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A SHAPE MEMORY ALLOY (SMA) is expected to be applied as intelligent material
since it shows the unique characteristics of the shape memory effect and superelas-
ticity. Most SMA elements, with these characteristics, perform cyclic motions. In
these cases, fatigue of SMA is one of the important properties in view of evaluating
functional characteristics. The fatigue properties are complex since they depend on
stress, strain, temperature and time. If SMA is implanted by high energy ions, the
thermomechanical properties may change, resulting in long fatigue life. In the present
study, the nitrogen ion implantation was applied to modify TiNi SMA wire surface
and the influence of implantation treatment on the tensile deformation and bending
fatigue properties was investigated.
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1. Introduction

PUBLICATIONS FROM PREVIOUS YEARS confirm that the TiNi-matrix alloys are
among the best shape memory alloys (SMA). In the growing number of TiNi
SMA applications, these materials should fulfill high requirements of corrosion,
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wear and fatigue resistance. On the other hand, the application of SMA has some
limitations, particularly in thermo-cyclic loading cases, when structural compo-
nents can be damaged due to fatigue [1]. In these cases, fatigue of SMA is one of
the important properties in view of evaluating functional characteristics as SMA
elements.

It is known that the problem of creating a protective surface coating for
the SMA is the most important for its applications such as medical implants,
orthopedic devices, surgical tools, endodontic instruments and orthodontic wires
in dentistry [2, 3]. In general, ion implantation is a surface engineering process
where ions of different materials are accelerated in electrical field and penetrate
into a near-surface region of a solid. Generally, the ion-implantation process is
used to change the physical, chemical or electrical properties of the solids [4]. In
the process, a large number of ions bombard a surface, penetrate in near-surface
region interacting with the substrate atoms and a thin surface layer is generated
having different properties than the bulk material. In surface engineering, the
above process is applied to improve mechanical properties such as hardness, wear
and fatigue resistance [5]—[8].

The ion implantation process is performed in a vacuum chamber at very low
pressure (10_4 to 107° Torr). The main parameters of this process are the ion
dose, i.e., the number of ions per unit area (typically, 10*® to 10'® J/cm?) and
the ion beam energy. The typical range of energy used in surface engineering
is 50 keV to 200 keV. Characteristic depth of the ion penetration is a fraction
of a micron (about several hundred nanometers). The thin layers generated in
the ion-implantation process are investigated using fundamental methods such
as: XRD (X-ray diffraction) — for phase composition; GIXRD (grazing incidence
X-ray diffraction) — for microstructure and phase composition; AES (Auger elec-
tron spectroscopy) — for composition as a function of depth; TEM (transmission
electron microscopy) — for microstructure; RBS (Rutherford backscattering spec-
trometry) — for depth profile of elements.

There are few papers concerning the effect of ion implantation on char-
acteristic temperatures, structure changes and mechanical properties of TiNi
shape memory alloy. In [5] the effect of Al ion implantation (with high doses
D1 = 1 x 10*! J/em? at 50 keV and D2 = 3 x 102! J/cm? at 150 keV) on
shape memory properties of TiNi has been presented. The results of RBS mea-
surement show that the modified layer has a thickness of 400 nm and in the
region 100 nm from the surface high titanium concentration has been observed.
The XRD analysis of phase composition revealed that the modified layers were
complex composites of implanted ions and secondary phases of TiNi. Aluminum
ion implantation changed the “shape memory behavior” of TiNi: the transforma-
tion temperature decreased and martensite phase accommodation after R-phase
deformation proceeded at low stress when compared to non-implanted samples.
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Paper |6] shows investigation of mechanical properties such as hardness and elas-
tic modulus of boron and nitrogen ion implanted TiNi orthodontic wires of 1.5
mm diameter (doses of 1 x 10'®, 5 x 1016 and 1 x 10'" J/cm?, and energy of
150 keV). Hardness H and elastic modulus F were specified using indentation
test with ultra-low (0.5 ~ 20 mN) load. For large 1 x 10" J/cm? boron dose,
a significant increases in hardness and elastic modulus were observed (respec-
tively 7.70 GPa and 110 GPa for implanted and 4.2 GPa and 65 GPa for non-
implanted). GIXRD measurement shows that ion implantation causes formation
of amorphous layer about 250-300 nm.

