upon implantation of Cu™* and Ti" ions; this influences the
changes in the characteristic temperatures of phase trans-
formations under different loads. For instance, unim-
planted and Cu™-implanted (dose is 2.1 x 10'7 ion cm—2)
samples are characterized by AT = 32 K and 15 K, respec-
tively, at 100 MPa.

It was concluded that in the case of double ion implan-
tation the properties of NiTi alloys are influenced by not
only the chemical and phase compositions and the structure
of the implanted layer, but also by the microstructure of
deeper-lying layers. According to Auger electron spectro-
scopy data, the thickness of the modified layer is ~200 nm
after double implantation. No nickel was detected at depths
<25 nm. At depths in the range 30-40 nm, a very low
content of nickel was detected; at a depth of 50 nm, TiO>
was the major phase. Tensile tests of Nigg sTiso 5 alloy were
carried out at room temperature. An analysis of the o—¢
curves showed that the hardness of the implanted sample
was lower than that of the virgin sample. For instance, the
stress at 8% strain was 600 MPa for the virgin and 500 MPa
for the implanted material. Implanted samples were char-
acterized by larger plastic deformation compared to the
unimplanted ones.

The physical properties of the modified surface layers of
a NiTi alloy were analyzed to assess the potential for
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biomedical applications.!>> The goal of that work was to
study the behaviour of the modified layers at different
degrees of surface wetting. The surfaces of samples of the
austenite  (4r = 298K, Nis;Tisgs9) and martensite
(Ar = 351 K, Nigs»Tis;g) phases of NiTi alloy were inde-
pendently modified by implantation with nitrogen ions
(D =2x10"ion cm—2, E = 100 keV) and by shot-peening
(as in Ref. 149, the diameter of glassy balls also varied from
50 to 300 um). Using X-ray photoelectron spectroscopy, it
was shown that the alloy treated by both methods contains
TiO,, TiN as well as calcium, silicon and sodium com-
pounds. The content of nickel in the modified layer also
remained unchanged for both kinds of treatment. The
authors of Ref. 152 believed that changes in the chemical
composition of the modified surface will not suppress the
shape memory effect in the material, although experimental
studies of relevant conditions were not reported.

It was assumed that, in spite of the presence of the
amorphized layer that formed on the surface of NiTi
samples after implantation and shot-peening, the presence
of titania proves their biocompatibility. The degree of
wetting of the NiTi surface with distilled water was esti-
mated by measuring the contact angle between the surface
and a liquid drop at room temperature. It was found that
for both surface modification techniques, the austenite
samples are characterized by larger contact angles than the
martensite samples. It was concluded that the wettability of
surface-modified NiTi alloy allows one to use it as bioma-
terial.

In discussing the influence of ion implantation on the
shape memory effect and corrosion resistance of NiTi alloy
the emphasis was placed on changes in the phase composi-
tion and microstructure of implanted layers. The implanta-
tion parameters of nitrogen ions were calculated using the
TRIM’91 software. The estimated average projected ranges
of nitrogen ions implanted into the NiTi samples are listed
in Table 2.

Table 2. Estimated projected range of nitrogen ions implanted into
NiTi samples.'%?

D [ion cm 2 E keV [ /um
5% 1017 50 0.063
5x 1017 100 0.123
107 50 0.063
107 100 0.123
1016 50 0.063
106 100 0.123
1013 100 0.123
1013 250 0.280

A NiTi layer about 500 nm thick implanted individually
with nitrogen ions (D = 5x10'7 ion cm—2), argon ions
(D =3x10'7 ion cm—2), as well as exposed to double ion
implantation with Ar* +N* was studied.®® The modified
layer contained ~40 at.% of nitrogen within 55 nm from
the surface in the first case and 35 at.% of nitrogen within
75 nm from the surface after double ion implantation. Such
a treatment led to significant changes in the elemental depth
distribution within the surface layer, and the so-called
sublayer enriched with the substrate constituent elements
(enriched buried layer) was formed. The N™*-implanted
surface layer contained no nickel at depths 50—70 nm.

Surface

Implanted
layer

Fig. 14. SEM images of NiTi samples (martensite phase) implanted
with nitrogen ions at different implantation parameters.!'3?

(a) D1 = 2x10'7 ion cm 2, E; = 60 keV;

(b) D2 = 2x10"%ion cm—2, E; = 65 keV.

Nitrogen was detected at depths from 80 to 100 (and even
500) nm. It was shown that double implantation with
N* +Ar™ ions favours the formation of Ti—N — O systems
at a depth of 70 nm from the surface.

The thickness of the layer implanted with different doses
of nitrogen ions was evaluated using NiTi samples (marten-
site, series 7)!33 using a scanning electron microscope
(SEM) operating in the secondary-electron mode. The
SEM images (Fig. 14) showed that ion implantation first
of all causes a change in the colour of the layer, thus
indicating certain changes in its chemical composition. The
chemical composition was not analyzed because the micro-
scope was not equipped with energy-dispersive detector.
Gradual change of the colour from light (top) to dark
(bottom) is characteristic of implanted layers and indicates
the lack of well-defined interface between the ion-modified
surface layer and the matrix material. The thickness of the
modified layer was estimated as ranging from 270 to
350 nm.

