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2 Introduction

1 INTRODUCTION

1.1 The unique behavior of NiTi alloys
A unique behavior of polycrystalline Ni-Ti alloys (containing 49–51 at% Ni), such
as shape memory effect (SME) consisting of mechanical memory (pseudo-elasticity,
PE) and thermal memory (one way effect, 1WE) results from a reversible martensi-
tic transformation between two phases, each with a different crystal structure and
therefore different properties [1, 2, 3]. SME of NiTi shape memory alloys (SMAs) can
be exploited many times compared to other SMAs till a malfunction or structural
degradation occurs [4, 5, 6, 7, 8]. PE of the NiTi alloys is associated with a large non-
linear recoverable strain upon loading and unloading at a temperature range where
a high temperature phase called austenite is stable. 1WE is the unique behavior
where the alloy is deformed in a low temperature regime where a low temperature
phase called martensite is stable and recovers its original shape by the reversible
martensitic transformation on heating.

The behavior is extremely sensitive to the initial chemistry as well as the sub-
sequent processing [1]. Current development and growth of NiTi SMAs applications
in the industrial and commercial markets induces a good control over the manufactu-
ring process in order to deliver high quality products. This principle becomes incre-
asingly important. Ensuring purity, understanding the impact of the manufacturing
process and its effect on product performance is a key to successful process controls.
Furthermore, there is a steadily growing interest in a comprehensive knowledge on
effects which treatment conditions may have on the structure of the B2 phase, and,
consequently, on the transformation behavior and mechanical properties of the NiTi
alloys. The comprehensive knowledge is still lacking, largely owing to the complexity
of the issue itself.

1.2 Reversible martensitic transformations
In the NiTi alloys, the high temperature austenite phase (the parent phase) trans-
forms into the low-temperature martensite phase (the product phase) and the mar-
tensite phase then transforms back to the austenite phase. This reversible martensi-
tic transformation is a first-order, diffusionless solid-solid transformation and can be
induced by both applied stress and temperature variation [9, 1].

The austenite with B2-type cubic structure starts to transform into the mar-
tensite phase with B19’-type monoclinic structure at 𝑀𝑠 (the martensite start tem-
perature) on cooling (see Fig. 1.1 a). The volume transformed into the martensite
is a function of temperature. Holding at any temperature below 𝑀𝑠 for any length
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Fig. 1.1: Schematic DSC charts illustrating one-step transformation (a), one exo-
thermic peak on cooling from the B2 regime and one endothermic peak on heating,
and two-step transformation (c), two exothermic peaks on cooling from B2 to R-
phase and from R-phase to martensite and one endothermic peak on heating [11].
Stability of B2, R-phase and B19’ in binary Ni-rich NiTi alloy (b and d). The pre-
sence of obstacles (precipitates and dislocation substructures) makes it energetically
more difficult to form B19’, while the formation of R-phase is not affected (d) [10].

of time does not cause the formation of more "athermal" martensite. The parent B2
phase is completely transformed into the product B19’ martensite for temperatures
below 𝑀𝑓 (the martensite finish temperature). If the transformation process includes
an intermediate phase, R-phase, as other martensite candidate [12, 13, 14, 15], the
start and the end temperatures of the transformation from the austenite to R-phase
are denoted by 𝑅𝑠 and 𝑅𝑓 , respectively (see Fig. 1.1 c). On heating, the reverse
transformation from B2 austenite to B19’ martensite phase takes place. The tempe-
rature, at which the reverse transformation begins, is denoted by 𝐴𝑠. Similarly, the
last remnant of martensite disappears at the temperature 𝐴𝑓 . Dependencies of free
energy on temperature characterizing B19’ martensite, R-phase and B2 austenite is
shown in Figure 1.1 b and d. The curvature of the free energy lines has been ignored.
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1.3 Phase diagram

The research focuses on the central region of the phase diagram situated round
the equiatomic NiTi composition (Fig. 1.2). The reason is that solid solution B2
austenite phase of a near-equiatomic Ni-Ti alloy exhibits the unique behavior based
on the reversible martensitic transformation as it was mentioned in Section 1.1
[16, 17, 18]. In Figure 1.2, the right boundary of B2 phase field is almost vertical. On
the other hand, there is pronounced solubility of Ni atoms in NiTi intermetallic on
the Ni-rich side in the temperature range between 830 and 1310 ∘C. At temperatures
below 650 ∘C there is a very narrow NiTi-phase region and it is generally accepted
that this region accommodates composition only between 50.0 and 50.5 at% Ni [1].
The NiTi phase retains the B2 order until a low temperature when the martensitic
transformation occurs.