In [9] it has been shown that after nitrogen ion implantation (doses of
2 x 10'7 J/em? and 2 x 10'® J/cm?) the thickness of modified layer is around
300 nm and the following effects are observed: reduction of Ni content in the
30-40 nm layer near the surface (AES method), increase in hardness and im-
provement of sliding wear resistance. The reduction of Ni content improves the
biocompatibility of TiNi alloy; furthermore, the increase in hardness is extended
to the regions much deeper than the ion penetration depth. Analysis of phase and
structure composition (XRD, HTEM) in [10] reveals that the nitrogen implanted
layer (1 x 10'® J/cm?) is not homogeneous; one observes existence of the well-
defined three layers having a different phase and chemical composition. From the
surface to a depth of 80 nm the sample has an amorphized structure in the form of
two sub-layers: the first is a Ti- and N-rich nano-crystalline and /or amorphous-like
and the second — Ni-rich crystalline. In the depth ranging between 80 and 160 nm
the material has a defected Ti-rich crystalline microstructure. Below the 160 nm,
an unaffected grain structure of the parent material is seen. Several recent studies
concerning dental instruments have reported that the ion implantation can im-
prove the cyclic fatigue resistance of rotary nickel-titanium instruments [11], [12].
In [11] it has been shown that nitrogen ion-implanted (2.5 x 1017 J/cm?) TiNi en-
dodontic instruments reached a significantly higher cycle number before fracture
(510 cycles) when compared with non-implanted instruments (381 cycles). Such
studies suggest that an industrial implementation of the ion implantation process
would produce rotary nickel-titanium instruments with a longer working life.

In this paper, we report and discuss the influence of nitrogen ion implanta-
tion on the phase transformation temperature, tensile deformation and bending
fatigue properties of TiNi SMA wires.

2. Experimental method
2.1. Materials and specimen

The materials used in the experiment were Ti-50.85 at.% Ni SMA wires with
a diameter of 0.5 mm. They were polycrystalline and produced by Furukawa
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Techno Material Co., Ltd. The material shows superelasticity at room temper-
ature. The DSC curve and stress-strain curve will be shown in Figs. 2 and 3,
respectively. Nitrogen ion was implanted in the material. The detail of nitro-
gen ion implantation will be explained in the next section. The length of the
specimen was 80 mm.

2.2. Nitrogen ion implantation

The surface of the wire-samples was cleaned using alcohol and hot acetylene.
TiNi wire-samples were gripped in special holders (Fig. 1) that enabled the ion
beam treatment of two opposite sides. The TiNi SMA wire was ion-implanted
from two opposite directions by nitrogen ion beam (see directions and centers
of ion-implantation C; in Fig. 5). Nitrogen ion implantation was carried out
using semi-industrial implanter IMJON (Institute of Fundamental Technological
Research, Polish Academy of Sciences, Warsaw). The energy of nitrogen ion
beam was 50 keV and two doses of nitrogen ions were applied: 5x10'6 J/cm? and
1x10'® J/ecm?2. The surface color of the ion-implanted wire with 1x10*® J/cm?
is deeper gold than that with 5x10¢ J/cm?.

5%10'¢J/cm?

Fia. 1. View of ion implanted TiNi wire-samples in special holder.

2.3. Experimental procedure

In order to investigate the influence of nitrogen ion implantation on the phase
transformation temperature, tensile deformation and bending fatigue properties,
the following three kinds of test were carried out:

(1) DSC test

The phase transformation temperature was measured by the differential scan-
ning calorimetry (DSC) test. In the test, DSC-60 produced by Shimadzu Co.,
Ltd was used. The heating and cooling rate was 4 K/min.
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(2) Tension test

In the tension tests, EZ-Graph produced by Shimadzu Co., Ltd was used.
An extensometer with a gauge length of 50 mm was used to measure displace-
ment. The tension tests were carried out under a constant strain rate de/dt =
1.67 x 1074 s~ in air at room temperature.