The elemental depth distribution was estimated !28 by
analyzing the Rutherford backscattering spectra using orig-
inal models and software (see Ref. 153). The results
obtained are presented in Fig. 15. After implantation of
nitrogen ions into the surface of NiTi samples
(D = 10" ion cm—2, E = 60 keV) the nitrogen concentra-
tion equal to 41 at.% at a depth of 50 nm gradually
decreases with depth and approaches zero at a depth of
225 nm. Simultaneously, a low concentration of nickel is
detected at a depth of about 50 nm. As the distance from
the surface increases, the content of nickel gradually
increases, reaches a maximum value (59 at.% —60 at.%) at
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Fig. 15. Concentration profiles of elements in the surface layer of NiTi
alloy (martensite phase) implanted with nitrogen ions
(D =10"8ion cm—2, E = 60 keV) obtained from Rutherford back-
scattering spectra.!?8

Element: Ni (7), Ti (2), N (3) and O (4).

depths 75—100 nm and then decreases to a value of nearly
50 at.% which is characteristic of the matrix material. The
concentration of titanium also changes from 30 at.% near
the surface to 52 at.% at a depth of about 150 nm.

Thus, implantation of nitrogen ions (as well as boron
and other elements) leads to sputtering of some nickel and
titanium atoms from the surface layer of NiTi alloy,
whereas other atoms move into the interior of the material,
as indicated by the results of analysis of the Rutherford
backscattering spectra. Mention may be made that the
sputtering rate of nickel atoms in the course of implantation
was noticeably higher than that of titanium atoms.

Crystallographic data for the structures determined
after crystallization of the phases found in the NiTi alloy
implanted with a high dose of nitrogen ions are listed in
Table 3 and presented in Fig. 16.

Processing of diffraction patterns showed that a
decrease in the layer thickness to ~170 nm is accompanied
by a decrease in the intensities of the martensite peaks,
whereas the intensities of the peaks corresponding to other
phases did not change. An analysis of all diffraction
patterns revealed a common feature, viz., a change in the
phase composition of the alloy with a decrease in the
effective thickness of the layer in question. The diffraction
patterns exhibit lower intensities, small shifts and broad-
ening of the diffraction lines in the vicinity of the martensite
phase M;,, and a simultaneous increase in the relative
intensity of the diffraction lines of the phases My, NisTis

and TiN. The depth distribution of the phases is as follows:
no M, martensite phase was detected within the layer
~340 nm thick and the M, phase was detected within the
~170 nm thick layer. Also, all diffraction peaks appeared
to be shifted which indicates some lattice distortion. As the
effective layer thickness decreases, the diffraction patterns
exhibit changes in the phase composition of the alloy,
namely, weakening as well as small shifts and broadening
of the diffraction lines of the M, phase and an increase in
the relative intensities of the diffraction lines of the M,,
NisTiz and TiN phases.

At a layer thickness of about 340 nm, the martensite
phase is no longer detected (there are no lines from this
phase in the diffraction pattern, see Fig. 16¢). Further
decrease in the effective layer thickness to ~ 170 nm causes
a small decrease in the intensities of the diffraction lines
from the M, phase. The observed shift of the diffraction line
indicates a lattice distortion.

Using secondary-ion mass spectrometry (SIMS), one
can analyze the molecular and elemental compositions of
layers as well as the elemental depth distributions. This is a
destructive method of investigation because the sample
surface is sputtered (so-called ion etching of the sample
surface). Usually, it is used to determine the content of
particular components in the course of successive removal
(etching) of atomic layers. In particular, SIMS was used to
assess the projected range of nitrogen ions depending on the
implantation parameters.43-130.153.154 The concentration
(ion cm—3) profiles of the martensite and austenite phases
of NiTi alloy implanted with nitrogen and base elements
were reported.*3

To compare the implantation depths for the martensite
and austenite phases, a commercially available titanium
alloy implanted with nitrogen (D = 10!® ion cm—2,
E = 60 keV) was additionally studied. Martensite samples
(series /) used in the SIMS studies were implanted with
different doses of nitrogen ions:

— series /: D = 10'%, 10'7, 10'8 and 5x 10'8 ion cm 2,
E = 55keV;

— series 2: D = 107, 5x10!'7 and 1.5x 10'% jon cm—2,
E = 55 keV.

An analysis of the SIMS profiles obtained for the
samples of series / at different implantation doses (see
Fig. 17) suggests that at D = 10'® ion cm—2, the concen-
tration of nitrogen atoms in the layer is lower than at higher
doses. The concentration profiles of nitrogen ions clearly
showed a decrease in their content with respect to the depth.
At a dose of 10'¢ ion cm—2, the thickness of the nitrogen-
rich layer is ~0.11-0.12 pm (see Fig. 17a). As the dose
increases to 10'7 ion cm—2 (see Fig. 17 b), the implantation
depth increases, the maximal concentration of nitrogen is

Table 3. Parameters of structures found in phases of nitrogen-implanted NiTi alloy (D = 10'® ion cm—2, E = 50 keV).

