MATERIALS PHYSICS AND MECHANICS RESEARCH ARTICLE

Submitted: November 13, 2024 Revised: December 6, 2024 Accepted: January 22, 2025

Thermal cycling stability of the martensitic transformation in
Tis07HF9.5Nis9sxCux (x = 1, 5 or 10 at. %) cast alloys

N.N. Resnina 1*"=' | S.P. Belyaev ! '*', A.l. Bazlov 2"*/, A.V. Sibirev *'*,
L.V. Ponikarova ! "*', M.E. Trofimova !, A.M. Ivanov ! “', R.M. Bikbaev !
1St. Petersburg State University, St. Petersburg, Russia

ZNational University of Science and Technology "MISIS", Moscow, Russia

Hresnat@mail.ru

ABSTRACT

The martensitic transformation and the defect density variation were studied during 500 thermal cycles of
the Tis7Hf95Nises«Cux shape memory alloys with various copper concentration (x = 1, 5 or 10 at. %). It was
found that regardless the Cu content, the transformation temperatures decreased on thermal cycling. An
increase in the Cu concentration led to alloys hardening but it did not improve thermal cycling stability.
The variation in the defect density on thermal cycling did not correlate with the yield limit for dislocation
slip measured in samples before cycling. The variation in the defect density variation did not correlate with
the variation in the transformation temperatures on thermal cycling. This showed that the variation in
defect density was not the only reason for the variation in the transformation temperatures on thermal
cycling of cast Ti-Hf-Ni-Cu alloys.
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Introduction

NiTi-based shape memory alloys are the smart materials which are widely used in various
technological branches. One of the most frequent applications is the actuators of repeat
action which are applicable for car, aircraft, space and other industries [1-3]. The repeat
action actuators usually consist of the pre-deformed shape memory alloy element which
is connected to the elastic counter-body. On heating through the temperature range of
the reverse martensitic transformation, the shape memory effect occurs and the strain
recovers in the shape memory element. This leads to the deformation of the counter-body
and the recovery stress appears in the system. On cooling through the temperature range
of the forward martensitic transformation, the counter-body deforms the shape memory
element, its strain increases, while the recovery stress decreases. On next heating, the
described procedure repeats so, the recoverable strain and stress variation take place on
thermal cycling [2,3]. For the actuators, the thermal cycling stability is the key factor
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because the device must demonstrate the stable stress and strain variation in the same
temperature range during the life-time period [4].

The NiTi-based shape memory alloys are the best candidates for the actuators
because they demonstrate the best combination of the functional and operating
properties such as high recovery strain and stress, high strength and corrosion
resistance [5]. However, their thermal cycling stability is weak so, the recovery stress and
strain as well as the temperatures of the strain and stress variation significantly change
on thermal cycling [6-19]. Moreover, the plastic strain accumulates during thermal
cycling that changes the geometrical sizes of the shape memory element and affects the
recovery strain and stress [7,9,11,14]. The reason for the plastic strain accumulation is a
high local stress appears on a growth of the martensite plate on cooling that leads to the
local dislocation slip and increases the dislocation density [12,13,16-18]. One believes,
that this is the reason for a weak thermal cycling stability of the martensitic
transformation, that reveals as a decrease in the transformation temperatures of the
forward and reverse transformations [12,13,16,18]. Thus, the alloy hardening, such as
preliminary deformation, the precipitate hardening and a decrease in grain size is usually
used to improve the thermal cycling stability of the martensitic transformation on thermal
cycling of NiTi-based alloys [19-21].

The solid solution hardening is also used to improve the thermal cycling stability.
Usually, the NiTi-based alloys are doped by third element, such, as Hf, Zr, Fe, Cu elements,
which dissolve in the NiTi solid solution that increases the yield limit for dislocation slip.
Last time, the quaternary Ti-Hf-Ni-Cu shape memory alloys were developed [22-27].
In [24,25], it was shown that the thermal cycling stability of the martensitic
transformations in the cast Ti-Hf-Ni-Cu alloy with a 5 at. % of Hf and Cu atoms was better
than in binary NiTi. In [27], it was found, that thin ribbons of Ti-Hf-Ni-Cu alloys with
9.5at. % of Hf and various Cu content (Tis7HfosNissCus and Tisw7Hf95NizesCuio)
demonstrated the prefect thermal cycling stability of the B2 <> B19’ transformation. The
temperatures of the martensitic transformation were constant during 50 thermal cycles
that had never been found for binary NiTi alloy. One may assume that perfect stability is
caused by the solid solution hardening induced by the presence of the Hf and Cu atoms,
which act as substitutional defects. On the other hand, the perfect thermal cycling
stability may be attributed to a small grain size because thin ribbons had an average grain
size of 800 nm in [27]. The aim of the present paper was to study the variation in the
martensitic transformation and defect density variation on thermal cycling of cast
Ti4o,7Hf9,5Ni4s,sCU1, Ti4o,7Hf9,5Ni44,gCU5 and Ti4o,7Hf9,5Ni39,gCU1o alloys. This allows one to clarify
the influence of the Cu concentration in cast Tisw7HfosNiswsxCux alloys on the alloy
hardening and thermal cycling stability.

