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Abstract The alloy with the chemical composition of
Ni,sTisgCu,s and a weight of 20 g was produced via high-
energy ball milling that lasted 100 h, 120 h, and 140 h.
After grinding, the powders consisted of an amorphous-
nanocrystalline mixture formed from solid solutions based
on alloying elements and a phase being a precursor of the
intermetallic  phase. This phase undergoes the reversible
martensitic transformation in NiTiCu alloys. Crystalliza-
tion occurred in several stages, ranging from 361 to
556 °C. Using short-term annealing followed by the X-ray
quantitative analysis, the crystallized phases sequence and
their weight percentages were determined after each stage.
Annealing of the crystallized alloy lasted from 5 min to
20 h in the temperature ranges from 700 to 1000 °C, which
revealed the quantitative evolution of the equilibrium
phases and the martensitic transformation evolution.
Moreover, following thermal treatment steps, the trans-
formation changed from the B2 < B19’ to the B2 <« B19,
as expected for the NiysTi50Cu,s alloy.
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Introduction

Ternary alloys based on NiTi with the addition of copper,
instead of nickel, are in the application spotlight [1-3] due
to the possibility of multistage martensitic transformation
in the range from room temperature to about 100 °C [4].
Moreover, replacing half of the nickel content with copper,
leads to a unique one-stage transformation with a charac-
teristic narrow temperature hysteresis of several degrees.
The multistage martensitic transformation in NiTi alloys
can be achieved by adding such alloying elements as Fe,
Ag, Cr, and Co. However, the MT temperature range is
below 50 °C and most of all in subzero temperatures [5].

The properties of shape memory alloys and the associ-
ated occurrence of the reversible martensitic transforma-
tion also depend on the manufacturing method. Many
techniques used in metallurgy, which can control the
martensitic transformation parameters, have been adopted
to produce shape memory alloys (SMA). The basic ones
are classical casting and obtaining NiTi-based alloys in the
form of bulk [6-9]. The use of rapid solidification allows
for producing SMAs as layers, tapes, or strips in the
amorphous, nanocrystalline, or fully crystallized state
[10-13]. On the other hand, the additive manufacturing
methods result in the macro scale production in any pro-
grammable shape [9, 14]. Also, the methods based on
severe plastic deformation supported by appropriate heat
treatment make it possible to obtain an alloy from an
amorphous to crystalline state [15-18]. However, it is a
bulk material. For the production of NiTi-based alloys in
the form of powders with nanometric average grain size,
the alloy atomization is used [19, 20]. Still, mechanical
alloying remains the only method to produce powders with
an average grain size measured in micrometers.
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An example of mechanical alloying is high-energy
milling which leads to the alloy amorphization. Primarily,
such studies were carried out for the NiTi alloy. The results
showed that the high milling speed (to 700 rpm) led to an
alloy with a low weight of about 10 g in the amorphous-
nanocrystalline form [21-24]. In our previous work the
NiysTisoCuys alloy was obtained as a micrometric powder
[24, 25]. However, the batch mass was 10 g resulting in an
amorphous-nanocrystalline mixture. Apart from the batch
material, the limitation in the alloy’s production is the
container’s capacity which can hold an appropriate num-
ber/volume of balls. Therefore, our work aimed to obtain
the NiysTisoCu,s alloy with twice the weight of the charge,
maintaining the same balls to the grinding material ratio
and the low grinding speed. This assumption impacted the
alloy components, their crystallization, and the final
chemical and phase composition formation. Our studies
showed the evolution of the NiysTisoCu,s alloy formation
in a powder form, depending on the applied heat treatment,
from crystallization to the expected final homogenization.
Moreover, at all the stages, the course of the reversible
martensitic transformation was investigated.