Phase Structural Lattice Space group Lattice constants
type
a/nm b /nm ¢ /nm f /deg y /deg

Austenite NiTi cubic Pm3m (221) 0.3012 — — — —
Martensite, My, NiTi monoclinic P2y/m (11) 0.4622 0.4120 0.2885 96.8 -
Martensite, My NiTi " P2y/m(11) 0.2898 0.4108 0.50789 97.78 —
NigTi; NigTi; rhombohedral R3m (148) 1.1235 — 0.4646 — 120
TiN TiN cubic Fm3m (225) 0.424 — — — —

Note. Shown are the data taken from the Powder Diffraction File (http://www.icdd.com/translation/rus/pdf4.htm).
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Fig. 16. Effective penetration depth (EPD) of X-ray radiation plotted vs. angle of incidence of the ion beam () and the X-ray diffraction patterns
of implanted NiTi alloy (D = 10'8 ion cm~2, E = 50 keV) obtained at fixed angles of incidence of CuK, radiation (h—f); peak A corresponds to
the austenite phase.!>"
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Fig. 17. SIMS profiles of a NiTi alloy sample (martensite phase) implanted
with nitrogen ions.*3

D = 10" (a), 10'7 (b), 108 (¢), 5x 10'® ion cm~2 (d); E = 55 keV.

0 0.2 0.4 0.6 [ /um (1) Ti, (2) Ni, (3) N.




1150

A D Pogrebnjak, S N Bratushka, V M Beresnev, N Levintant-Zayonts Russ. Chem. Rev. 82 (12) 1135-1159 (2013)

Heat flux /W g—!
.o
[\)

(=]

33.96

—-0.2

T/°C

28.91

Heat flux /W g—!

|
e
=
T

43.12

—-0.2

T/°C

Fig. 18. DSC traces of NiTi alloy (martensite phase) implanted with nitrogen ions (D = 10'® ion em—2, E = 55 keV): one (a) and two (b)

cooling — heating cycles.?*
Cooling (/), heating (2); numbers near DSC traces: temperatures /°C.

determined at a depth of 0.05 pm, while the thickness of the
implanted layer is ~0.25 pm. At high implantation doses
(108 and 5x 10'® ion em—2), the SIMS profile of nitrogen
is broadened, a characteristic plateau appears (see
Fig. 17 ¢,d) and the thickness of the implanted layer also
increases to ~0.38 and ~0.45 um, respectively.

Implantation of nitrogen ions (D = 10!8 ion cm~?2,
E = 55 keV) causes changes in the characteristic of temper-
atures of the martensite phase of NiTi alloy. The DSC
traces for implanted samples of NiTi are shown in Fig. 18.

Nitrogen-implanted NiTi alloy is a mixture of the
R-phase and martensite; however, the temperature corre-
sponding to the appearance of this mixture was much higher
than for the virgin sample and varied from ~ —40 to 35 °C;
The characteristic starting and final transition temperatures
were as follows: Rs = 33.92, Rrf=24.82, Ms=3.25 and
Mr= —39.73 °C).

The temperature range for the first heating cycle for the
implanted samples is much wider than for the unimplanted
samples, As=24.53 °C vs. Ar= 55.33 °C, respectively.
Then, the characteristic temperatures of the cooling—heat-
ing cycles somewhat change compared to those for the first
cycle. However, on subsequent heating the thermal peak is
narrower than for the first cycle. The sequence of phase
transformations on cooling remains unchanged. The tran-
sition temperatures for second cooling—heating cycle of the
implanted NiTi alloy are Rs = 33.96, Ry = 25.75, M = 3.55,
My = —38.13, A; = 25.99 and A¢ = 44.95 °C.

VI. Influence of high doses of implanted ions on
physicomechanical properties of NiTi alloys

As mentioned above, NiTi shape memory alloys are of
considerable interest for various practical applications. In
particular, this is indicated by publication of numerous
studies on improvement of the mechanical and physico-
chemical properties of the surface layers of shape memory
materials with preservation of their functional properties.
For instance, the results of studies on the mechanical
properties of NiTi samples of different chemical composi-
tions are available.® 3% Two series of samples were studied,

Niso.gTia9» (series I, martensite) and Nigg ¢Tis; o (series 2,
austenite).® Crystallization and shape ‘imprinting’ were
attained by annealing the samples at 773 K. Both series of
thin-film samples fabricated by magnetron sputtering rep-
resented 6.5 (series /) and 6 um (series 2) thick disks. The
transition temperatures (°C) determined by DSC were as
follows:

for samples from series I: Ms= 65, My= 60, A; = 87,
Af = 95;

for samples from series 2: M;= —38, M= —59,
As =3, Ar = 97.

After ion implantation, both series of samples appeared
to be wear resistant and to have a reduced value of the
friction coefficient compared to the virgin samples.