Materials and Methods

The Tis7HfosNisgs«Cux alloys (x =1, 5 or 10 at. %) were produced in a vacuum arc furnace
under an argon atmosphere purified by a Ti getter. The chemical composition of the alloy
is correspond to the composition of the casting charge. High-purity single metals
(99.9 wt. %) were used as raw materials. Each ingot with a mass of 20 g and a diameter
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of 20 mm were turned over and remelted five times to obtain a homogeneous
composition. For convenience, the alloys were labeled as Cu-1, Cu-5, Cu-10.

The structure was studied by X-ray diffraction (XRD) analysis at room temperature
(Rigaku MiniFlex, Cuke radiation, 6-20 mode). The martensitic transformations were
studied by differential scanning calorimetry (Mettler Toledo 822e) on cooling and heating
in a temperature range from 200 to -100 °C with a rate of 10 °C/min. The resistivity
(in the regime of the direct current) was measured by 4-probes technique on cooling and
heating in the same temperature range using the self-made stand including two nano-
voltmeters and one source of direct current. The samples for DSC study with a size of
3 x 3 x 1 mm?* and samples for resistivity measurement with a size of 20 x 1 x 0.3 mm?
were cut by electro-discharge machine from ingots.

The samples were subjected to 500 thermal cycles and the resistivity vs temperature
curves were measured in the 1%, 10%, 20t™ 30", 40t 50t 75%, 100%, 200t™ 300, 400t
and 500t cycles. Between these cycles, samples were thermal cycled by holding in the
furnace at 200 °C for 40 s and holding in liquid nitrogen for 40 s.

To study whether the Cu content leads to alloy hardening, the samples were
subjected to tension at a temperature of As+ 50 °C (in the austenite state) before thermal
cycling. Dog-bone samples with a size of gauge area of 7 x 1 x 0.8 mm?® were cut by
discharge machine from ingots, installed to the inter-grips which were fixed in the
standard grips of the testing machine (Lloyd 30k Plus, Shimadzu 50kN-AG) equipped with
a thermal chamber. The sample was heated to chosen temperature, hold for 40 min for
homogenization of the temperature in the samples and grips and deformed by tension up
to fracture. The stress was measured by standard cell, the strain was detected by video
extensometer as the variation in distance between two white stripes drawn on the black
sample surface.

Results and Discussion

Figure 1 shows the XRD patterns obtained at room temperature. The diffraction peaks of
the B19" martensite phase can be observed, hence all alloys underwent the B2 — B19’
transformation on cooling to room temperature. Among the reflexes of main phase, weak
reflexes of the Ti;Ni-type precipitates were found.
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Fig. 1. XRD patterns of the Cu-1, Cu-5 and Cu-10 samples measured at room temperature
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Figure 2 shows the calorimetric and resistivity curves found on the first cooling and
heating of the Ti7HfosNisgs«Cux alloys. It is seen that in all samples, a peak of the heat
release was found on cooling and a peak of heat absorption was observed on heating due
to the B2 «» B19’ transformation. In Cu-10 sample, the M;temperature was less than room
temperature that was why the austenite reflexes were observed on the XRD pattern
(Fig. 1). The resistivity curves showed the anomalous behavior on cooling and heating:
the resistivity increased on cooling due to the forward B2 — B19’ transformation; and it
decreased on heating during the reverse B19’ — B2 transformation. It is seen that the
temperatures of the anomalous on the p (7) curves were the same as the temperatures of
the peak on the calorimetric curves. Thus, using the p (7) curves, one may determine the
transformation temperatures as well as the absolute value of the resistivity which reflects
the defect density.
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Fig. 2. The calorimetric (red) and resistivity (black) curves found on the first cooling and heating of the
cast Cu-1 (a), Cu-5 (b) and Cu-10 (c) alloys. Dash line shows the room temperature

