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Abstract—The influence of temperature and time of recrystallization annealing on the characteristic tem-
peratures of martensitic transformation and mechanical properties has been studied using Ti—50.7 at % Ni
shape memory alloy in the form of wire after cold deformation by drawing at room temperature. Six regimes
of post-deformation annealing have been considered for the alloy at various temperatures and holding times;
as a consequence, structures with various sizes of recrystallization grain have been obtained. Its size is deter-
mined by electron backscatter diffraction (EBSD); it has been revealed that it increases from 2.5 um to 9 um
upon an increase in both the annealing temperature (600—700°C) and the holding time (0.5—5.0 h). The
characteristic temperatures of forward and reverse martensitic transformations have been determined by dif-
ferential scanning calorimetry. It has been demonstrated that, as a consequence of a threefold increase in the
size of recrystallized grain, the martensite start temperature decreases and the temperature range of reverse
martensitic transformation is broadened. The results of mechanical tension tests at ambient temperature evi-
dence that the increase in grain size results in a decrease in the dislocation yield strength and an increase in
the yield strength. It has been determined that the dislocation yield strength is defined by the Hall—Petch law
and the phase yield strength by the position of testing temperature with regard to the temperature of the start
(or peak) of forward martensitic transformation. While recommending the heat treatment regime for certain
products, these competing factors should be taken into account along with the temperatures of reverse mar-
tensitic transformation responsible for the temperatures of shape recovery.
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INTRODUCTION

Titanium-based shape memory alloys (SMA) are
promising materials for medical equipment [1—4].
The most common among them is hyper-equatomic
Ti—Ni alloy (titanium nickelide) applied in medical
apparatuses [5—9]. The response temperature of these
elements should correspond to that of the human
body, and this is provided by Ti—50.7 at % Ni alloy—
hyper eutectic in terms of nickel.

It is known that the grain size of the initial phase
(B2 austenite) influences the functional and mechan-
ical properties of Ti—Ni SMA [10—18]. It was demon-
strated in [12] that, in Ti—50.8 at % Ni alloy after cold
drawing with 25% reduction and annealing at ¢ =
700°C with holding time from 3 min to 24 h, the start
temperature of martensitic transformation remains
nearly unchanged as a consequence of the increase in
grain size from 5 to 22 um, and additional ageing at =
250°C, T = 24 h changes the staging of martensitic
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transformations. At the same time, the authors [13, 14]
revealed that the initial size of recrystallized grain in
the range of 5—15 um influences the distribution of
particles of the Ti;Ni, phase, the kinetics of martensi-
tic transformations, as well as the functional properties
of Ti—50.7 at % Ni SMA.

The insufficient amount of required information
determines the aim of the present study: to understand
how various temperatures and times of annealing,
hence, the size of recrystallized grain of B2 austenite,
can influence the properties of martensitic transfor-
mations and mechanical behavior of Ti—Ni SMA.

EXPERIMENTAL

Titanium nickelide Ti—50.7 at % Ni was analyzed
in the form of wire with the diameter of 0.3 mm after
cold deformation at room temperature with true (log-
arithmic) accumulated strain e = 0.6. Post-deforma-
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Fig. 1. Initial microstructure of Ti—50.7 at % Ni alloy after cold drawing with true (logarithmic) accumulated strain e = 0.6:
(a) bright field image, (b) dark field image, and (c) diffraction pattern.

tion annealing was carried out at 600 and 700°C and a
holding time in the range of T = 0.5—5.0 h in order to
obtain a recrystallized grain of different size. Cooling
in water was carried out after annealing.

The grain size was determined by electron back-
scatter diffraction (EBSD) using a TSL-EDAX system
on a TESCAN scanning electron microscope (Czech
Republic). The samples were mechanically polished
using paper of various grain sizes (from P320 to
P2500) and subsequent electrolytic polishing in an
electrolyte solution comprised of 30% nitric acid and
70% methanol. The electric polishing was carried out
at = —20°C and voltage of 20 Vin 30 s. The grain size
(d) was determined by the secant method with sam-
pling of at least 300 grains.

The characteristic temperatures of martensitic
transformations are as follows:

M, M,,, and M—start, peak, and finish of forward
martensitic transformation,

A, A, and A—start, peak, and finish of reverse
martensitic transformation,

estimated by a Mettler Toledo 822¢ differential scan-
ning calorimeter (Switzerland). The heating/cooling
rate was 10°C/min.

The failure strain tests were carried out with wire
samples with a diameter of 0.3 mm and length of
100 mm (working part 50 mm) using an Instron 5966
universal testing machine (Great Britain) at a rate of
2 mm/min at ambient temperature.

Table 1. Regimes of recrystallization annealing

tannea]: °C T, h
600 - — 2.0 5.0
700 0.5 1.0 2.0 5.0
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RESULTS AND DISCUSSION

In the course of cold drawing with strain e = 0.6
(cross-section reduction 0f 45%), the developed dislo-
cation substructure of B2 austenite is formed (Fig. 1).
Halo can be observed in the diffraction pattern evi-
dencing partial amorphization of the structure.