The authors of Ref. 6 reported the results of the nano-
indentation and membrane tests. Detailed information on
these experiments is unavailable. The results of the inden-
tation tests (calculated with respect to a depth range from
30 to 1000 nm) of the martensite samples showed that the
Young modulus (C) gradually decreases from 45—50 GPa
(h =80-100 nm) to 20— 15 GPa (& = 500 nm) as the inden-
ter penetration depth (/) increases. A single point on the
stress —strain curve corresponds to fifteen same-type meas-
urements. Further increase in the indenter penetration
depth (& ~ 1000 nm) led to the Young modulus values that
were close to those obtained from the results of the
membrane test (~12—15 GPa).

An analysis of the dependence of the Young modulus on
the indentation depth obtained for the austenite samples at
room temperature suggests a phase transition A — M at the
indentation points. At small indenter penetration depths
(10—-100 nm), the Young modulus is 110 GPa, being close
to the value determined from the membrane test. As for the
martensite samples, the Young modulus decreases to
20 GPa as the indenter penetration depth increases.

It was reported that the microhardness of the material
(H) also decreases as the indenter penetration depth
increases. Indeed, one gets a decrease in the microhardness
from 14 GPa (h=80-100nm) to 4 GPa (h=700-
800 nm) for the martensite samples and from 1.2—-1.3 GPa
(h =100 nm) to 0.1-0.6 GPa (& = 700—900 nm) for the
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austenite samples. The possibility for high stress to develop
around the indenter tip and some replication of the mar-
tensitic transformation A — M (also for the austenite
samples) were suggested. The Young modulus of austenite
gradually decreases as the indenter penetration depth
increases. The authors of that study believe that this
decrease is related to the development of a locally possible
martensitic transformation in austenite. The Young mod-
ulus of NiTi (martensite) also decreases as the indenter
penetration depth increases. It was assumed that local stress
of the material may lead to transformation of the local
martensite regions and to reorientation of martensite or
local formation of a new martensite region.

The surface of NisoTigZr;o alloy was implanted
with molybdenum ions (D;=18x10"7 and D=
5% 10'7 ion cm—2, E = 50 keV).!%® That work mainly con-
cerned (i) structural changes in NisoTis0Zro at different
depths and (ii) surface characterization under different
loads of the material. Needle-shaped (1 x1x20 mm) and
plate-like (1 x 10 x 20 mm) NisoTig0Zr1o samples were pol-
ished in a hot solution comprising 89 ml H,O+
2 ml HF +2 ml HNOs. It was found that the martensitic
transformation in the material obeyed the simple scheme
B2 =2 B19’ and the characteristic temperatures were close to
room temperature. Measurements under a load of
0.02—-0.3 N revealed an increase in the Vickers microhard-
ness of the molybdenum-implanted surface
(Hy = 440—450 MPa) compared to the unimplanted sur-
face (Hv = 390 MPa).

In Ref. 156, the surface layer of NisoTis0Zr;o alloy was
studied before and after implantation of molybdenum ions
(D1 =1.8x10'7 and D> = 5% 10'7 ion cm—2, E = 50 keV).
It was shown that, in accordance with the dependence of the
microhardness Hy on the indenter penetration depth
h (um), the surface area of the indenter imprint into the
implanted samples decreases. The Hvy values reduced from
450 (at a depth of 0.6 um) to 390 MPa (at a depth of
1.2 pm). At loads of 0.2 N and higher (this corresponds to
the indenter penetration depth from 1 to 2 pm), the micro-
hardness of the implanted samples did not change; this was
observed at different implantation doses. It was concluded
that the thickness of the modified layer was ~1 pm. At
loads >0.1 N, the microhardness was significantly influ-
enced by deeper-lying layers whose microstructure also
changed upon ion implantation. This was explained by the
so-called long-range effect.

The modified layer is different from the initial material
in mechanical properties and structure. This was confirmed
by the results of surface fracture studies carried out using
implanted and untreated NisoTis0Zrio (austenite) samples.
The samples were cyclically loaded on a reverse torsion
pendulum setup operating in the torsion mode un to
fracture by twisting. The single-phase B2 state of the
material was attained by maintaining the temperature at
170 °C, above the point of direct martensitic transforma-
tion. An analysis of the photomicrographs of surface
fracture showed that the virgin samples were characterized
by internal stresses along interfaces or grain boundaries. As
to the implanted samples, the character of the surface of
fracture in the surface layer and adjacent layers suggests a
brittle fracture of grains of the B2 phase. The thickness of
the sublayer that lies immediately under the modified sur-
face layer is dose-dependent, namely, about 30 um for the
D; dose and about 90 pm for the D> dose.

During the tests, the twisting angles were measured after
loading—unloading cycle. It was stated !3¢ that plastic
deformation in the implanted samples occurs at lower
loads compared to the initial samples. Also, cracking in
the implanted samples was found to be 10% —15% higher
than in the untreated samples. Under the action of twisting
deformation, samples broke down. The authors 3¢ believe
that an increase in plastic deformation of the B2 phase after
ion implantation favours hardening of NisoTis0Zr1o. This
was explained by extension of the deformed region, namely,
plastic deformation of implanted samples is much larger
than that of the starting samples.