(3) Bending fatigue test

In the fatigue test, an alternating-plane bending fatigue test machine [13]
was used. The test for alternating-plane bending fatigue was carried out in air
at room temperature. The maximum bending strain appeared on the surface of
the wire at the point of center of ion implantation (see points C; in Fig. 5). The
frequency f was found to be 3.33 Hz (200 cpm). A motion analysis microscope
VW-6000 produced by Keyence Co., Ltd was used to observe the fracture surface
of the specimen.

3. Transformation temperature

The DSC thermograms for three kinds of wires: with non-implanted sur-
face, ion-implanted with 5 x 1016 J/cm? and with 1 x 10*® J/cm?, are shown
in Fig. 2. In the cooling process, two peaks due to the rhombohedral phase
(R-phase) transformation (RPT) and the martensitic transformation (MT) are
observed clearly in the case of the ion-implanted wires. However, the two peaks
are not clearly visible in the case of the non-implanted wire. If the dose of ion
implantation increases, the RPT start and finish temperatures R and Ry and
the MT finish temperature M; increase. However, the MT start temperature
My is almost constant. In the heating process, two peaks due to both reverse
transformations of M-phase to R-phase and R-phase to A-phase are observed in
the case of the non-implanted wire. However, one peak appears in the case of
the ion-implanted wires. If a dose of ion implantation increases, the M-phase to
R-phase reverse transformation start temperature R, and R-phase to A-phase
reverse transformation finish temperature A; increase.

The transformation temperature width A s~ R/, of the two reverse transforma-
tions becomes narrow. Although the ion-implanted region is limited in the surface
layer, temperature of the wire increases during the ion implantation process. If
the shape memory processing temperature is high, the phase transformation tem-
perature increases. Therefore, the same as in the shape memory processing, the
phase transformation temperature increases due to the temperature rise during
the ion implantation process. The non-implanted wire is the austenite phase at
room temperature. The ion-implanted wire with 1x10'® J/cm? is the R-phase
at room temperature.
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Fic. 2. DSC curves of ion-implanted and non-implanted SMA wires.

4. Tensile deformation property

The stress-strain curves of three kinds of wires obtained by the tension test
at room temperature are shown in Fig. 3. In Fig. 3, Sys, Fir, Sa and F4 denote
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Fia. 3. Stress-strain curves of ion-implanted and non-implanted SMA wires.

600 -

400 |

Non-implanted

Loading
— S,
Unloading

1 1

5x10' J/em?

Loading

1x10'8 J/cm?

Loading
S >

2 4 6 8 10
Strain € [%]

the stress-induced martensitic transformation (SIMT) start and finish points,
and reverse transformation start and finish points, respectively. The strain s
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represents the SIMT starting strain. If the dose of ion implantation increases, the
upper yield stress op; decreases due to the SIMT. Although the ion-implanted
region is limited in the surface layer, temperature of the wire increases during the
ion implantation process. If the shape memory processing temperature is high,
the upper yield stress o)s decreases. Therefore, the same as in the shape memory
processing, o decreases due to the temperature rise during the ion implantation
process. The stress-strain curve of a non-implanted wire draws a hysteresis loop
during loading and unloading, showing the superelasticity (SE). The MT band
propagates in the upper stress plateau. If the upper yield stress ops is high
in the region of superelasticity, it is necessary for the stress to increase higher
than the stress ojs for the MT band propagation, resulting in the overshot at
point Sys. In the case of ion-implanted wire with 5 x 106 J/cm? the reverse
transformation does not complete during unloading and the curve shows the
partial SE. In the case of ion-implanted wire with 1 x 10'® J/cm? the reverse
transformation does not appear during unloading and the residual strain of 5%
appears after unloading. The residual strain disappears by heating under no-load,
showing the shape memory effect (SME). As observed in Fig. 2, if a higher dose
of implantation is applied, the reverse transformation temperatures increase.
Therefore, both the upper and lower yield stresses decrease and the SME appears
in place of the SE.