Materials and Methods

Commercially available powders of the alloying elements:
nickel, titanium, and copper of technical purity were used
to produce an alloy with a chemical composition of Ti: 50
at.% and 25 at.% for Ni and Cu, respectively. The nickel
and copper particles were spherical, with an average grain
size of 11 pm and 6 pm. In contrast, the titanium particles,
with an average size of 34 um, were irregular (Fig. 1). The
samples of 20 g were processed in the high-energy Fritsch
Pulverisette 7 premium line planetary-ball mill (HEBM)
using a relatively low speed of 250 rpm. It has been known
that a relatively high milling speed (e.g., 350 or 700 rpm)
increases the temperature in the container. Despite grinding
in a protective atmosphere of argon, the elevated temper-
ature causes the oxidation of the titanium powder surface,
which might limit the diffusion of alloying elements.
Therefore, in order to reduce the milling speed, the
grinding time was extended to 100, 120, and 140 h. For
milling to be effective, the powder weight to the balls
weight ratio was 10:1. The heat treatment, in the range
from room temperature (RT) to 600 °C, was carried out in-
situ in a differential scanning calorimeter (DSC). Due to
the limited operating range of the DSC (to 640 °C), the
heat treatments at temperatures above 600 °C (from 700 to
1000 °C—every 100 degrees) were performed in a vacuum
furnace (107 Pa) for the powder in the as-milled state.
The microstructure was observed using the JEOL JSM-
6480 scanning electron microscope (SEM) equipped with

an energy-dispersive X-ray spectroscopy detector (EDS).
The accelerating voltage was 20 kV. The observations
were carried out on powders at various milling stages and
on their metallographic cross-sections. The cross-sections
were prepared from powders incorporated in graphite. The
samples were automatically polished to the gradation of 1
um, using abrasive papers and polishing suspensions.

The crystallization process and the martensitic trans-
formation (MT) course were studied using differential
scanning calorimetry (DSC). For this purpose, the Mettler
Toledo DSC 1 calorimeter was used, operating in the
temperature range from — 140 to 650 °C in a protective
argon atmosphere. In the case of overlapping thermal
peaks, the DSC curves were deconvoluted using the Pear-
son IV function [26], obtaining %% values of 0.99. The
baseline was determined using instrument calibration with
an indium standard. The starts and ends of the transfor-
mation temperature were determined from the intersection
point of the tangent to the peak side and the baseline.

In order to determine the course of the crystallization
process, the samples were heated at a rate of 20 deg/min.
up to 600 °C by recording thermograms. Contrary to the
alloy weighing 10 g which was milled for 100 h [23], the
crystallization of the studied powders occurred in several
stages. To study the multi-stage crystallization process, the
samples were heated in the calorimeter to the temperature
specified in Table 1 as Tty, Tto, and T3, stabilized for
30 s, and cooled down to — 120 °C at the maximum rate.
Then, in the range from — 120 to 120 °C, the thermograms
were measured at a rate of 10 deg/min. Due to the heating
limit of the DSC (640 °C) and the fact that the alloy
crystallized below 600 °C, the thermal treatment at the
700-1000 °C (every 100 degrees) range was done in a
vacuum furnace (107 Pa).

The effect of the heat treatment on the alloy’s formation
and its phase composition evolution was studied using the
X’Pert-PRO diffractometer (Malvern Panalytical Litd.,
Malvern, UK). The Cugyanq> radiation was applied. The
diffractograms were measured at room temperature, in the
angular range of 20 from 10° to 140° using the step-scan
method with a step of 0.03° or 0.04° and a time period
adjusted to obtain the appropriate counting statistics. The
phase identification was performed using the International
Center for Diffraction Data (ICDD) PDF-4 + database.
The Rietveld method [27] was applied to calculate the
volume shares of the alloy’s components. The crystallo-
graphic data for the construction of the phase models were
provided by the ICDD base and the calculations were
performed using the LHPM computer program (version
4.2. Lucas Heights Research Laboratories ANSTO, Syd-
ney, Australia).
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Fig. 1 SEM images observed for powders of the alloying elements

Table 1 Annealing temperatures for milled samples

Milling time [h] Annealing temperature [°C]

TT1 TTz TT3
100 420 500 600
120 420 480 600
140 420 480 600

Results and Discussion

The heat treatment influence on the course of the marten-
sitic transformation was analyzed in two aspects. The first
one concerned the MT’s course in the range of crystal-
lization temperatures and its fragmentarily crystallized
components. The other one focused on the influence of the
crystallized alloy’s annealing temperature on the MT’s
course.