Figure 19 presents the results of Vickers microhardness
tests of NiTi alloy (austenite phase) before and after
implantation of nitrogen ions (dose 1.5x 10'® ion cm—2)
under different loads.'?® As can be seen, the implanted
samples exhibit a decrease in the microhardness in the
near-surface layer (~70 pm from surface) at all loads
compared to the initial alloy. The effect is most pronounced
at the minimal load (0.05 N). The structure and phase
composition of the near-surface layer after ion implantation
differ from those of the matrix material. The structure of
the austenite phase in the near-surface layer is distorted.

Usually, it is impossible to determine the microhardness
of shape memory NiTi samples in the austenite phase with
certainty because this problem has not been correctly
discussed in the literature.!3* Under low loads, the micro-
hardness of shape memory materials can vary over a rather
wide range. The microhardness determined from the param-
eters of the inverted imprint appears to be much higher than
the true value. This is due to the fact that under low loads
the material exhibits high elastic properties (elastic recovery
of the inverted imprint occurs) and therefore, the hardness
is overestimated. In this connection, calculations are per-
formed taking into account the size of the deformed region
of the material surrounding the imprint from the outside.
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Fig. 19. Microhardness of NiTi alloy (austenite) before (a) and after
(b) implantation with nitrogen ions (D; = 1.5 x 10'® ion cm—?2) meas-
ured under loads of 0.05 (/), 0.1 (2) and 0.2 N (3).43128
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Note that for the shape memory materials the micro-
hardness values calculated by different authors are usually
different and for such materials the classical definition of
hardness as the ability of a material to withstand plastic
deformation or as a measure of resistance to the action of
indenter is not valid. The Hv values do not include the
elastic component of deformation. In the case of an elasto-
plastic material, this causes no large errors because elastic
deformations are small. However, for shape memory alloys
almost all total deformation is elastic and therefore issues
arise concerned with the hardness of the shape memory
materials.!34

Mechanical properties (hardness and Young modulus)
of the surfaces of NiTi samples implanted with N* and B*
ions were studied with a nanoindenter equipped with a
diamond tip in Berkovich geometry in a load range from
0.5 to 20 mN.'#8 It was shown that by and large, variation
of loads and types of implanted ions has little effect on the
dependences of the hardness and elastic modulus on the
indentation depth. For instance, the elastic modulus of
unimplanted NiTi surface is 65 GPa (at a maximal load of
2 mN) and the hardness is 4.2 GPa. After implantation of
nitrogen ions accompanied by loading from 0.5 to 2 mN the
elastic modulus decreases from 105 to 75 GPa. For implan-
tation of boron ions, the elastic modulus decreases from 110
to 75 GPa. Further loading causes the dependence of the
Young modulus to reach a characteristic plateau and to
attain a value of 70 GPa for both types of implanted ions at
a maximal load of 20 mN. The hardness values for the
layers implanted with N* and B™" ions are somewhat
different. For instance, implantation of nitrogen ions
accompanied by an increase in the indenter load from 0.5
to 2 mN led to a slight increase in H from 6.5 to 7.6 GPa;
however, further loading of the indenter caused the micro-
hardness to gradually decrease to a value of 4.6 GPa
attained at the maximal load. No peak was observed for
the boron-implanted NiTi samples (H = 7.6 GPa at load of
0.5 mN). On further loading the H value gradually
decreases to 4.6 GPa at the maximal load of 20 mN. It is
important that changes in the dose of implanted N* and
B* ions (in particular, for implantation of nitrogen in the
doses of 10'¢ and 10'7 ion cm—2) cause the microhardness
to increase; the best result was obtained at a nitrogen ion
dose of 5x10'¢ion ecm—2. This dose is also optimal for
increasing the elastic modulus. For implantation of boron
ions, the maximal hardness and elastic modulus values were
attained at a dose of 10'7 ion cm—2. Changes in the param-
eters H and C (according to the nanoindentation tests)
depending on the ion dose are collected in Table 4 (no
depth was indicated). Based on the observed changes in the
mechanical properties (H, C) and on the results of GIXRD
studies, it was assumed that hardening of the NiTi surface is

Table 4. Results of microhardness (H) and elastic modulus (C)
measurements for NiTi samples implanted with different doses of
boron and nitrogen ions.'#8

Ion D J/ion cm—? Cmax (at.%) H/GPa C/GPa
— — — 4.2 65
B* 10'6 0.64 7.00 103
B* 5x 10! 3.10 7.25 95
B* 1017 6.01 7.70 110
N+ 10t6 0.94 6.30 91
N+ 5x 106 4.53 7.55 104
N+ 1017 8.66 7.30 102

mainly due to the formation of a complex system of defects
in the crystal lattice after ion implantation.

In the microhardness tests, the indenter imprints on the
surface serve a measure of distortions due to the application
of indenter. As the temperature is raised above 4, residual
stress of NiTi alloy disappears due to the phase trans-
formation. In practice, depending on the stress magnitude
and on the heating temperature, no complete shape recovery
occurs and the surface still bears some shallower imprints
compared to the their depth before heating. Therefore, the
shape memory effect can be studied using profilometry
measurements and an analysis of shape changes in the
indenter imprints during controlled heating of samples.