Fig. 1.2: Calculated phase diagram of NiTi binary system, to which the phase equi-
librium between B2 and B19’ phases is added together with stable phases NiTi2 and
NiTi3 [19].

1.4 Induction melting

Imduction melting (IM) under a protective argon atmosphere and vacuum arc remel-
ting (VAR) are the most commonly used processes for the commercial production
of NiTi SMAs [20, 21]. During (IM), the crucible is held in insulting material and
introduced into the work coil which is connected to the power supply. The electric
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current through the coil generates an alternating magnetic field. The alternating
magnetic field induces eddy currents that heat the ingot. IM is performed under
vacuum or an inert gas atmosphere. For the production of NiTi SMAs, graphite
crucibles are commonly used [22]. The important advantage of the IM is the melt
stirring due to the edgy currents which leads to a good mixing and the homogeneity
of chemical composition throughout the ingot.

2 THE OBJECTIVES OF THE THESIS
The primary objective of the current work is to obtain sound experimental evidence
and to improve the theoretical understanding of how the impurities influence the
characteristics of martensitic transformations in Ni-rich NiTi SMA. Oxygen conta-
mination of Ni-rich NiTi SMAs results from oxygen environments during induction
melting experiments. Optimization of the melting conditions in u-shaped Y2O3 cru-
cible should be conducted. The optimization of the melting conditions and study of
interstitial impurities (introduced during melting and subsequent heat treatments)
and their influence on the microstructure and martensitic transformation charac-
teristics establishes a close link between the two main objectives of the presented
investigation.

Three fundamental goals are expected which will result from the investigation:

(i) An assessment of alloy contamination which may result from vacuum induction
melting of Ni-rich NiTi-based shape memory alloys in conventional porous Y2O3

crucibles.

(ii) An optimization of NiTi melting conditions with respect to the alloy purity
and cost efficiency.

(iii) An obtaining new differential scanning calorimetry (DSC) and 3D atom probe
(AP) data on martensitic transformations and related hydrogen distributions in the
Ni-rich NiTi shape memory alloys subjected to heat treatments under controlled
environments with systematic variation of the hydrogen partial pressure.
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3 EXPERIMENTAL TECHNIQUES

3.1 As-received material

3.1.1 Induction melting experiments

Titanium (99.65 at%) and nickel (99.93 at%) used in the present study was supplied
by Goodfellow in the form of round rods with a diameter of 25.4 mm and 40 mm,
respectively. A particular attention has been given to the effect which Y2O3 cru-
cibles may have on oxygen contamination in Ni-rich NiTi alloys during induction
melting. U-shaped Y2O3 crucibles used during induction melting were purchased
from Treibacher Industy AG.

Ni-50.8at% Ti-49.2at% alloy in the form of three cylindrical ingots 33 mm in
diameter was provided by the Institute for Materials of Ruhr University Bochum
in Germany and used in order to determine the behavior of the oxygen content as
a function of melting temperature and holding time. The high-quality ingot was
induction melted in a graphite crucible [23].

3.1.2 Heat treatments

A commercial SE508 Ni-rich NiTi alloy purchased from EUROFlex® was used in this
part of the study. The nominal composition of this grade is given in Table 3.1. The
alloy with a nominal composition of Ni50.8Ti49.2 was received as annealed cylindrical
rod. The rod dimensions were 660 mm in length and 12.7 mm in diameter. The rod
was at first spark-cut into 128 mm pieces. Then the pieces were spark-cut into two
types of cylinders with high of 15 mm and 2 mm. All heat-treatment experiments
were conducted with the 15 mm cylinders. The 2 mm cylinders were cut out of the as-
received rod after each second 15 mm cylinder in order to detect possible additional
effects associated with small compositional and microstructural processing variations

Tab. 3.1: Nominal composition (at%) of the grade SE508 NiTi alloy used in the
experiments.