@ Springer

Multistage Crystallization Process and Its Influence
on Martensitic Transformation

As research shows, the charge weight is an important
factor, despite maintaining the same ratio of the charge
weight to the grinding balls weight and the same con-
tainer’s volume [24]. A ten-gram charge after 100 h of
milling showed a completely amorphous-nanocrystalline
form. In addition, the crystallization took place as a one-
stage process. Doubling the weight of the charge caused its
multi-stage course. The crystallization of the Ni,ysTisoCuys
alloy was carried out in three stages. The measured ther-
mograms for 100, 120, and 140 h of milled powders were
compared in Fig. 2. The temperatures characterizing crys-
tallization and enthalpy were determined from the ther-
mograms and compared in Fig. 3. The summarized data in
Fig. 2 show that crystallization occurred in three stages
depending on the grinding time. It is evidenced by three
peaks marked in Fig. 2 as Peak 1 (the red line), Peak 2 (the
blue line), and Peak 3 (the green line). The peak
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Fig. 3 Dependence of MT’s characteristic temperatures (a) and
crystallization enthalpy b on milling time

temperatures were marked as Tpy, Tp, (100 h) and Tp; 4,
Tpy ; for 120 h and 140 h, and Tps, respectively. Pro-
longing the grinding time to 120 h and 140 h separated the
superimposed thermal Peaks 2 and 3 for 100 h. Another
effect was splitting stage 2 (Peak 2—the blue line) into two
components, related to the temperatures: Tp, ; and Tp, 5
(Figs. 2, 3a, b). Stage 3 (Peak 3—the green line in Fig. 2)
partially overlapped stage 2 for the 100 h milled sample,
while the milling times of 120 h and 140 h shifted the
crystallization toward higher temperatures. The first stage
(Peak 1—the red line in Fig. 2) was separated from the
others (Peak 2—the blue line and Peak 3—the green line)
and occurred in the temperature range from 368 to 405 °C
(100 h and 120 h) and up to 413 °C for the 140 h milled
sample. The T,g start temperature of the transformation
was also the start temperature of the crystallization process.
For all the milling times, T;g showed the same value of
368 °C (Fig. 3a). Moreover, this stage was associated with
the process consuming the lowest enthalpy, namely 0.9 J/g
(100 h), 1.1 J/g (120 h), and 1.3 J/g (140 h) (Fig. 3b).

The second stage (Peak 2—the blue line in Fig. 2), for
the sample milled for 100 h, started at 440 °C and ended at
510 °C (Fig. 3a—Tp,s, Tpop). This stage for the grinding
times of 120 h and 140 h split into two thermal peaks: Peak
2_1 and Peak 2_2 (Figs. 2, 3a, b). For the milling time of
120 h, the start temperature of the first one (Tp, ;5) was
431 °C, while the end temperature (Tp, 1) was 475 °C.
The other component of the process started at Tp, »s and
equaled 456 °C, and ended at 481 °C (Tp, og). These
temperatures were comparable to the ones determined for
the milling time of 140 h. It follows that the temperature
range of stage 2 for 100 h was almost identical to the sum
of Peak 2_1 and Peak 2_2 determined for 120 h and 140 h.
It is worth noting that the enthalpy change of processes
associated with Peak 2 (100 h) was—57 J/g (Fig. 3b). This
means that the process associated with this crystallization
component released the highest energy, as compared to
other components. For the milling time of 120 h, the
enthalpy change of the 2_1 and 2_2 Peaks was — 19 J/g
and — 8 J/g, respectively. For 140 h, it was — 18 J/g and
— 3 J/g (Fig. 3b). The comparison of the enthalpies sum
for the times of 120 h—27 J/g and 140 h — 21 J/g showed
that the Peak 2 transformation released less energy as the
grinding time increased.