The heating temperatures and the imprint depths 34 are
listed in Table 5. In that study, samples were heated in
water. The temperature was maintained with a temperature
controller, the indentation depth was measured with a
scanning profilometer at a magnification of 5000. Profilom-
etry measurements were carried out at 25 °C (Fig. 21).
Three measurements were done for each load value. Based
on the results of profilometry measurements, so-called
contour maps of the surface were plotted. The shape of the
imprints and the imprint profiles at different loads are
presented in Figs 20 and 21, respectively.

Interesting results of studies on shape memory materials
from the standpoint of changes in the surface state after
modification were reported.!!8 149 Wear resistance studies
of implanted layers involved measurements of the friction
coefficient using a ball—plane tester. A tungsten carbide
ball 5 mm in diameter was pressed to the sample surface
under a load of 1.8 N and then forced to execute oscillatory
motion with an amplitude to 100 pum and a frequency of
8 Hz. It was found that for the shot-peened surface con-
taining austenite and martensite phases the lowest friction
coefficient at 1000 cycles was obtained at a maximal load of
7 x 10° Pa. The initial value of the friction coefficient was
the highest (Fig. 22) for the initial martensite samples and
remained unchanged until nearly 450 cycles. This result was

Table 5. Imprint depth (um) on the surface of ion-implanted and virgin samples at different loads.?*

T/)°C Virgin surface under load /N Ton-implanted surface under load /N

4 7 10 13 16 20 4 7 10 13 16 20
25 4.5 6.1 7.0 7.8 8.8 9.9 3.9 5.6 7.4 8.2 9.0 10.2
45 4.4 6.1 6.8 7.9 8.0 9.8 4.1 6.0 7.1 8.3 8.9 10.0
55 3.8 5.5 6.5 7.4 7.3 9.5 3.9 5.8 6.9 7.6 8.7 9.9
65 3.0 4.2 2.0 2.7 3.0 3.2 3.5 4.6 5.1 6.0 7.5 8.8
75 - — — — 2.8 33 — — — — 4.2 5.5
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Fig. 20. Indenter imprints on the surface derived from the NiTi profilometry measurements under a load of 16 N after heating of the sample to
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Fig. 22. Friction coefficient of NiTi in the austenite and martensite
phases plotted vs. wear cycles for the virgin material and after shot-
peening (@) and after implantation with nitrogen ions (b).!4°

(a) Hardened austenite (/), virgin austenite (2), hardened martensite (3)
and virgin martensite (4);

(b) dose /ion em—2: 108 (1), 1016 (2), 10'3 (3) and 103 (4).

explained by probable local formation of martensite upon
collisions with the surface. As the number of cycles
increased, the friction coefficient reached a particular
value that subsequently remained unchanged.

The results obtained for the nitrogen-implanted samples
suggest that an increase in the ion dose to 10'® ion cm—?2
leads to reduction of the friction coefficient; however, the
friction coefficient values of the implanted samples change
more slowly compared to the shot-peened samples. Samples
treated by both methods are characterized by stabilization
of the friction coefficient values, namely, after about 1200
test cycles for the shot-peened and after 2500 cycles for the
ion-implanted surface. It is believed that implanted surfaces
(D = 10'8 ion cm—?) are more wear resistant for less than
2500 test cycles, although the friction coefficient of the
mechanically treated surface is usually lower (e.g., 0.3 for
shot-peening and 0.43 for ion implantation, both for at
most 500 cycles). Unlike the implanted samples, the friction
coefficient of the mechanically treated martensite samples
remains unchanged in the range from 1000 to 2500 test
cycles.

The effect of implantation with nitrogen ions (D = 1017
and D, = 2x10'® ion cm~2, E = 50—-65 keV) on the wear
resistance of a shape memory material was studied 59
taking samples of equiatomic NiTi alloy (martensite
phase) as examples. The samples 22 x 5.4 x 0.3 mm in size
were annealed in a vacuum oven at 583 K for 30 min and
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Fig. 23. Wear profiles of NiTi alloy: inverted imprints of wear
surfaces of virgin NiTi (load 0.4 N, test duration 12 h) («) and
implanted NiTi (load 0.7 N, test duration 6 h) (b).#3 150

then washed in a solution of 10% NCIO4+90% AcOH.
The wear resistance of the surface layer under friction was
determined from the results of measurements with a sap-
phire ball tribotester 6 mm in diameter with a piston sliding
(no lubricant!) on the surface of the material. This test was
named ‘dry piston sliding wear test’. Under the tests, the
ball was loaded with 0.4 N and 0.7 N, and the amplitude of
reciprocating motion of the ball was 3 mm. The wear
resistance was studied using untreated and implanted sam-
ples. The test duration was 1, 3, 6 and 12 h. To obtain
reproducible results, tests of all samples were repeated three
to five times for different loads and test durations. The ball
sliding on the surface leaves visible signs of wear (tracks) in
the form of grooves. The degree of wear of the material can
be evaluated from the depth of the groove using the volume
of the groove as a measure of consumption of the material.
Also, the wear tests were followed by profilometry measure-
ments of the grooves; this made it possible to compare the
surface morphologies. Maps of the surface under study after
friction were constructed using the Hommel Map Expert
software (Jenoptik, Germany),* which allows one to con-
struct inverted images of wear signs on the surface of the
material (this serves to observe the ‘bottom’ of grooves, see
Fig. 23).