Ni Ti O H C Co Cr Cu Fe
50.5 balance 0.0320 0,0491 0.0102 <0.0045 <0.0051 <0.0042 <0.0048

Nb N+O
<0.0029 <0.0038
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along the as-received rod. The analysis of the martensitic transformation and the
microstructure of the 2 mm cylinders has been a subjected of the thesis [24].

3.2 Vacuum induction melting

Induction melting experiments were carried out in cooperation with prof. Ladislav
Zemčík from the Faculty of Mechanical Engineering, the Department of Foundry
Engineering. The melting of NiTi-SMA was performed in conventional porous Y2O3

crucibles (see Section 3.1.1). High-purity nickel and titanium rods (see Section 3.1.1)
were used as raw materials. The targeted composition for each melt was Ni-50.8 at%
Ti-49.2%. Melting routes were tested in altogether five melting experiments. Each
experiment consisted of two-melting steps, described in Table 3.2. The cone-shaped
ingots of 30 and 70 mm diameter and 180 mm length were cast from the melt.
Liquid alloy was cast into graphite molds covered with Y2O3 protective layer (YK-
type, ZYP coating). The molds were preheated to a temperature of 200 ∘C.

The cylindrical ingots supplied by Ruhr University Bochum (see Section 3.1.1)
were cut into smaller blocks of 34 mm in diameter and approximately 70 mm in
length using spark erosion machining. The blocks were separately filled into Y2O3

crucibles and remelted. These re-molten blocks were allowed to solidify and cool to
room temperature inside the crucible. The five re-melting experiments were perfor-
med: at 1500 ∘C with holding time 2, 10 and 20 min, and at 1550 ∘C and 1450 ∘C

Tab. 3.2: Melting routes of induction melting of Ni50.8Ti49.2 alloys.

Melting route Procedure
A A batch of nickel rods was melted, and then the tita-

nium rod was put on the solidified top of the melt and
the second melting was carried out.

B A batch of nickel and titanium rods was filled into the
crucible; the composition of the melt was Ni35.2Ti64.8.
Then the remainder of the nickel rod was placed on
the solidified top and the second melting was carried
out.

C1, C2, C3 Nickel and titanium rods were filed into the crucible
in a amount corresponding to an eutectic composition
Ni24.3Ti75.7 and the stock was melted. The rest of the
nickel was then introduced on the solidified top and
the second melting was carried out.
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Fig. 3.1: (a) Conventional porous Y2O3 crucible and (b) vacuum induction melting
furnace used for re-melting procedure.

with 20 min holding time (Fig. 3.1).
All melting experiments were conducted under low vacuum (83 kPa) by first

evacuating and flushed with argon three times. During melting, temperature was
measured and controlled by a WRe5-WRe26 thermocouple with an Y2O3 coated
cermet sheath.

3.3 Heat treatments under controlled
atmospheres

The cylinders (see Section 3.1.2) were mechanically polished and ultrasonically cle-
aned in order to remove the surface layers affected by the cutting operations. The
cylinders were ultrasonically cleaned firstly in distilled water and than in ethanol,
before being dried by flow of hot air. After cleaning, some samples were heat treated
in air. Rest of samples were separately sealed into quartz capsules filled with argon
(6.0) or helium (5.5) or oxygen (6.0) or nitrogen (4.0) and or with hydrogen (2.0)
pure gas. Filling pressure was 900 mbar. To obtain the targeted (variable) hydrogen
concentrations in the heat treatment atmosphere the capsules were first pre-filled
by 20, 100, 300, 500, and 700 mbar of hydrogen and then the remaining pressure
difference to 900 mbar was supplied by helium.

All of the samples were heat treated in either Regime I or Regime II. In the
Regime I, the samples were subjected to annealing at 850 ∘C for 1.8 ks and water
quenched. The quartz capsules were open right after annealing step. In Regime II,
the samples received the Regime I treatment and an additional aging at 450 ∘C for
3.6 ks terminated by water quenching. The capsules were opened only after final
quenching step from aging temperature.
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4 SELECTED RESULTS