The third stage of the crystallization process (Peak 3—
the green line in Fig. 2) occurred in similar temperature
ranges for all the milling times. It started at 475 °C (Tpss)
for the 100 h milled alloy, while for the 120 h and 140 h, it
was about 14 degrees lower: 461 °C and 482 °C, respec-
tively (Fig. 3a). The enthalpy change of this part of the
crystallization process was — 301J/g, — 18 J/g, and
— 19J/g for 100 h, 120h, and 140 h, respectively
(Fig. 3b).
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The end temperature of the third stage (Tp3g) was also
the end temperature of the crystallization process. Hence,
the crystallization end temperature for the sample milled
for 100 h was 541 °C and it increased to 554 °C, and to
555 °C for the samples milled for 120 h and 140 h,
respectively (Fig. 3a). Compared to the single-stage crys-
tallization described in [24], the crystallization start tem-
peratures were lower by about 128°, whereas the ends were
comparable.

To determine the sequence of the melt phases under-
going crystallization and their quantitative share, the milled
powders were in-situ heated in the DSC to the temperatures
characteristic for the individual stages of crystallization
marked as Ty, Tt;, and Trsy (Fig. 2 and Table 1), then
stabilized and rapidly cooled. For such powders, the
diffractograms and thermograms were measured. First, the
phase identification was performed based on the X-ray
diffraction patterns. Then the structural calculations were
carried out using the Rietveld method. The ICDD crystal-
lographic data of the unit cells were used to calculate the
theoretical diffractograms. In the case of quantitative
analysis, it was essential to obtain the best match between
the measured and calculated diffraction patterns. The
quality of the fit affected the error of the determined
quantitative shares of individual phases. Therefore, to
minimize the errors, the diffractograms were measured
using the proper relation of the measurement step to the
counting time, selected individually for the measured
sample. The quality of the measured diffraction patterns
was assessed on a reliability factor determining the accu-
racy of the statistical data of the measured diffraction
patterns—the R, coefficient. Its value was ranging from
2.2 to 2.9%. The fitting was carried out until the coeffi-
cients Rp and Rwp were lower than 2.8 and 3.5%,
respectively. In addition, the refinement quality was eval-
uated from the differential curve (the green line in Fig. 4),
which showed the difference between the measured and
calculated intensity. For the multiphase diffractograms, the
obtained matches were of the highest quality. The exem-
plary results of the Rietveld analysis done for the 140 h
milled sample, in the initial state and after the selected
annealing temperatures, are shown in Fig. 4. The deter-
mined quantitative shares of individual phases are sum-
marized in Fig. 5.

Having been milled, the powders consisted of an
amorphous-nanocrystalline mixture (ANM) and solid
solutions based on Ni, Cu, and Ti (Fig. 5a, c, e). The
authors in [21, 28-30] reported that for NiTi and NiTiCu
alloys (prepared by techniques leading to amorphiza-
tion/nanocrystallization) the broadening of two peaks
appearing in the X-ray diffraction patterns was associated
with the presence of the amorphous phase. The results of
our research and observations via high-resolution electron

@ Springer

microscopy HRTEM [25] showed that “the amorphous
phase” was a mixture of an amorphous phase and
nanocrystallites with an average size of 1.5-4 nm coming
from various phases. Hence, in the description and dis-
cussion of the results, the name amorphous-nanocrystalline
mixture (ANM) is used regarding this state of the ground
material. Milling for 100 h was insufficient to obtain more
than 40% of the ANM. The weight share for the titanium-
based solid solution was about 53%, while the nickel-based
and copper-based solid solutions were 2% and 5%,
respectively. This fact indicated that the amorphous-
nanocrystalline mixture mainly comprised nickel and
copper elements, whereas titanium did not participate in its
formation. According to the Ni-Cu phase equilibrium sys-
tems, both elements can form solid solutions in a whole
range of concentrations [31]. On the other hand, titanium
with nickel and copper forms solid solutions, but to a
limited extent which tends to almost zero in the equilib-
rium conditions at room temperature, [32]. In relation to
the equilibrium conditions, the solubility ranges are
expected to increase in the manufacturing methods, such as
high-energy ball milling or rapid solidification.

