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In the present paper the phase transformations occurring in hot worked and heat-treated Ni-rich NiTi shape
memory alloy were studied using X-ray diffraction, differential scanning calorimetry and bend and free recovery
measurements. Based on conducted measurements it can be seen that in the studied alloy two-step B2 <+ R <> B19’
phase transitions occurred. Due to the fact that during heating the phase transition B2 —+ R and R — B19’ occurs
in a very narrow temperature range and differential scanning calorimetry peaks overlap additional X-ray diffraction
measurements were performed. Obtained characteristic temperatures from applied different experimental methods
are in good agreement. The optimum heat-treatment was selected to obtain rods with a shape recovery temperature
Ay below 37°C to prepare prototypes of medical implants activated by patients body heat.
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1. Introduction

It is known that near-equiatomic NiTi alloys exhibit
excellent shape memory effects and superelasticity ac-
companied with high mechanical properties and corro-
sion resistance [1]. The shape memory effects are mainly
attributed to the thermoelastic, reversible martensitic
phase transformation. These alloys, at high tempera-
tures, have the CsClI structure type known as the par-
ent or austenite phase (B2) and at low temperatures
a monoclinic structure known as the martensitic phase
(B19') [2]. The phase transformation course is mainly
analyzed by means of differential scanning calorimetry
(DSC), X-ray diffraction (XRD), transmission electron
microscopy (TEM), or electrical resistivity (ER). The
transformation sequence during cooling and heating can
be B2 <» B19' or B2 <+ R +» B19’ or simply B2 <> R
under different thermal and mechanical processing tech-
niques [3]. The R-phase (rhombohedral deformation of
the B2 structure) appears in Ni-rich alloys after age-
ing or annealing at low temperatures immediately after
cold working, substituting a third element and conduct-
ing thermal or thermomechanical cycling [4, 5]. Ageing of
Ni-rich NiTi alloys leads to the progressive precipitation
of NiyTiz, NizTis and NizTi precipitates. The amount
of precipitates is proportional to the increase of ageing
time, temperature, and Ni content [6, 7]. NiyTi3 precipi-
tates are coherent with the matrix and mostly influence
the course of the transformation and mechanical prop-
erties of the alloys. Usually, a one-stage transformation
B2 + B19’ occurs in solution treated Ni-rich NiTi alloys
and a two-stage transformation B2 <> R «++ B19’ occurs
after additional ageing treatment [8]. The B2 <> B19’
and the R <> B19’ transformation are characterized by
large lattice distortion and large transformation hystere-
sis. In contrast, the B2 <> R transformation reveals by
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a small lattice distortion and a small temperature hys-
teresis [9]. All three transformations involve lattice dis-
tortions and possess martensitic nature. The presence of
the NiyTiz particles favours the formation of R-phase and
produces a strong resistance to the formation of the B19’
martensite. Therefore transformations during cooling oc-
cur in two steps B2 — R — B19'. In the recent literature
a tree-stage or multistage martensitic transformation in
aged Ni-rich NiTi alloys were reported [10-13]. Generally,
the occurrence of the multiple stage transformations is
attributed to precipitation-induced inhomogeneity of the
matrix, both in terms of composition and internal stress
fields. The transformations during cooling and heating
are characterized by M, and My which are the initial
and final temperatures of the martensite transformation
whereas A; and Ay are the initial and finish tempera-
tures of the austenite transformation, respectively. The
transformation behaviour of the R-phase is defined by
four characteristic temperatures, R.s, R.f and Rps, Rpy
which are the start and finish temperatures of the R-
phase transformation recorded during cooling and heat-
ing, respectively. The R-phase transformation can be eas-
ily observed during temperature X-ray diffraction mea-
surements, when during cooling the splitting of (110) g2
and (211) g2 diffraction reflections takes place [14-19]. All
the transformations are sensitive to variations in metal-
lurgical conditions as well as chemical composition and
heat and thermo-mechanical treatments. The courses of
phase transformations after different heat treatment and
the characteristic temperatures of the phase transforma-
tions in semi-finished NiTi products is important from
the view of practical applications.

In this work the phase transformations occurring in
heat-treated NiTi shape memory alloy was studied using
XRD, DSC, and bend and free recovery (BFR) measure-
ments done during heating.