4.1 Alloys melted in Y2O3 crucible

4.1.1 Oxygen content and rise of temperatures

The content of oxygen in the cast Ni50.8Ti49.2 alloys is displayed in a bar chart
shown in Figure 4.1. The chemical analysis accounts for the overall oxygen content
and does not allow for the differentiation between oxygen in solution and oxygen
associated with a oxygen phase. Two columns have been stacked up in the chart
(Fig. 4.1): one represents a calculated amount of oxygen contained in the melting
batches (black columns) and second characterizes a variable increase of the oxygen
concentration during the melting procedure (white columns). The starting level of
1123 atomic ppm is always the same and describes the amount of oxygen measured
in the raw materials composing the melting stock, 49.2at% titanium and 50.8at%
nickel. The average values of the oxygen content as detected at the end of the melting
experiments are based on 12 measurements. The highest final oxygen concentration
(4421 atomic ppm) was found in the cast alloy A (melted by procedure marked A,
Section 3.2). The lowest oxygen content (3226 atomic ppm) was measured in the
cast alloy B. Oxygen pick up during melting procedure B resulted in about triple
increase of the initial oxygen level (column B in Fig. 4.1). The difference between the
lowest and the highest contamination level equals to 1195 atomic ppm and between
these extreme values all three cast alloys C exhibit oxygen content. The melting
temperatures in first and second melting step are given in Table 4.1.
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Fig. 4.1: The column chart displays the content of oxygen in the cast alloys (see text
for details).



10 Selected results

Tab. 4.1: The start and the rise of temperatures ( ∘C) when the remainder of nickel
was added in second melting step.

First step
cast alloy A cast alloy B cast alloys C1 C2 C3

≈ 1450 ≈ 1060 ≈ 942
Second step

cast alloy A cast alloy B cast alloys C1 C2 C3
≈ 1800 ≈ 1440 ≈ 1400

4.1.2 Holding time and temperature

The change of oxygen content in the Ni50.8Ti49.2 alloy during the re-melting experi-
ments in yttria crucibles is illustrated in Figure 4.2. A data point obtained from the
bulk of the ingot re-melted for 20 min at 1500 ∘C is not included due to a failure of
the Y2O3 coated cermet sheath and its partial dissolution in the molten alloy.

Figure 4.3 shows transformation behavior of the alloy after the re-melting expe-
riments. The latent heat decreases exponentially with oxygen content in Figure 4.2
a. It can be seen that martensitic transformations are efficiently suppressed when the
oxygen content in the Ni50.8Ti49.2 alloys exceeds 1900 atomic ppm (Fig. 4.3 a). Fi-
gure 4.2 b shows that the impurity content increases significantly during re-melting
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Fig. 4.2: (a) The variation of the release latent heat associated with martensitic
transformation from B2↔B19’ in the re-molten alloys with oxygen content at dif-
ferent melting temperatures and holding times. (b) Result of the chemical analysis
showing increase of oxygen content in re-molten alloys at 1450, 1500 and 1550 ∘C
after different reaction times.
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Fig. 4.3: DSC charts of the supplied and re-molten alloys at different melting tem-
peratures and holding times.

for 2 min at 1500 ∘C. The content of oxygen becomes triple the initial oxygen level
and does not too differ from the re-melting experiment carried out at the same mel-
ting temperature but with 10 min of holding time. Increasing to about quadruple
the initial oxygen level during re-melting for 20 min at 1450 ∘C does not vary with
the melting temperature higher by 100 ∘C. Microstructure of the re-melted mate-
rial contains more inclusions than the supplied material. The inclusions are Ti-rich
phase (Ti2NiO𝑥, TiC(O) and TiC [25]) and Y2O3 particles, while the inclusions in
the supplied material represent mainly carbides TiC.

Fig. 4.4: (a) The bottom of Y2O3 crucible. (b) Ni50.8Ti49.2 block after re-melting for
10 min at 1500 ∘C in Y2O3 crucible, and SEM and SEM back-scatter micrographs
of detail of surface of the block containing Y2O3 particles.
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4.1.3 Y2O3/ Ni50.8Ti49.2 interface

Figure 4.4 a illustrates a photograph of the yttria crucible buttom after re-melting for
10 min at 1500 ∘C. During melting liquid droplets wet surface of Y2O3 crucible (gray
area in Fig. 4.4 a). Figure 4.4 a shows that the depth of penetration can exceed about
6 mm on the bottom of Y2O3 crucible. In those re-molten Ni50.8Ti49.2 block allowed
to solidify inside the crucible, there was a discontinuous layer of yttrium oxide grains
at the surface. This yttrium oxide layer was adhere to the metal. Figure 4.4 b shows
area at the surface of the block after re-melting for 10 min at 1500 ∘C in Y2O3

crucible containing Y2O3 particles.
Figure 4.5 shows examples of SEM back-scatter micrographs taken from the

interface region between yttria crucible and Ni50.8Ti49.2 alloy. The Ti-rich phases
(dark-gray) presented in detail in Figure 4.5 b was formed at the Y2O3/NiTi inter-
face. The Ti-rich phase does not form compact layer. Figure 4.5 b also exhibits some
insoluble Y2O3 particles entering into the melt.