As the grinding time was increased to 120 h or 140 h,
the proportion of the ANM mixture increased to 62% and
84%, respectively. In contrast, in the case of 140 h the
proportions of Ni-, Cu-, and Ti-based solid solutions
decreased to 1.7%, 0.5%, and 14%, respectively. This fact
means that the diffusion of alloying elements took place in
the amorphous-nanocrystalline mixture. Further, a matrix
is formed from the intermetallic  phase with the chemical
composition tending toward the nominal one.

The temperature raised to 420 °C (higher than Tpg)
changed the formation of crystalline alloy components.
First of all, the energy supply significantly decreased the
ANM mixture share. This process was intense in the
powders milled for 100 h and 120 h, i.e., by 20% and 50%,
respectively. In contrast, in the 140 h ground powder the
ANM share was lowered to 4%. Hence, the shorter milling
times (100 h and 120 h) resulted in less homogenous
chemical composition. When higher internal stresses were
introduced, the energy stored in structural defects lowered
the crystallization temperature. This problem was dis-
cussed for the NiTi alloy in [24]. At the same time, raising
the temperature to 420 °C caused the B phase formation
that assumed the parent phase B2 structure at RT, regard-
less of the grinding time (Fig. 5b, d, f). The measured DSC
cooling/heating curves in the — 120 °C to 120 °C range
did not show any thermal peak in this area (Fig. 6—the
black line). It follows that the high internal stresses coupled
with the small sized crystallites suppressed the martensitic
transformation [25]. In addition to the [ phase crystal-
lization, the weight percentage of the crystallized solid
solutions decreased in the 100 h milled alloy. In contrast,
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Fig. 4 Results of the Rietveld analysis obtained for the alloy ground 140 h and annealed at exemplary selected temperatures

after 120 h of grinding, the share of crystalline solid
solutions based on titanium and copper increased. In con-
trary, the nickel-based solution share decreased, possibly
due to the partial diffusion of nickel into the copper and
titanium-based solution. In the 140 h milled powder the
shares of all the three solutions diminished to trace
amounts. On the other hand, the share of the Ti-based solid
solution went down to about 4%, allowing the non-trans-
formable Ti,(Ni,Cu) phase to be formed.

Increasing the temperatures to 500 °C in the 100 h
milled alloys and to 480 °C the 120 h and 140 h ones
significantly boosted the martensitically transformable 8
phase. This fact was related to reducing the ANM share to
only a few percent. It means that Peak 2 (for 100 h) and
Peak 2_1 (120 h and 140 h) were mainly related to the B
phase crystallization. In this case, the B phase also adopted
the B2-type structure, characteristic for the parent phase at
room temperature. In addition, the formation of marten-
sitically non-transformable Ti(Ni,Cu) phases began. For
the poorly homogenized 100 h milled powder, the tetrag-
onal Ti(Cu,Ni), phase appeared. Its formation is discussed
in detail in chapter 3.2. Hence, Peak 2_2 occurring in the