Figure 3 shows the p () curves found in the 1%, 10™", 100™ and 500" thermal cycles
in the samples with various Cu content. It is seen that the p (T) curves shifts on thermal
cycling in different manner depending on Cu content. In Cu-1 alloy, an increase in thermal
cycle number (N) from 15t to 100* shifted the p (T) curves to high resistivity value and low
temperatures. Further increase in cycle number to 500 cycle shifted the p (7) curve to
low resistivity (Fig. 3(a)). In Cu-5 and Cu-10 alloy, the p(7) curves shifted to high
resistivity value and low temperatures during 500 thermal cycles. However, it is seen that
in Cu-5 alloy, the p (T) curves measured in the 100" and 500" cycles were close to each
other (Fig. 3(b)), hence the thermal cycling from the 100 to 500 cycles had a small effect
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Fig. 3. The resistivity vs temperature curves measured for Cu-1 (a), Cu-5 (b) and Cu-10 (c) alloys
in the 1%, 10™, 100" and 500" thermal cycle

on the defect density in this alloy. In Cu-10 alloy, thermal cycling from 100 to 500 cycles
considerable shifted the p (7) curve to high resistivity and low temperatures (Fig. 3(c)).
Using the p(T) curves, the transformation temperatures were determined as
intersection of tangent lines and their dependences on the thermal cycle number are
given in Fig. 4. First of all, contrary to the results found for ribbons in [27], the cast alloys
with the same chemical composition did not demonstrate the stability of the martensitic
transformation temperatures on thermal cycling. In Cu-1 and Cu-5 alloys (Fig. 4(a,b)), the
transformation temperatures decreased during the first 100-200 cycles and then slightly
increased (the exception was found in Cu-5 alloy, where the Ar temperature and the M;
temperature were constant at N > 200). For instance, in Cu-1 alloy, the M, temperature
was equalto 113 °Cin the 1%t cycle to 90 °Cin the 100t cycle and 92 °C in the 500™ cycle.
At the same time, the A;temperature was equal to 136 °C in the 1% cycle, 102 °C in the
200t cycle and 106 °C in the 500™ cycle. In Cu-5 alloy, the M; temperature was equal to
79 °C in the 1% cycle, 52 °C in the 100" cycle and 55 °C in the 500™ cycle. The A
temperature was equal to 71 °C in the 1%t cycle, 48 °C in the 200™ and 51 °C in the 500*
cycles. In Cu-10 alloy, the transformation temperatures decreased during 500 cycles
without saturation (Fig. 4(c)). So, during 500 cycles, the M, temperature dropped from
48 to 35 °C, whereas the A; temperature decreased from 37 to 20 °C. Thus, it is seen that
the different temperatures changes on thermal cycling in different ways and it is hardly
affected by the Cu concentration. So, Cu-10 alloy showed the minimum variation
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Fig. 4. The variation in transformation temperatures on thermal cycling of the Cu-1 (a), Cu-5 (b)
and Cu-10 (c) alloys

in M temperature compared to the Cu-1 and Cu-5 samples, while the variation in the As
temperature in Cu-10 and Cu-5 alloys were comparable and less than in Cu-1 alloy.

The resistivity values (o2 and pv) were measured in a pure austenite state at the T,
temperature and pure martensite state at the Ty temperatures as shown by dash line in
Fig. 3. As the absolute resistivity value depends on the defect density, hence the variation
in the ps and pm values on thermal cycling shows the variation in defect density. The p4(N)
and pm(N) curves for all samples are shown in Fig. 5. In Cu-1 sample, both the ps and pu
values rapidly increase during first 10 cycles. The resistivity hardly changes from the 10
to the 100™ cycle in the martensite state or from 10" to 200%™ cycle in the austenite state.
At N> 100 (200) cycles, the resistivity decreases (Fig. 5(a)). The larger the Cu content in
the alloy, the more cycles is taken for rapid increase in the resistivity. It occurs within
30 cycles in Cu-5 sample (Fig. 5(b)), and 80 cycles in Cu-10 sample (Fig. 5(c)).