Fig. 4.5: SEM back-scatter micrographs of the interface region between the Y2O3

crucible (white phase bellow) and the Ni50.8Ti49.2 alloy (bright-gray phase above)
after re-melting for 20 min at 1450 ∘C. The dark-gray phase in between represents
Ti-rich phase.

4.2 Heat treatments in controlled atmospheres

4.2.1 Influence of the quenching rate

Example of impact of hydrogen on the martensitic transformation in the sealed
sample received the Regime I treatment in pure hydrogen and its capsule was open
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after quenching step is shown in Figure 4.6 (the DSC chart labeled by slow). This
impact of hydrogen dismiss when the capsule is opened in water during quenching
step (see the DSC chart labeled by fast in Fig. 4.6). In order to examine the impact
of hydrogen, capsules were open only after final quenching (Section 3.3). Helium
atmosphere was chosen as additional filling-up gas to avoid effect of cooling rate on
quenched microstructure in the hydrogen-helium mixtures heat treatment experi-
ments. Because thermal conductivities of hydrogen and helium gases shows similar
values, compared to argon [26].
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Fig. 4.6: DSC charts of the Ni50.8Ti49.2 alloys heat treated in Regime I in 900 mbar of
hydrogen. (Fast) the capsule was opened during quenching, in the quenching water,
or (slow) after quenching, out of quenching water. Sample temperature equaled to
room temperature.

4.2.2 Impact of heat treatments in hydrogen-helium mixtu-
res on the martensitic transformation

Figure 4.7 shows transformation behavior of the Ni50.8Ti49.2 samples heat treated
in the Regime I in hydrogen and helium mixtures with the constant overall filling
pressure of 900 mbar. With the increasing partial pressure of hydrogen, the one-step
martensitic transformation ceases (Fig. 4.7a and b). A partial pressure of hydrogen,
which assisted the particular heat treatment, is indicated in Fig. 4.7a. A pronounced
drop in the peak heights occurs at the hydrogen partial pressure exceeding 100 mbar.

Transformation behavior of the samples that were heat treated in the Regime
II using the same gas mixtures is shown in Figure 4.8. The samples aged under the
presence of hydrogen exhibit, in principle, the same transformation sequence as the
samples aged in the reference inert gases. However the second transformation step,
which corresponds to R↔B19’ transition, is markedly suppressed.
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Fig. 4.7: DSC charts of the Ni50.8Ti49.2 samples heat treated in the Regime I in either
hydrogen-helium mixtures (H2 partial pressure 20, 100, 500 and 700 mbar) or in the
reference helium atmosphere.
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Fig. 4.8: DSC charts of the Ni50.8Ti49.2 samples that were heat treated in the Regime
II in hydrogen-helium mixtures (H2 partial pressure 20, 100, 500 and 700 mbar) or
in the reference helium atmosphere.
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Fig. 4.9: SAD patterns of the quenched Ni50.8Ti49.2 alloy taken in the zones [111]𝐵2,
[100]𝐵2, [110]𝐵2 and [210]𝐵2. The patterns were obtained after heat treatment in
Regime I in hydrogen (a1–4) or reference helium atmosphere (b1–4).
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4.2.3 Impact of heat treatments in Regime I in hydrogen
on microstructure: presence of impurities

Hydrogen

Selected area diffraction (SAD) analysis revealed that the conventional SAD patterns
exhibited pronounced modulations of the background electron intensity. Examples
are presented in Figure 4.9, where [111]𝐵2, [100]𝐵2, [110]𝐵2 and [210]𝐵2 zonal SAD
patterns are shown. These patterns are compared to similar SADs from material
states formed during annealing in the inert gas only (with zero partial pressure of
hydrogen). After the inert gas treatment, only [100]𝐵2 and [110]𝐵2 patterns show mild
modulations of the background electron intensity (marked by red arrows). However,
the amplitude of these modulations is weak. In contrast, the SAD patterns, which
illustrate the diffracted intensity from the sample subjected to Regime I in 900 mbar
of hydrogen, reveal regular modulations of the diffuse electron intensity.