DSC heating curves was associated with the Ti,(Ni,Cu)
phase formation. Changing the fractions of crystalline
phases caused by the elevated temperature (500 °C for
100 h of milling and 480 °C for 140 h) and the lowered
internal stresses positively affected the reversible marten-
sitic transformation. The measured thermograms showed
the presence of one peak on the heating and cooling curves
for all the milling times (Fig. 6). However, the range
measured for the forward and reverse transformation was
quite large. The difference between the beginning (M, and
M;y) and the end of the transformation (A and Ay) equaled
almost 70 degrees (Fig. 7a) for the sample milled 100 h. In
contrast, for 140 h it decreased to about 30 degrees
(Fig. 7b). This effect resulted from the dispersed chemical
composition affecting the characteristic temperatures of the
martensitic transformation and the low content of copper in
the B phase. As shown in [33], the low copper content (2—
5at.%) exchanged for nickel in the Nisg.x)TisoCux alloy
may reduce M even to — 150 °C. Also, the low transfor-
mation enthalpy (1 J/g) indicated that a small amount of
the phase underwent the MT, however, its weight share
was relatively high: 50% (100 h) and almost 60% (140 h)

@ Springer
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(Fig. 7a, b). Taking both these facts into account, it is clear
that the small average size of the crystallites still limited
triggering the MT.
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alloy, NiTiCu-B19—orthorhombic marteniste in NiTiCu alloy,
NiTiCu-B19’—monoclinic martensite in NiTiCu alloy)

The calculated diffractograms of the powders heated to
600 °C (temperature above the end of crystallization tem-
perature—Tp3g) did not reveal the amorphous-crystalline
mixture. In the alloy there were only the crystallized
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Fig. 6 DSC cooling/heating curves measured for powders milled 100 h (a) and 140 h (b) after various thermal treatment (Mp—peak
temperature related to the forvard martensitic transformation, Ap—peak temperature related to the reverse martensitic transformation)

phases—mainly the transformable B phase. Its share for the
100 h milled alloy was about 60%, and for the longer
grinding times—83% (120 h) and 81% (140 h). Irrespec-
tive of the grinding time, in the RT diffractograms this
phase consisted of areas formed with the B2-type structure
and a small amount of the B19" monoclinic martensite
(Fig. 5b, d, f). In addition to the B phase presence, the
previously identified non-transformable phases of
Tip(Ni,Cu) and Ti(Cu,Ni), crystallized. Figure 2 shows
that the temperature region between Tt, and Tr3 included
fragments of Peak 2_1 and the entire Peak 3. Combining
these facts with the quantitative phase analysis, it can be
concluded that the transformation associated to Peak 3 was
responsible for the crystallization and formation of the
tetragonal Ti(Cu,Ni), phase. In addition, the presence of
milled powders at temperatures from RT to Trsg reduced
the density of structural defects, associated with the
relaxation of stresses accumulated during ball-powder
collisions. The authors of works [34, 35] showed that in the
NiTi alloy subjected to repeated cold rolling or mechanical
alloying such a process began already in the range of
100-180 °C. All these factors influenced the reversible

martensitic transformation. First of all, there were two
thermal peaks on the thermograms, both on the heating and
cooling curves (Fig. 6—the green line). Secondly, the
characteristic temperatures of the martensitic transforma-
tion increased by about 20-25 degrees. Thirdly, the
enthalpy change (calculated as the sum of both thermal
peaks Mp; and Mp, as well as Ap; and Ap;) increased to
1.8 J/g (100 h) and 2.3 J/g (140 h) (Fig. 7). Fourthly, the
temperature ranges calculated as Mp;-Ap; and Mp,-Ap;
were comparable and equaled 25° and 23°, respectively. In
addition, the phase analysis showed that at RT, there was
mainly the B2 parent phase and a small amount of the B19’
monoclinic martensite. According to [33], these facts
indicated that the copper share in the 8 phase increased to
about 10-12at.%. However, the two-stage martensitic
transformation proved that two areas of the  phase dif-
fered in the copper content by about 2—3%at. On the other
hand, the martensitic transformation sequence remained the
one-stage B2 <+ B19'.