5. Bending fatigue property

5.1. Fatigue life

The relationships between the bending strain amplitude €, and the number
of cycles to failure Ny for three kinds of wires obtained by the alternating-plane
bending fatigue test at room temperature are shown in Fig. 4. The bending
strain amplitude was obtained from the bending strain on the surface of the
specimen at the fracture point. The specimen was fractured at the midpoint of
two grips. As can be seen in Fig. 4, the larger the bending strain amplitude, the
shorter the fatigue life is. If the bending strain amplitude is 4%, the fatigue lives
of all materials are almost the same. If the bending strain amplitude is small,
the fatigue life becomes longer in the case of higher dose of ion implantation.

The relationships between the bending strain amplitude and the number of
cycles to failure shown on the logarithmic graph are almost expressed by straight
lines for all materials. Therefore, the relationships can be expressed by a power
function as follows:

(5.1) ca N =a,

where o and 3 represent ¢, in Ny = 1 and the slope of the log ¢, — log Ny
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Fia. 4. Relationship between bending strain amplitude and the number of cycles to failure
obtained by alternating-plane bending fatigue test.

curve, respectively. Each curves passes through a certain point at eg = 4% and
Ny = 4 x 103. Therefore, the relationships can be expressed by the following
equation:

() -

The calculated results of Eq. (5.2) are shown by solid lines in Fig. 4. The overall
inclinations are well-approximated by the solid lines.

5.2. Fracture surface

In the case of an ion non-implanted wire, the fatigue crack initiates at the
point of the maximum bending strain. If the nitrogen ion is implanted into the
SMA wire, the fatigue crack initiates at the place different from the maximum
bending strain point, depending on the dose of ion implantation and the bending
strain amplitude. Let us discuss the influence of ion implantation on the fatigue
crack initiation and growth by observing the fracture surface.

Figure 5 shows the microscope photographs of a fracture surface of a wire
obtained by the fatigue tests for e, = 1.04% and 2% with 5 x 106 J/cm?.
In Fig. 5, C; denotes the center of ion implantation which corresponds to the
point of the maximum bending strain; F, denotes the point of the fatigue crack
initiation. The crack nucleates at a certain point F,. on the surface of the wire
and propagates towards the center in a sinuous radial pattern. Although small
cracks are observed in both maximum bending strain sides of the wire, one single
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g, = 1.04 % e, =2%

FI1G. 5. Photographs of a fracture surface of the wire ion-implanted with 5x10'°J/cm? obtained
by the fatigue test for e, = 1.04% and 2%. C; is maximum bending strain point at the center
of ion implantation, F. is crack initiation point.

crack grows preferentially. Following the appearance of fatigue crack with a fan-
shaped surface, unstable fracture finally occurs. For non-implanted wires, the
point F, coincides with the point C; and the fatigue life is short.

F1G. 6. Angle 6 at crack initiation point F. from the maximum bending strain point C; at
the center of ion implantation.

In order to clarify the fatigue crack initiation point F, the angle 6 at the crack
initiation point F, from the maximum bending strain point C; at the center of ion
implantation is schematically shown in Fig. 6. The relationship between the crack
initiation angle |f| and the bending strain amplitude g, is shown in Fig. 7 for
the non-implanted and ion-implanted wires. The larger the stain amplitude &,
the smaller the angle |#| for ion-implanted wires is. The relationship between |6
and g, is expressed by straight lines on the semi-logarithmic scale. Therefore,
the relationship can be expressed as follows:

(5.3) 0] = aloge, + 0.
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Fia. 7. Relationship between angle at crack initiation point |f| from maximum bending
strain point at the center of ion implantation and bending strain amplitude &,.

The relationship can be rearranged as follows:
(5.4) £q = AP0,

The values of coefficients are A = 0.042 and B = —2.3 for a wire with
5 x 10 J/em?, and A = 0.043 and B = —2.03 for a wire with 1 x 10 J/cm?.