Fig. 4.10: SAD patterns of the quenched Ni50.8Ti49.2 alloy taken in the [001]𝐵2 zone.
The patterns were obtained after the Regime I heat treatments in hydrogen-helium
mixtures with hydrogen partial pressure: (a) 300, (b) 500, (c) 700 and (d) 900 mbar.
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Hydrogen mixtures

Figure 4.10 shows examples of the [110]𝐵2 zonal SAD patterns taken after Regime I
heat treatments in hydrogen-helium mixtures. With the increasing partial pressure
of hydrogen in the heat treatment atmosphere from 300 to 900 mbar, the mild
background electron density modulations become more pronounced (Figs. 4.10 a–
d). It should be underlined again that the B2↔B19’ martensitic transformation is
supressed in all these structures. This has been clearly documented by DSC charts
presented in Figure 4.7.

Fig. 4.11: 3D APT reconstructions of 10 (a) and 1 (b) % of detected atoms of a
sample taken from cylinder heat treated in Regime I in hydrogen-helium mixture
(H2 partial pressure 700 mbar). Color codes correspond detected hydrogen, nickel
and titanium atoms.

Figures 4.11 a and b show a 3D atom probe tomography (APT) elemental maps
(each dot represents one atom) of a sample taken from a cylinder heat treated
in hydrogen-helium mixture (H2 partial pressure 700 mbar). Figures 4.11 a and b
present APT reconstructions of only 10 (Fig. 4.11 a) and 1 % (Fig. 4.11 b) of detected
atoms, respectively. Altogether, 11 millions of atoms were collected and analyzed in
the APT experiment. Analyzed volume contained hydrogen, nickel and titanium
atoms. Figure 4.12 provides information on the local concentration of hydrogen
atoms. While spatial distribution of nickel and titanium atoms is homogeneous,
hydrogen atoms cluster into nanometer-size domains organized into a regular (cubic)
pattern. The hydrogen concentration in the domains is the highest (10 at%).
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Fig. 4.12: 3D elemental map of hydrogen atoms in an AP sample after the Regime I
heat treatment in hydrogen-helium mixture (H2 partial pressure 700 mbar) showing
isoconcentration surfaces which delimit regions with hydrogen content exceeding
10 at% (color coded red). The blue regions correspond to hydrogen concentration
lower than 5 %at.

4.2.4 Impact of heat treatments in Regime II on microstru-
cture: varying size of Ni4Ti3 precipitates

Hydrogen mixtures

The Ni4Ti3 precipitation structures are shown in Figure 4.13. The TEM micrographs
were acquired from foils cut out of samples after the Regime II heat treatment in
hydrogen-helium mixtures (H2 partial pressures 20, 100, 300, 500 and 700 mbar)
and in the reference helium atmosphere (He partial pressure 900 mbar).

The Ni4Ti3 phase was identified based on the selected area diffraction data.
These results suggest that no relevant differences exist between the samples heat
treated in the atmospheres with increasing partial pressure of hydrogen. The quan-
titative assessment yielded mean Ni4Ti3 particle sizes of 33±7 nm after the heat
treatment in the 700/200 mbar hydrogen/helium mixture and 27±7 nm for the ma-
terial state after the heat treatment in pure helium. Since the precipitation of the
Ni4Ti3 phase promotes the B2→R phase transition, the insensitivity of the B2→R
transformation to the heat treatment environment observed in the DSC experiment
(see Fig. 4.8) is in line with the stable particle parameters.
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Fig. 4.13: Distribution and size of Ni4Ti3 variants as observed in TEM experiments
after the Regime II heat treatment. Sample heat treated in hydrogen-helium mix-
tures (H2 partial pressures 20, 100, 300, 500 and 700 mbar) and in the reference
helium atmosphere (He partial pressure 900 mbar).
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5 CONCLUSIONS

NiTi SMAs are considered the most successful shape memory materials today, which
combine interesting functional properties with high mechanical strength and good
corrosion resistance [23]. Since the transformation behavior has been recognized
as a key issue of their successful applications, there is a strong demand for the
understanding of all the aspects which the processing steps may have concerning
the transformation and shape memory behavior. In addition, the materials must
also have a good chemical homogeneity and a low content of impurities to fulfill
further design requirements.