Summing up these results, the energy supplied by
increasing the temperature was insufficient for the alloy
with the nominal chemical composition of NiysTisoCuss
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(weight 20 g) to undergo the single-step martensitic
transformation to the orthorhombic martensite. Additional
heat treatments at elevated temperatures and/or extended
times were necessary for crystallized alloys.

Influence of Annealing on the Structure and Course
of Martensitic Transformation in Crystallized
Alloys

The martensitic transformation course improved notably
with an additional heat treatment. In the case of the 100 h
milled alloy, the annealing temperature was raised to
900 °C and 1000 °C, and the annealing time was extended

@ Springer
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to 10 h and 5 h, respectively. The analysis of the quanti-
tative weight percentage of the produced phases showed an
increase in the transformable B phase share to 51%
(900 °C/10 h) and 52% (1000 °C/5 h) (Fig. 5a). The
Ti,(Ni,Cu) and Ti(Cu,Ni), equilibrium phases shares: also
grew after crystallization. At the applied annealing tem-
peratures, the alloy was subjected to the rules of phase
equilibrium systems and underwent the partial decompo-
sition of the B phase. According to the measured diffraction
patterns, this phase took on the structure of orthorhombic
martensite B19 at RT (Fig. 5b). The transformation hys-
teresis, measured as the difference between the tempera-
tures Mp and Ap, was relatively narrow and equaled 16°
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Fig. 8 SEM image with results of EDS analysis measured for the
cross-section of alloy milled 140 h and aged at 800 °C for 5 min

(900 °C/10 h) and 17° (1000 °C/5 h). It is a characteristic
parameter of the B2 < B19 transformation, reported in the
literature for NiTiCu alloys containing 25%at. of Cu [33].
Compared to the state after crystallization, the annealing
conditions positively affected the chemical composition
homogenization, which narrowed the transformation range
calculated as a difference between M, and My as well as A,
and A¢. In addition, the transformation enthalpy increased
to over 8 J/g (Fig. 7a). This value was higher than the one
obtained by the authors of [36] for melt-spinning strips of
the NiysTisoCu,s alloy.

The alloy milled for 120 h and 140 h, in the temperature
range of 700-900 °C and then annealed for a relatively
short time of 5 min showed the increased share of non-
transformable phases Ti,(Ni,Cu) and Ti(Cu,Ni),, as pre-
viously described This phenomenon took place due to the
phase decomposition under the equilibrium conditions,
which was visible in the SEM image (Fig. 8). The grays-
cale areas corresponding to Point 1 refer to the Ti(Cu,Ni),
phase, Point 2—to the B19 orthorhombic martensite, and
Point 3—to the Tiy(Ni,Cu) phase. The Tiy(Ni,Cu) phase
had a crystallographic structure of the Ti,Ni phase, where
nickel atoms were replaced by copper, constituting a total
amount of 33%at. On the other hand, the Ti(Cu,Ni), phase
fit perfectly in the area of the TiCu, occurrence, which was
found in the cross-section of the ternary Ti—Ni—Cu phase
diagram at 800 °C and 870 °C [34]. The Ti(Cu,Ni), pos-
sessed a crystallographic structure of the MoSi, phase
(tetragonal I4/mmm), where titanium atoms (with a larger

atomic radius of 2.48 A [35]) occupied the Mo position,
while nickel and copper atoms with smaller atomic radii
(1.93 A and 1.86 A [35]), occupied positions intended for
Si [37]. These results confirmed the models of crystallo-
graphic structures previously adopted for the Rietveld’s
analysis.

The DSC curves courses and the martensitic transfor-
mation behavior for the alloys milled for 120 h and 140 h
were very similar. Due to the alloy’s better homogenization
after the extended grinding time, only the results for the
140 h ground alloy are described. The evolution of the
martensitic transformation for this alloy is shown in
Figs. 6b and d. Annealing at 600 °C and 700 °C, i.e., above
crystallization point, changed the course of the martensitic
transformation to a two-stage one. However, it was a one-
step transformation with the B2 «» B19’ sequence (only
the B19’ martensite was present Fig. 5f) occurring in the
areas slightly differing in chemical composition. Moreover,
annealing at 700 °C for 5 min increased the characteristic
temperatures of the MT by about 20 degrees. It proved a
significant enrichment of the B-phase in copper [33].