To study the influence of the Cu content on the limit for dislocation slip, the samples
were subjected to tension in the austenite state (at T=A;+ 50 °C) up to failure (Fig. 6)
and the yield limit for dislocation slip was measured as oo, value. This value was equal
to 480 MPa for Cu-1 alloy, 580 MPa for Cu-5 alloy and 730 MPa for Cu-10 alloy. According
to SEM study which was not included in this paper, the volume fraction of precipitates
did not change on a rise in the Cu concentration, hence an increase in ou; value on a rise
in Cu content was caused by solid solution hardening.



Thermal cycling stability of the martensitic transformation in Ti40.7Hf9.5Ni49.8-xCux (x = 1, 5 or 10 at. %) cast alloys 63

150
=
S 140+
£
@)
=,
<
130
0 200 400 N (') 260 4(')0 N
(@) (b)
pM
1401
£
£ 130+
c
=
120+
. = pA
IIO-W
0 200 400 N

©

Fig. 5. The variation in the ps and pwv values on thermal cycling of the Cu-1 (a), Cu-5 (b)
and Cu-10 (c) alloys

o, MPa Cu-10
o~ Cu-5 Cu-1
600+
400
200
0 T T T

0o 1 2 3 4 55%

Fig. 6. Engineering stress vs strain curves of the Cu-1, Cu-5 and Cu-10 samples measured in the austenite
stateat T=A;+ 50 °C

The results of this study showed that the cast Tis7HfssNiss«Cux alloys (x =5 or
10 at. %) did not demonstrate the stability of the martensitic transformation contrary to
the ribbons with the same composition which showed the perfect stability in [27]. One
may assume that the main reason for different thermal cycling stability in cast and ribbon
samples was the grain size which was 0.8 um in ribbons and 130-150 um in cast samples.
The larger the grain size, the less the dislocation yield limit according to Hall-Petch law
and the more intensive dislocation density variation on thermal cycling.

According to [18,28,29], an increase in dislocation density gives an additional term
to the elastic energy which is included in the thermodynamic balance for the forward
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martensitic transformation: AG4~M = E; + EA™M + E%, where AG*" is the increment in
Gibbs energy during transformation, Eq is a dissipative energy which is responsible for
hysteresis, E.A™" is an elastic energy stored during transformation, E.“ is an elastic energy
associated with the defect density [28]. If the defect density increases on thermal cycling,
hence the E. term increases and the larger increment in Gibbs energy must be provided
to overcome the sum of dissipative and elastic energy and to start the martensitic
transformation. This may be realized by overcooling that is why the start temperature of
the martensitic transformation decreases on a rise in the defect density during thermal
cycling.

One may assume that the dislocation density variation must depend on the yield
limit for the dislocation slip (ov.). It is obvious that in the alloys with a high ou; value, the
variation in the defect density must be less than in the alloys with a low oo, value. Table 1
shows that an increase in the Cu concentration in the Tis7Hf9sNiss<Cuyx alloys increases
the yield limit for dislocation slip from 480 MPa in Cu-1 alloy to 730 MPa in Cu-10 alloy.
So, one may expect that the variation in the defect density and the variation in the
transformation temperatures must be the smallest in the Cu-10 sample and the largest
in the Cu-1 alloy.

Table 1. Yield limit for dislocation slip, increment in the transformation temperatures, increment in py and
pa values during 500 cycles in Tisg7Hfo5Nisgs«Cux alloys

Cu-1 Cu-5 Cu-10

ov.2, MPa 480 580 730
Ao’®, uQ-cm 5.5 12.9 9

Ap2%, uQ-cm 4.6 4 4.9
AMZ% °C -21 -24 -13
AMp%, °C -18 -21 -21
AASP, °C -30 -20 -17
AAP%, °C -37 -40 -19

Table 1 shows that the variation in resistivity measured in the martensite state was
larger than in the austenite state in all alloys. This may be due to the resistivity variation
in the austenite state depends on the variation in density of dislocation and point detect,
while the resistivity in the martensite is additionally affected by the martensite twin
structure which also changes on thermal cycling [30].

The resistivity increment measured in the austenite state during 500 thermal cycles
was comparable for all alloys. The minimum value was 4 pQ-cm in Cu-5 sample, while
the maximum value of 4.9 nQ-cm was measured in Cu-10 alloy (Table 1). At the same
time, the error in resistivity value was equal to 1.1 uQ-cm (measured as the error for
indirect measurement taking into account the errors in the length, current and voltage
measurements). This means that the variation in the defect density in the austenite state
is the same for all alloys and it does not depend on the yield limit for dislocation slip.