Implanted samples revealed higher wear resistance of
the surface layer compared to untreated samples. The

i Documentation can be downloaded from, e.g., http:\\www.teknikel.-
com/files/kategori/140/dosya/puruzluluk—ve-kontur-genel-katalog.pdf
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Fig. 24. Consumption (V') of NiTi alloy before (/) and after ion
implantation [D; =107 (2) and D;=2x10"%ioncm~2 (3),
E = 50—-065 keV] during ‘dry sliding’ test plotted vs. test duration at a
load of 0.4 (a) and 0.7 N (b).4¢

dependence of consumption of NiTi before and after ion
implantation (D; =107 and D, =2x10'%ion cm~2,
E = 50-65 keV) under ‘dry sliding’ conditions on time is
shown in Fig. 24. Also, the implanted samples were charac-
terized by smaller amounts of consumed NiTi material
compared to the unimplanted samples under different
loads (0.4 and 0.70 N) at any test duration (1, 3, 6 and
12 h).46.150.153,157.158

Under a lower load (0.4 N, see Fig. 244) and at the
implantation dose D-», the increase in the wear resistance
was more pronounced not only compared to the unim-
planted samples, but also compared to the samples modified
with the lower dose D;. After the 1 h test, the amounts of
the consumed NiTi material for all samples differ insignif-
icantly. Considerable differences were observed for the
long-term tests.

Improvement of the corrosion resistance of shape mem-
ory alloys becomes topical in connection with the wide use
of these materials in biomedicine. Usually, NiTi-based
alloys exhibit high anti-corrosion properties and biocom-
patibility. However, the operating lifetime of implants
produced from these materials and utilized in corrosive
biological media is limited. High content of nickel (allergen
and carcinogen) limits the operating lifetime of implants
made of NiTi-based alloys. Development of corrosion is
known to be dependent on the state of the surface layer.
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This is to a great extent valid for NiTi alloys whose surface
contains complex and developed martensite inclusions.
Thus, improvement of the corrosion resistance trough sur-
face modification is strongly influenced by the chemical
composition of the material.

A corrosive medium was simulated by a mixture
10 ml HF +30 ml HNO3+ 50 ml H,O and used for 20-s
etching of samples.!'” TEM studies demonstrated a poorer
corrosion resistance for the unimplanted material. A com-
parison of the corrosion resistance of nitrogen-implanted
NiTi samples revealed the highest corrosion resistance for
the samples implanted with two doses, 10!'7 and
5x10'7 ion cm—2 (E, = 100 keV). The observed increase
in the corrosion resistance upon ion implantation was
explained by the appearance of transverse stress in the
implanted layer, but no detailed analysis of this effect was
performed.

A study3® on the properties of the surface of implants
under the action of corrosive media presented the results of
complex investigations of the physicochemical properties of
NiTi alloys after implantation with titanium and molybde-
num ions as well as qualitative estimates of the corrosion
resistance of the modified layers in biological media. Sam-
ples under study were made of two or three components,
ViZ., Ti49_5Ni50_5 N Ti50Ni44ZI‘6 N Ti4()Ni5()ZI‘10 N TisoNiso_,\—Aux
(x=1at.%, 5at.%, 10at.%, 15at.%, 20 at.%),
TisoNiso—Pd, (x =2 at.%, 6 at.%, 10 at.%). The initial
samples 1x1x20 mm in size were annealed in vacuo
(10=3 Pa) for 1 h at 1073 K, polished with a diamond
paste and then with a mixture of composition
10% HCIO4 + 90% acetic acid. Ion implantation was car-
ried out using an implanter operating in pulsed mode (pulse
repetition frequency was 50 Hz). The Tiso sNisg.s samples
were implanted with Ti™ ions (D = 107 ion cm—?2,
E = 60 keV) and the TisoNisaZre and TigoNisoZrio samples
were implanted with Mo* ions (D =2.5x10'® and
2.5x10'7 ion cm—2, respectively; E = 60 keV). Qualitative
assessment of the corrosion resistance was done gravimetri-
cally. Samples were weighed on an analytic balance with an
accuracy of +10—° g and their linear dimensions were
determined by an optical microscope with an accuracy of
+10~3 mm. The corrosion resistance was determined from
the ratio of the mass loss by the sample

Am = mo—m,

(mo and m, are the initial and final masses of the sample
determined after each measurement) to the total surface
area S. Tests were performed in two types of corrosive
media:

— in 0.99% NacCl solution and

—in blood plasma (9 g litre—! NaCl+0.42 g lit-
re~ ! KCIl + 0.24 g litre—! CaCl,+2 g litre~! NaHCO; +
2 g litre~! glucose).