Similarly, annealing at 800 °C and 900 °C for 5 min
caused the shift of the phase transitions into higher tem-
peratures characteristic for the B2 < B19 transformation.
In addition, the temperature transition ranges (M~M; and
AA;) narrowed to about 20°. For the alloy annealed at
800 °C, the difference between the Mp; and Ap; temper-
atures was reduced to 13°. According to the results pub-
lished in [33], this transformation referred to the
B2 < B19 sequence. The difference between Mp, and Ap,
was still about 20°, which was characteristic for the
transformation with the monoclinic martensite B19'. It
confirmed the two areas which differed in chemical com-
position: one strictly corresponding to the nominal com-
position, and the other—with the copper addition of about
14-19%at.

Increasing the annealing temperature to 900 °C (for
5 min) caused the further B phase decomposition into the
equilibrium phases: Tiy(Ni,Cu) and Ti(Cu,Ni), which did
not participate in the martensitic transformation. Decom-
position decreased the P phase weight fraction at the
expense of the higher shares of both non-transformable
phases (Fig. 5e). The B phase, at room temperature, ulti-
mately assumed the structure of the B19 orthorhombic
martensite. The DSC cooling curves (Fig. 6b—the magenta
line) showed two additional stages of the B19 martensite.
Contrary to that, the reversible transformation occurred in
one stage (Fig. 6d—the magenta line). In order to intensify
the alloying elements diffusion, the alloy milled at 140 h
was sintered at 1000 °C for 20 h. In consequence, the
B2 <~ B19 transformation sequence was obtained at the
temperatures expected for the nominal chemical composi-
tion. Additionally, the transformation enthalpy increased to

@ Springer



418

Shap. Mem. Superelasticity (2023) 9:408-419

over 10 J/g (Fig. 7b). This was the result of an intensive
increase in the 8 phase share at the expense of the lowered
amount of Ti,(Ni,Cu) (Fig. 5Se, f).

Summary

The alloy with a nominal chemical composition of
Ni,sTisoCuys, characterized by a onestage reversible
martensitic transformation with the B2 < B19 sequence
was produced via high-energy ball milling. However, after
milling for 100-140 h, the alloys consisted of an amor-
phous-nanocrystalline mixture. The temperature high
enough for the partial crystallization did not provide suf-
ficient structural, chemical, and phase conditions for the
reversible martensitic transformation. Hence, the crystal-
lization proceeded in the three distinguishable stages. The
first one was related to the crystallization of solid solutions
based on the alloying elements. The weight percentages
analysis of the forming phases indicated the crystallization
of the transformable [ phase in the whole temperature
range from 361 to 556 °C. However, its most intense part
was related to the thermodynamic conditions provided in
the second stage when the equilibrium Tiy(Ni,Cu) phase
formed. In the last crystallization stage the second equi-
librium phase (Cu,Ni),Ti occurred.

The highest weight percentages of the transformable
phase B were obtained in the alloys milled for 120 h and
140 h after their thermal treatment at 600 °C for 5 min.
Although the over 80% weight share belonged to the par-
ent phase B2, its small part underwent the marten-
sitic transformation. The short period of the elevated
temperature did not provide sufficient structural conditions
to trigger the martensitic transformation. The relatively
small average crystallite size of about 6 nm suppressed the
martensitic transformation. A beneficial procedure was to
extend the grinding time to 140 h, increasing sintering
temperature to 1000 °C for several hours. Such conditions
ensured the proper homogenization of the alloy and the
increased share of the B phase. Moreover, the alloy in the
powder form showed the presence of the bulk-like
reversible martensitic transformation with a relatively high
enthalpy of 10 J/g.
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