We have designed a series of melting experiments to investigate temperature
effects and related oxygen contamination in Ni-rich NiTi (Ni50.8Ti49.2) SMA during
VIM in u-shaped yttria crucible. We also carried out re-melting experiments to
explore effect of the combination of variables; melting temperature and holding time,
on the oxygen level with a strong focus on the optimization of the VIM processing
route. The results of this study can be summarized as follows:

(1) Designed melting procedures lead to the lowering maximum temperature
during VIM from 1800 ∘C to 1400 ∘C. Despite the significant maximum temperature
drop oxygen content does not markedly reduce.

(2) During re-melting at 1500 ∘C with 2 min of holding time the oxygen content
was increased by about two times with respect to its initial value. The increase from
454 to 1457 atomic ppm results in a complete suppression of martensitic transfor-
mation in the re-molten alloy. The release latent heat decreases exponentially with
oxygen content.

(3) The experimental results revealed that a considerable reduction of melting
temperature and holding time is absolutely necessary in order to successfully reduce
of oxygen content in the conventional yttria crucible during melted ingots.

Heat treatment impurities impact and their impact on martensitic transformai-
tons in Ni-rich NiTi SMA have been investigated in the second part of the study.
Results can be summarized as follows:

(1) Oxygen and nitrogen does not effect B2-B19’ transformation in samples
after heat treatment in the Regime I. In contrast heat treatment in the Regime I in
hydrogen suppresses the overall transformation process and results in the extended
DSC peaks. Hydrogen impact is also associated with a decrease of M𝑠, M𝑝 and M𝑓

temperatures. The values of A𝑠, A𝑝 and A𝑓 show no considerable dependence on the
hydrogen content.

(2) The B2(R)→B19’ suppression effect is also observed after heat treatment
in the Regime II. The release and absorbed latent heat and transformation tempe-
ratures are significantly influenced by the hydrogen assisted heat treatments. This
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behavior is identical for both the Regime I and II of heat treatments. The B2→R
transition is rather unaffected by the presence of hydrogen in heat treatment envi-
ronments.

(3) In situ TEM observations showed that the martensitic transformation pro-
ceed by the same mechanism in spite whether the sample was previously heat treated
in hydrogen or helium.

(4)The "knee"effect on DSC curves is associated with the formation of R-phase
on microstructural defects inherited from processing steps.

(5) SAD analysis revealed pronounced modulation of background electron in-
tensity in [100]𝐵2 and [110]𝐵2 SAD patterns in samples after the Regime I heat
treatment in hydrogen.

(6) The 3DTAP measurement suggested that there are no local variations in the
Ni and Ti compositions or positions of nickel and titanium atoms in the sample after
the Regime I heat treatment in hydrogen. It was documented to hydrogen form stable
interstitial solid solution in B2 NiTi where organizes into a nano-domains structure
with the hydrogen content exceeding locally a level of 10 at%.
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ABSTRACT
The thesis aims at: (i) an assessment of alloy contamination which may result from
vacuum induction melting of Ni-rich NiTi-based shape memory alloys in conventi-
onal porous Y2O3 crucibles. (ii) an optimization of NiTi melting conditions with
respect to the alloy purity and cost efficiency. (iii) an obtaining new differential
scanning calorimetry (DSC) and 3D atom probe (AP) data on martensitic trans-
formations and related hydrogen distributions in the Ni-rich NiTi shape memory
alloys subjected to heat treatments under controlled environments with systematic
variation of the hydrogen partial pressure. The following experiments were carried
out:
– Five different melting routes were designed and carried out in order to decrease
melting temperature.
– Five re-melting experiments were performed at 1500 ∘C with holding time 2, 10
and 20 min, and at 1550 ∘C and 1450 ∘C with 20 min holding time to examine the
effect of temperature and holding time on oxygen content.
– Ni-rich NiTi alloys were heat treated in Regime I (annealing) and in Regime II
(annealing and aging) in either hydrogen or hydrogen-helium mixture (H2 partial
pressure 20, 100, 500 and 700 mbar). Reference experiment were also performed in
a pure helium atmosphere.