Samples were kept at room temperature for 1800 h in
the first medium and at 310K for 3442 h in the second
medium. The mass measurements were carried out after
1, 3, 5 and 7 days and then after 2, 3, 4, 6, 8 and 12 weeks.
Both implanted and virgin Tiso sNisgs and NisoNigsZre
samples were tested in the NaCl solution, as well as both
implanted and virgin Nio 5Niso s samples were tested in the
blood plasma solution. Investigations were carried out over
a period of a year and studies of the surface morphology
were accompanied by regular mass measurements.

An analysis of changes in the corrosion resistance Am/S
with time showed that all samples demonstrated a strong
dependence of the change in mass on the chemical compo-
sition, duration of storage in solution and on ion implanta-
tion parameters (ion type and dose). For all types of
treatment, an improved corrosion resistance after ion
implantation was observed. The best result was obtained
after implantation of molybdenum ions into TisoNigaZre
(D1 =2.5%x10'"% and D, = 2.5x 107 ion cm—2). The corro-
sion resistance of the implanted samples appeared to be
almost twice as high as that of the unimplanted samples.
Metallographic studies substantiated the results obtained.
An optical microscopy study of virgin samples demon-
strated signs of pitting corrosion at grain boundaries.
Photomicrographs of implanted samples showed that the
surface state was almost unchanged. Increased corrosion
resistance of implanted samples was explained using the
results of a study of the chemical composition by Auger
electron spectroscopy. Namely, implantation of titanium
ions led to the formation of a nickel-free oxide layer
~20 nm thick on the surface. In the virgin samples, the
surface oxide layer was ~10 nm thick and contained
~20 at.% Ni. Implanted samples were characterized by
the formation of a specific oxide sublayer with minimal
content of nickel (only at a depth of baout 50 nm from the
surface the nickel concentration values appeared to be
typical). It was concluded that the decisive factor in
improvement of the corrosion resistance is the lack (or low
content) of nickel in the modified surface layer.® A benefi-
cial effect of high implantation doses of Ti* and Mo ™ ions
on the corrosion properties of NiTi-based alloys was thus
substantiated.3® This makes application of these materials
in medicine feasible.

It should also be noted that at these implantation doses,
the concentration of implanted ions was at most 1 at.%.
Therefore, improvement of the physicomechanical proper-
ties is solely due to the formation of carbonitride or oxy-
carbide layers that act as protective layers.!>7- 158

VII. Conclusion

Metallic alloys with thermoelastic martensitic transforma-
tions and the shape memory effect due to these trans-
formations are bright representatives of new-generation
materials. The top position in this class of materials is
occupied by titanium nickelide alloys that exhibit high
mechanical and plastic properties, unique (singly and multi-
ply reversible) shape memory effect, thermomechanical and
thermal cycle reliability, as well as long operating life, high
heat resistance, corrosion resistance and biocompatibility.
They have simple chemical compositions, can be produced
with ease and subsequent processing operations aimed at

§ Implantation of titanium ions leads to formation of Ti-rich surface layers
in the alloy and to the appearance of barrier layers that separate nickel
from the environment. It was found that the ion-modified barrier layers
had different chemical composition and thickness depending on the pre-
treatment of the surface of NiTi substrate. Changes in the chemical
composition manifested themselves as separation of the near-surface
layer into external and internal layers. The external layer contained
titanium and almost no nickel, was oxygen-rich and had a more homoge-
neous compositional depth profile compared to the ion-modified layer
formed on the electrochemically treated NiTi substrate.
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forming wires, strips, sheets and intricate shapes are also
simple. This predetermines the advantages of NiTi shape
memory alloys over other materials and great prospects for
their application in the future.

Presently, utilization of shape memory alloys is widely
discussed. Some fields of practical applications of these
materials include:

— industrial equipment: elements of starting systems
and actuators (for, e.g., temperature triggering to close the
tank valves or valves of solid waste containers), thermal
switches, fuses for communication lines, elements of aerials
for mobile network operators, recorders, valve bodies, efc.;

— automotive industry: valves, vibration damping gas-
kets, starting mechanisms, etc.;

— aerospace industry: connectors and materials for
transformable antenna systems, solar cell batteries and
systems for intellectual airfoil geometry variation to reduce
vibrations;

— electronics: microsensors, energy-absorbing devices,
temperature and pressure control systems;

— medicine: implants, vasodilators, blood filters, ortho-
pedic plates, surgical forceps, endoscopes, dental applian-
ces, efc.

In this review, we have shown that ion implantation
significantly influences the physicomechanical properties of
shape memory materials and phase transformation in them.
At high implantation doses, the physicomechanical proper-
ties of samples or articles made of NiTi can be significantly
improved; in some cases, nanocrystalline surface (or near-
surface) layers can form.30- 159162 [t should be noted that to
date, there are a relatively few publications on implantation
of shape memory materials with metal ions and on double
implantation of metal and gas ions. Taking into account
great prospects for applications of shape memory materials,
one can hope for continuation of research in the field.
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