Aiming at the formation of recrystallized grain of
different sizes, two annealing temperatures were
selected (7,4 = 600 and 700°C) with various holding
times (T = 0.5—5.0) (Table 1).

As a consequence of post-deformation annealing at
600 and 700°C, the fine-grain recrystallized structure
of B2 austenite is observed (Fig. 2). The grain sizes are
summarized in Fig. 3. It follows from the presented
data that, as a consequence of annealing at 600°C in 2
and 5 h, a minor increase in the grain size from 2.7 to
3.0 wum is observed. In the regime of #,,,., = 600°C,
T =2 h, asmall amount of fine grains was formed from
500 nm to 1 um in size (see Fig. 2). When the holding
time was increased to 5 h, their amount slightly
decreased; however, the changes in the grain structure
are insignificant.

With an increase in the annealing temperature to
700°C, by a 30-min holding time the average grain size
is doubled (up to 5.6 um); with a further increase in
the holding time to 1 and 2 h, the grain sizes gradually
increased to 6.2 and 6.5 wm; grains finer than 1 um
(Fig. 2) are nearly absent. In the regime of 7., =
700°C, T = 5 h, the grain size reaches ~8.6 um.

Figure 4 illustrates calorimetric cooling curves of
titanium nickelide alloy as a consequence of post-
deformation annealing as a function of the size of
recrystallized grain (d), and Table 2 shows character-
istic temperatures of martensitic transformations of
the alloy. In all cases (except for annealing at 600°C,
T= 2 h), one stage B2 — B19' transformation is
observed upon cooling and, upon heating, B19' — B2
transformation (Figs. 4—6). The transformation after
annealing at 7,,,,,.., = 600°C, T = 2 h starts from the for-
mation of a minor amount of intermediate R phase,
Vol. 62
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600°C, 2 h 600°C,5h

700°C,0.5h

Fig. 2. Alloy structure after cold drawing deformation and annealing at various temperatures and times.

which is rapidly (in 5°) replaced with the formation of
B19' martensite.

Figure 5 illustrated the temperatures of forward
and reverse martensitic transformations as a function
of the annealing temperature and holding time.

As a consequence of the increase in the annealing
time from 2 to Shat 7,,,,,.,, = 600°C, the start tempera-
ture of forward martensitic transformation (M)
increases from 9 to 16°C and the peal temperature of
B2 — B19' transformation increases from 5 to 11°C.
The start and finish temperatures of reverse martensi-
tic transformation also increase from 20 to 26°C (A,)
and from 36 to 42°C (4y).

With an increase in the holding time from 0.5to 5 h
at ,nneas = 700°C, temperature M, decreases from —21
to —31°C. Herewith, the peak temperature of
B2—B19' transformation decreases from —29 to
—34°C at T = 5 h. The start temperature of reverse
martensitic transformation (4,) decreases to the region
of low values from —23 to —56°C with an increase in T
from 1 to 5 h, and the finish temperature (4;) remains
the same at an annealing time of 1—2 h, but decreases
to —7°C at a holding time of 5 h.

Therefore, it is possible to conclude that the size of
recrystallized grain in the range of d = 2.5—9 um influ-
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Fig. 3. Grain size as a function of temperature and time of

annealing.
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Fig. 4. Cooling curves of Ti—50.7 at % Ni alloy after
annealing according to the considered regimes: (a) #,peal =
600°C, T =2 h; (b) 600°C and 5 h; (c) 700°C and 0.5 h;
(d) 700°C and 1 h; (e) 700°C and 2 h; (f) 700°C and 5 h.
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Fig. 5. Temperatures of forward (a) and reverse (b) mar-
tensitic transformations as a function of annealing tem-
perature and holding time: #,,,., = 600°C (solid lines);
fanneal = 700°C (dashed lines).

ences the temperatures of martensitic transformations.
As a consequence of the twofold size increase of the
recrystallized grain from 2.7 um (7,,,.q = 600°C, T =
2h) to 5.5 um (700°C, 1 h), the start temperature of
forward martensitic transformation decreases from 9
to —21°C.

Figure 6 illustrates the stress strain curves after
annealing at various temperatures and holding times.