It was found that designed melting routes lead to the lowering of maximum
temperature during the induction melting cycles from 1800 to 1400 ∘C. Despite this
significant maximum temperature drop, oxygen content of the final solidified alloy
does not markedly reduce. During re-melting at 1500 ∘C with 2 min of holding time,
the content of oxygen becomes triple the initial oxygen level and does not too differ
from the re-melting experiments carried out at the same melting temperature but
with 10 min of holding time. Furthermore, the oxygen content increases about four-
fold with respect to the initial oxygen level during re-melting for 20 min at 1450 ∘C.
This contamination level does not vary markedly with further rise of the melting
temperature by 10 ∘C. Heat treatments in the controlled gaseous environments reve-
aled that the one-step B2-B19’ martensitic transformation ceases with the increasing
partial pressure of hydrogen. A pronounced drop in the DSC peak heights occurs
at the hydrogen partial pressure exceeding 100 mbar. 3D AP measurements showed
that there are no local variations in the Ni and Ti compositions in the sample af-
ter the Regime I heat treatment in hydrogen. Hydrogen was found to form stable
interstitial solid solution in B2 NiTi. The distribution of hydrogen atoms is inho-
mogeneous; they organize into nano-domains with the hydrogen content exceeding
locally a level of 10 at%.
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ABSTRAKT
Cíle této práce jsou: (i) vyhodnocení vlivu Y2O3 kelímku na kontaminaci indukčně
tavené NiTi slitiny obohacené niklem, (ii) optimalizace podmínek, při kterých jsou
tavby uskutečněny a (iii) získání nových DSC a 3D AP dat o vlivu vodíkové atmo-
sféry na martenzitickou transformaci a na strukturu NiTi slitin obohacené niklem s
tvarovou pamětí.
Byly provedeny následující experimenty:
– Pět taveb bylo navrženo a provedeno tak, aby byla snížena maximální tavící tep-
lota.
– Pět přetaveb bylo uskutečněno při teplotě 1500 ∘C s dobou výdrže 2, 10 a 20 mi-
nut a při teplotách 1450 ∘C a 1550 ∘C s 20 minutovou dobou výdrže. Experiment
byl navržen tak, aby byl vyšetřen vliv tavící teploty a doby výdrže na obsah kyslíku
pocházejícího z kelímku Y2O3 v tavenině.
– Tepelné zpracování NiTi slitiny obohacené niklem v režimu I (žíhání) a v režimu
II (kombinace žíhání se stárnutím) pod atmosférou vodíku, směsi vodíku s héliem a
pod referenční atmosférou čistého hélia.
Získané výsledky jsou:
– Navržené tavící postupy vedou ke snížení maximální tavící teploty a to z 1800 ∘C
na 1400 ∘C. Přesto toto velké snížení maximální tavící teploty nevedlo k význam-
nému poklesu obsahu kyslíku.
– Během přetavby uskutečněné při teplotě 1500 ∘C s dobou výdrže 2 minuty se obsah
kyslíku navýšil o trojnásobek jeho počáteční hodnoty a příliš se nelišil od obsahu
kyslíku naměřeného ve slitině, která byla přetavena při stejné teplotě s dobou vý-
drže 10 minut. K nárustu o čtyřnásobek počáteční hodnoty obsahu kyslíku došlo u
přetavby vedené na teplotě 1450 ∘C po dobu 20 minut a hodnota obsahu kyslíku se
příliš nelišila od hodnoty naměřené ve slitině přetavené při teplotě 1550 ∘C se stejnou
dobou výdrže.
– S rostoucím parciálním tlakem vodíku dochází k potlačení jednokrokové martenzi-
tické transformace. Významný pokles výšky DSC píku nastává při parciálním tlaku
100 mbar. 3D AP analýza odhalila, že nedochází k žádné lokální změně koncentrace
a nebo pozic niklových a titanových atomů ve vzorku, který byl žíhán v režimu I ve
vodíku. Bylo objeveno, že vodík tvoří stabilní intersticiální tuhý roztok v NiTi B2
mřížce, kde vytváří systém nanodomén s obsahem vodíku vyšší než 10 at%
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