In the martensite state, the maximum increment in the resistivity is found in Cu-5
sample which has the medium value of the yield limit for dislocation slip, while the
minimum increment in the resistivity is observed in Cu-1 sample with the smallest yield
limit for dislocation slip. Hence, there is no correlation between the alloy hardening and
the variation in defect density measured in the martensite state. Thus, the results of the
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study show that the variation in the defect density on thermal cycling does not depend
on the yield limit for dislocation slip measured in the alloys before thermal cycling. One
may assume that the oy, value also changes on thermal cycling that affects the variation
in the defect density.

To find the relation between the defect density variation and the transformation
temperature variation, the increments in the resistivity and temperatures were analysed.
One may assume that if the most of the alloy is in the austenite state at the M and Ay
temperatures, hence these temperatures must depend on the defect density in the
austenite state. Contrary, the A; and M; temperatures at which most of the alloy is in the
martensite state must be affected by the defect density in the martensite state. Table 1
shows that the variation in defect density in the austenite state is the same in all alloys
however, the variations in the M; and Ar temperatures in Cu-1 and Cu-5 alloys are
approximately 1.8 times larger than in Cu-10 sample. In the martensite state, the
minimum resistivity variation is found in Cu-1 alloy and the maximum value is observed
in Cu5 alloy. At the same time, the M;temperature is approximately the same in all alloys,
while the variation in As temperature in Cu-5 and Cu-10 alloys is in 1.5 times less than in
Cu-1 alloy. Thus, the results of the paper clearly show that the variation in the
transformation temperatures on thermal cycling has no relation with the variation in the
defect density.

The comparison of the transformation temperature increments and the yield limit
for dislocation slip shows that there is no ratio between these parameters. So, as it was
mentioned above, the increment of the M;temperature was the same in Cu-1 and Cu-10
alloy, while the difference in yield limit for dislocation slip was 1.5 times. The A;
increment in Cu-1 and Cu-5 alloys was the same, whereas the yield limit for dislocation
slip in Cu-5 alloy was 100 MPa higher than in Cu-1 alloy.

Thus, the results of the study show that the defect density variation and the
transformation temperatures change independently on thermal cycling and their
variation does not depend on the yield limit for dislocation slip measured in the sample
before thermal cycling. First, this means that the defect density variation is not the only
reason for the variation in the transformation temperatures on thermal cycling in the
NiTi-based alloys. Other reasons must be found that affect the thermal cycling stability
of the martensitic transformations in NiTi-based alloys. The other main result is that the
yield limit for dislocation slip measured in the sample before thermal cycling does not
reflect the stability of the transformation temperatures. Hence, the chosen of the NiTi-
based alloy with a high dislocation yield limit for application does not guarantee the high
thermal cycling stability of the functional properties.

Conclusions

Thermal cycling stability of the martensitic transformations was studied in cast
Tiso7HfosNisos-xCux alloys with various Cu concentrations. The analysis of the variation in
the transformation temperatures, defect density and the yield limit for dislocation slip
was carried out. The obtained results may be summarized as follows:

1. The variation in transformation temperatures on thermal cycling are different for the
Tiso7HfosNisosxCux alloys with various Cu concentration. If Cu concentration in the
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Tiso7HfesNisesxCux alloy is equal to 1 or 5 at. %, transformation temperatures decrease
during 100-200 cycles and then slightly increase. If Cu concentration is equal to 10 at. %,
transformation temperatures decreased during 500 cycles without saturation. At the same
time, the absolute increment in the transformation temperature hardly depended on the
Cu concentration.

2. An increase in the Cu concentration leads to alloy hardening that increases the yield
limit for dislocation slip in the austenite phase more than 1.5 times. However, it hardly
affects the thermal cycling stability in cast Tis7HfosNisosxCuyx alloys

3. The variation in the defect density on thermal cycling does not correlate with the yield
limit for dislocation slip measured in samples before cycling. The defect density variation
measured in the austenite state is comparable in all alloys. The maximum defect density
variation in the martensite state is found in the Cu-5 alloy with the medium yield limit
for dislocation slip. The minimum defect density variation is observed in Cu-1 alloy with
the smallest dislocation yield Llimit.

4. The change in the defect density does not correlate with the variation in the
transformation temperatures on thermal cycling. This shows that the variation in defect
density is not the only reason for the weak cycling stability of the martensitic
transformation temperatures on thermal cycling of the NiTi-based alloys.
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