2. Material and methods

In the present study the vacuum induction melted Ti—
50.8 at.% Ni-alloy was used. Melting and casting of the
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NiTi alloy was carried out in the Balzers VSG 10 vac-
uum induction furnace in the Research and Development
Laboratory for Aerospace Materials, at the Rzeszow Uni-
versity of Technology. The ingot with its weight of 900 g
(Fig. 1) was homogenized in the electrical vacuum fur-
nace at 900°C for 48 h in the vacuum of 2 x 107° Pa.

Fig. 1.

A view of ingot of studied NiTi alloy.

The rods from ingot were obtained by hot-smith forg-
ing and hot forging in swaging machine to diameter of
approximately 3 mm. The samples with 70 mm long and
3.2 mm in diameter were quenched from 800°C/15 min
and subsequently aged at the 400, 450, and 500 °C during
30 and 60 min, respectively. The course of phase transi-
tions and its characteristic temperatures were determined
from DSC measurement for samples after each heat treat-
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ment. The measurements were carried out on DSC 1
Mettler Toledo in the temperature range from —120°C
to +120°C with 10°C/min heating and cooling rate. The
X-ray powder diffraction (XRD) measurements were per-
formed over 20 range from 37° to 47° on a PANalyt-
ical Empyrean diffractometer. Measurements were per-
formed at temperatures from —180 to 250 °C using An-
ton Paar TTK450 Low-Temperature chamber equipped
to the diffractometer. The measurements performed with
5°C steps resulted in heating rate of 0.7°C/min. Shape
recovery studies were carried out using three-point bend-
ing and free recovery (BFR) ASTM F2082-06 tests with
heating rate of 10°C/min.

3. Results and discussion

3.1. Differential scanning calorimetry

Figure 2 shows the DSC thermograms recorded at the
cooling and heating cycle for samples after solution treat-
ment at 800°C for 15 min and for samples after ageing
at 400, 450, and 500 °C for 30 and 60 min. In the sample
after solution treatment (800°C/15 min) only one step
transformation takes place.
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Comparison of DSC cooling/heating curves for Ti-50.8 at.% Ni after solution treatment at 800 °C for 15 min

and after ageing at 400, 450, and 500 °C for 30 min (left) and for 60 min (right).

On cooling and heating the transition between parent
phase and martensite phase transformation (B2 «+» B19’)
is observed. In the sample after solution treatment the
martensitic transformation during the cooling takes place
in the temperature range of —30 to —70°C and on heat-
ing the reverse transformation occurs in the range of —30
to 10°C. Ageing at temperatures of 450 and 500°C for
30 min resulted in slight increase of the characteristic
temperatures of phase transformations. The DSC curves
recorded during the cooling and heating for the aged sam-
ples reveal double thermal effects as an evidence of a two-
stage course of transformation B2 <+ R «+ B19'. The
two-stage nature of the transformations were also ob-
served on the DSC curves of samples aged at 400 and
500 °C during 60 min (Fig. 2). On the DSC curve recorded

during cooling for a sample of aged at 450 °C for 60 min
there are three exothermic peaks in the temperature
range of about +25 to +5°C, —25 to —35°C and —45 to
—70°C. The first peak is associated to the phase trans-
formation occurring from B2 parent phase to the R
phase (B2 — R), the second peak with the transfor-
mation of rhombohedral R phase to martensitic phase
(R — B19’), in region of the grain boundary (affected by
heterogeneous precipitation of NiyTis), while the third
peak is associated with the phase transformation of the
R phase to the martensitic phase (R — B19’) in the
grain interior [20]. During heating the phase transfor-
mations in the sample takes place at the sequence of
B19’ < R <+ B2. The increase of the phase transfor-
mation temperature range observed on DSC curves for



X-Ray Diffraction Studies of the Reversible Phase Transformation. . .