In the case of a non-implanted wire, |6| is close to zero [14]. In the case of
large ¢, for ion-implanted wire, |6| is also close to zero. If ¢, is small, || is large
for ion-implanted wires, and the higher the dose of ion implantation, the larger
the angle |0] is, resulting in longer fatigue life. This means that the influence of
ion implantation on the long fatigue life is effective in the case of small strain
amplitude. Therefore, if ion is implanted on the whole surface of a wire and the
wire is used in the region of small strain amplitude, a longer fatigue life must be
achieved.

6. Influence of ion implantation on Ay, o)/ and 3

Let us discuss the influence of ion implantation on the phase transformation
temperature, tensile deformation property and fatigue life. As observed in the
previous sections, if high dose of nitrogen ion is applied, the reverse transforma-
tion finish temperature Ay increases (Fig. 2), the upper yield stress oy decreases
(Fig. 3) and the slope of the fatigue life curve  decreases (Fig. 4). The behavior
of Ay and ojs due to ion implantation is similar to that due to heat treatment



402 K. TAKEDA et al.

for shape-memorizing. If the heat treatment temperature is high, A; increases
and ojs decreases. The ratio of change in o7 and Ay, Aoyr/AAy, between wires
with non-implantation and I,, = 1x 108 J /em? is 5.5 MPa/K. This value is close
to the slope of the transformation line of TiNi SMA [15].

Unaffected . Saturated
nattecte Affected region aturate
region region

SRR R L €
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[T i

—_— -

I

n

F1c. 8. Schematic dependence of Ay, op and 38 on I,,.

If the dose of ion implantation is small, the influence of ion implantation on
Ay, oy and (3 is slight. If the dose of ion implantation is very high, these parame-
ters may saturate a certain values. Considering these properties, the dependence
of Ay, oy and 8 on the dose of ion implantation I, may be schematically shown
in Fig. 8. In Fig. 8, Iy denotes a critical value of the dose of ion implantation at
which the influence of I,, on the parameters starts to appear and these parame-
ters change slightly below Iy. I denotes a value at which the influence saturates
and these parameters change slightly above I;. These parameters may change in
the affected region between Iy and I;.

The dependence of Ay, ojr and 8 on I,, obtained by the experiments is shown
in Fig. 9. In Fig. 9, it is assumed thatly may exist around 2 x 10'3 J/cm? and
these parameters change linearly in the affected region as follows:

Ap = aalogyo(In/Io) + ba,
(6.1) oM = aglogio(In/Io) + bo,
B = aglogyo(In/1o) + bg.

The values of coefficients are ay = 5.43 K, by = 291 K, a, = —31.4 MPa,
b, = 444 MPa, ag = —0.0921 and bg = 0.673. The values of Iy and I, are
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estimated as 2 x 10'® J/cm? and 1 x 10*® J/cm?, respectively. The detail of Iy
and I is the future subject.

7. Conclusions

The nitrogen ion was implanted into TiNi SMA wires from two opposite
directions, and the influence of implantation treatment on the phase transfor-
mation temperature, tensile deformation and bending fatigue properties was in-
vestigated. The results obtained are summarized as follows.

1. If the dose of ion implantation increases, the reverse transformation tem-

perature increases.

2. Both the upper and lower yield stresses decrease in proportion to the dose
of ion implantation. If the dose of ion implantation is high, the shape
memory effect appears in place of the superelasticity in the non-implanted
wire.

3. The larger the bending strain amplitude, the shorter the fatigue life is. If
the strain amplitude is 4 %, the fatigue lives of all wires with and without
ion implantation are almost the same. If the bending strain amplitude is
small, the fatigue life becomes longer in the case of higher dose of ion
implantation.

4. The fatigue crack nucleates at a certain point on the surface of the wire
and propagates towards the center in a sinuous radius pattern. In the
case of higher ion implantation in the region of small strain amplitude,
the fatigue crack initiation point differs from the maximum bending strain
point, resulting in longer fatigue life.
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