The influence of post-deformation annealing on
the mechanical behavior of Ti—50.7 at % Ni alloy is
summarized in Table 3. It follows that, with an
increase in f,,,., from 600 to 700°C, T = 0.5 h, the
phase yield strength increases and the dislocation yield
strength decreases. If the decrease in 6, seems natural,
since it correlates with a sharp increase in grain size,
then the increase of G, under the same conditions
seemingly contradicts grain coarsening. In order to
explain the differences in the mentioned regularities, it
should be mentioned that, in addition to the grain size,
the important factor influencing the phase yield
strength of SMA is the difference between the testing
temperature and the start (or peak) temperature of for-
ward martensitic transformation A7 = f. — M, in

RUSSIAN JOURNAL OF NON-FERROUS METALS  Vol. 62 No.5 2021
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Table 2. Characteristic temperatures of martensitic transformations in Ti—50.7 at % Ni alloy

Heat- Temperature, °C
trre:gtimnfem d, um cooling (B2 — B19') heating (B19' — B2)
fanneal> T M, M, M, A, A, A
600°C, 2 h 2.7 5 9 8 32 20 36
600°C, 5 h 3.0 1 16 s 37 26 42
700°C, 0.5 h 5.6 29 21 34 4 ~15 —1
700°C, 1 h 6.2 —29 21 ~37 7 —23 -3
700°C, 2 h 6.5 29 ~26 54 7 ~19 -3
700°C, 5 h 8.6 —34 31 —60 —1 56 7

accordance with the Clapeyron—Clausius equation: the
higher it is, the higher the phase yield strength is [19].

As can be seen in Fig. 7, 6, linearly increases with
an increase in At directly corresponding to the Clap-
eyron—Clausius equation. Hence, the main factor
determining the phase yield strength is the difference
between the testing temperature and the temperature
of martensitic transformation; the grain size is a sec-
ondary factor.

It can be seen in Fig. 8 that the dislocation yield
strength as a function of grain size corresponds the
Hall—Petch law (o, ~ 1/Vd) and is linearized in the 6—
1/¥d coordinates [20—23].

Therefore, the results make it possible to conclude
that, upon selecting a regime of heat treatment to
achieve the required level of mechanical and func-
tional properties of Ti—50.7 at % Ni SMA, two com-
peting factors influencing the dislocation and the
phase yield strengths should be considered: the first
(0y) is determined mainly by grain size and obeys the
Hall—Petch law and the second (o) is determined
mainly by the position of the deformation temperature

(a)

—

[\)
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(==}
1

Stress, MPa

= 2h
- o Sh

10 20 30 40 50 60
Deformation, %

Table 3. Mechanical properties* of Ti—50.7 at % Ni alloy

Heat-
treatment O-phr Oy, Oy,
. A

regime MPa | MPa ° MPa 0, %

tanneala T
600°C, 2 h 105 560 455 1000 57
600°C, 5h 90 560 470 1000 61
700°C, 0.5h 380 430 50 1100 65
700°C, 1 h 290 350 60 1000 64
700°C, 2 h 290 350 60 950 60
700°C, 5h 320 350 30 900 52

*Notes: o,,p,, phase yield strength; 64, dislocation yield strength;
Ao = oy, Ophs difference between dislocation and phase yield
strengths characterizing the extent of possible achievement of the
resource of reverse deformation; G,,, ultimate strength; and 9, rel-
ative elongation.

inducing the shape memory effect with regard to the
start temperature of forward martensitic transforma-
tion. The phase yield strength decreases while

(b)
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Fig. 6. Stress—strain curves of Ti—50.7 at % Ni alloy before destruction at ambient temperature as a function of annealing tem-

peratures of 600 (a), 700°C (b), and holding time.

RUSSIAN JOURNAL OF NON-FERROUS METALS

Vol. 62

No.5 2021



536 POLYAKOVA, KOMAROV

w

(=

o
T

[N}

W

=
T

At =t — M, °C

Fig. 7. Phase yield strength of Ti—50.7 at % Ni alloy as a function of the difference between testing temperature and peak tem-

perature of forward martensitic transformation.
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Fig. 8. Dislocation yield strength as a function of grain size.

approaching temperature M, from both high and low
temperatures.

CONCLUSIONS

(1) The recrystallized structure of B2 austenite is
formed in Ti—50.7 at % Ni shape memory alloy as a
consequence of cold drawing deformation with true
(logarithmic) accumulated strain e = 0.6 and post-
deformation annealing at 600—700°C in 0.5—5.0 h;
the size of recrystallized grains (d) increases from 2.5
to 9 um.

(2) The size of recrystallized grain in the range
from 2.5 to 9 um influences the characteristic tem-
peratures of martensitic transformations. As a conse-

RUSSIAN JOURNAL OF NON-FERROUS METALS

quence of the threefold increase of d from 2.7 (#,pea1 =
600°C, T=2h) to 8.6 um (700°C, 5 h), the start tem-
perature of forward martensitic transformation
decreases from 9 to —31°C. Herewith, the dislocation
yield strength decreases and the phase yield strength
increases.

(3) Upon selecting a regime of heat treatment to
achieve the required level of mechanical and func-
tional properties of Ti—50.7 at % Ni SMA, it is
required to take into account that the dislocation yield
strength is determined mainly by grain size and obeys
the Hall—Petch law and the phase yield strength
(in accordance with the Clapeyron—Clausius equa-
tion) is determined mainly by the position of the tem-
perature of deformation inducing the shape memory
Vol. 62

No. 5 2021
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effect with regard to the start temperature of forward
martensitic transformation.
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