1061

T ]

T T T T T T T T T t111) T
(110), 992\ am, (020), 50°C (110 (992, W, (020), " 50 c
-30 °C] M
-20°C e e e 20
_'_“,_,-__/\___/\\IM
&4 _-JMW
> 10°C
= > (112) (030)
@ 12,4 )\ \©30), 112% ’ 20 |2
& 20°¢| |5 5 =
=4 O = (3]
= OE T
30°C
110),, .
50 °C
T T T T T T T T T T T T T T
38 40 42 44 46 38 40 42 @ 46
20 [°] 26 [7]

Fig. 3.
ment and ageing at 500 °C for 60 min.

samples after ageing, in comparison to solution treated
samples can be explained by the reduction of nickel con-
tent in the alloy matrix as a result of the NiyTis phase
formation enriched in nickel during precipitation pro-
cess [6, 13, 20]. To confirm the occurrence of the R phase
during phase transition the X-ray studies were carried
out during the cooling and heating of selected samples
after ageing. Diffraction patterns recorded for the sam-
ple solution treated at (800°C/15 min) and then aged at
500°C for 60 min are shown in Fig. 3.

8.2. X-ray diffraction study of the reversible
transformations

X-ray powder diffraction patterns, shown in Fig. 3,
indicate the courses of phase transitions in the studied
NiTi alloy. On the diffraction pattern recorded at 20°C
splitting of the peak 110p2 into characteristic doublet
(112) g and (030) g of the R phase is visible. During cool-
ing at the temperature of 10 °C the very weak diffraction
lines (110)as, (002)ps, (111)as, (020)p; and (111), ap-
peared indicating the start of the martensitic transfor-
mation. Upon further cooling there are visible decrease
of the intensity of the R phase doublet and increase of
the martensitic diffraction lines.

Thus, during cooling the phase transformation oc-
curs in two stages with a sequence: B2 — R and
R — B19'. During heating in the sample after ageing
at 500°C/60 min changes also take place with the par-
ticipation of the R phase by the sequence of B19' —
R — B2. Due to the fact that during heating the phase
transition B2 — R and R — B19’ occur in very narrow
temperature range and DSC peaks overlap (Fig. 2). The
observed diffraction (110) g2 peaks were deconvoluted by
fitting pseudo-Voigt functions to the experimental data,
to confirm the changes during cooling and heating occur
with the participation of the R phase.

3.8. The study of one-shape memory effect by bend and
free recovery ASTM test

The one-way shape recovery effect of studied samples
was observed after bending the sample at temperature

X-ray diffraction patterns recorded during cooling (left) and heating (right) of the sample after solution treat-

below —70°C and during free recovery measurements in
heating cycle. Normalized shape recovery vs. tempera-
ture curves for samples after different heat treatments are
shown in Fig. 4. The characteristic temperatures for re-
versible phase transitions have been shifted to the higher
values after ageing both for 30 and 60 min.

On the shape recovery curves of samples after ageing at
400 and 450 °C there is visible a bending in a temperature
range of approximately 30 to 40°C which is an evidence
of two-stage phase transformation during heating. The
shape recovery of the samples aged at 500°C for 30 and
60 min occurs in a single stage within a desired narrow
temperature range below 37°C (blue curves in Fig. 4).

4. Conclusions

The obtained results from investigations of Ni-rich Ti—
50.8 at.% Ni alloy by using DSC, XRD, and BFR tech-
niques can be summarized as follows. A one-stage, re-
versible transformations B2 <+ B19’ in the samples af-
ter solution treatment occur. In the samples after age-
ing two-stage B2 <+ R < B19' phase transitions were
observed. From X-ray diffraction investigations of phase
transformations of samples aged at 500°C it is visible
that on cooling, two well separated peaks appear corre-
sponding to the two transformations: austenite to the
R phase (B2 — R) and the R phase to martensite
(R — B19’), respectively. During heating the phase tran-
sitions occur with a intermediate R phase according to
a sequence (B19Y — R) and then (R — B2). Dur-
ing heating the transitions temperatures of sample so-
lution treated at 800°C and aged at 500°C are in de-
sired temperature range below the patient body temper-
ature. Rods after ageing at 500°C for 30 and 60 min re-
cover the shape at the desired temperature below 37°C
and are suitable for the preparation of orthopaedic sta-
ples operating under the influence of body heat of the
patient. For the preparation of the staples to the fixation
of bone fractures working under the influence of patients’
body heat rods after ageing at 500°C for 30 min have
been selected.
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Fig. 4. The curves of shape recovery vs. temperature measured for samples after solution treatment and after ageing
at temperatures 400, 450, and 500 °C for 30 min (left) and 60 min (right).
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