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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 conventional 
porous Y 2 0 3 crucibles, (ii) an optimization of NiTi melting conditions with respect to 
the alloy purity and cost efficiency, (iii) an obtaining new differential scanning calorime-
try (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 treat
ments 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 (anne
aling and aging) in either hydrogen or hydrogen-helium mixture ( H 2 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 ma
ximum 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 expe
riments carried out at the same melting temperature but with 10 min of holding time. 
Furthermore, the oxygen content increases about fourfold with respect to the initial oxy
gen 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 100 °C. Heat treatments in the 
controlled gaseous environments revealed that the one-step B2-B19' martensitic trans
formation 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 A P measurements showed that there are no local variations in the Ni and Ti com
positions in the sample after 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 inhomogeneous; 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 Y2C>3 kelímku na kontaminaci indukčně ta
vené NiTi slitiny obohacené niklem, (ii) optimalizace podmínek, při kterých jsou tavby 
uskutečněny a (iii) získání nových DSC a 3D A P dat o vlivu vodíkové atmosféry na mar-
tenzitickou 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 teplota. 
- Pět přetaveb bylo uskutečněno při teplotě 1500 °C s dobou výdrže 2, 10 a 20 minut 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 Y2C>3 v tavenine. 
- 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 významnému po
klesu 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 výdrže 10 minut. 
K nárůstu 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 martenzitické 
transformace. Významný pokles výšky DSC píku nastává při parciálním tlaku 100 mbar. 
3D A P analýza odhalila, že nedochází k žádné lokální změně koncentrace a nebo po
zic 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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1 I N T R O D U C T I O N 

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 N i T i 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]. P E of the NiT i 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 NiT i 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 NiT i 
alloys. The comprehensive knowledge is still lacking, largely owing to the complexity 
of the issue itself. 

1.2 The outline of this work 

The Introduction briefly summarizes a background knowledge related to martensitic 
transformations and the processing of N i T i alloys. Martensitic transformations in 
NiT i alloys, crystallographic theory of martensite formation, transformation ther
modynamics and physical metallurgy of NiT i alloys are briefly discussed in following 
Sections including remarks on the effect of impurities. The Introduction was structu
red regarding to two major subjects of my thesis (Section 1.8): induction melting in 
Y2O3 crucible and heat treatments under controlled environments. The Introduction 
is then followed by chapters on experimental techniques, results and their discussion. 
Finally, main conclusions are drawn. 



18 Introduction 

1.3 Reversible martensitic transformations 

In the NiT i 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]. 

During the martensitic transformation, the parent lattice is distorted cooperati
vely (shear lattice distortion) into the product lattice by moving atoms by less than 
one interatomic distance. Due to the diffusionless nature of the transformation, no 
change in composition occurs. The transformation process may include an intermedi
ate phase, R-phase, as other martensite candidate [10, 11, 12, 13]. Than 1/3 superlat-
tice reflections along <110>* and <111>* reciprocal lattice directions of B2 phase 
appear [14]. Such transformation path is known as two-step transformation [15, 16]. 
This transformation proceeds from B2 austenite through the R-phase to the final 
product B19' martensite [1]. A l l various combinations of the aforementioned trans
formations taking place in N i T i SMAs are martensitic in nature and are reversible. 
The reverse transformation occurs by the backwards movement of the interface be
tween the product and the parent phases, and the product phase shrinks and reverts 
completely to the initial parent phase with the original orientation [17]. This class 
of the reverse transformations is called thermo-elastic [17]. 

The crystallographic variants of the martensite phase form as thin lenticular 
plates growing into the austenite grain. The rate with which the individual variants 
grow may approach the velocity of sound in the material [9]. The plates initially 
are very thin and subsequently thicken during the growing process. The lenticular 

Fig. 1.1: (a) Growth of plates terminated at grain boundaries and at other mar
tensite plates, (b) Surface upheaval due to the plate intersecting the surface of the 
sample [19]. 



1.3 Reversible martensitic transformations 19 

B2 austenite 
P M 3 - M 

R-phase B19' martensite 
P3- P21/m 

Fig. 1.2: The observed experimental structures of NiTi : B2 austenite, R-phase and 
B19' martensite (cubic coordination). Ni and T i atoms are shown as gray and blue-
coded spheres, respectively. 

shape of plate is formed rather than mechanical twin to minimize strain energy 
associated with the shape and the volume change between the corresponding crystal 
structures [18]. The size of the plate is usually limited by the boundaries of the initial 
austenite grain, in which the plate nucleated, the specimen surface, or a neighbor 
martensite plate (Fig. 1.1a) [19]. The intersection of martensite plate and the sample 
surface causes a change in the surface shape in accord with the macroscopic shape 
change accompanying the transformation (Fig. 1.1b). The process of the formation 
of the plates can be autocatalytic in the sense that a growing plate can trigger the 
nucleation and growth of other plates [9]. 

1.3.1 Crystal structures 

The austenite phase has ordered B2-type cubic structure that belongs to a Pm-3m 
space group (Fig. 1.2). The lattice constant of the B2 phase is 0.3015 nm at room 
temperature [20, 21, 22, 23]. 

The R-phase formed by a rhombohedral distortion of the B2 cubic structure 
belongs to a space group P3 [24, 25]. With respect to the austenite B2 lattice, the 
R-phase is elongated 0.94% in the direction [111]B2 [!]• The lattice parameters using 
a hexagonal lattice indexes for convenience are a = 0.738 nm and c = 0.532 nm [87]. 

The martensite phase has a B19'-type monoclinic structure with space group 
P21/m [27, 21]. The unit cell of the B19' phase is elongated about 10 % in the 
direction [223]s2 [1]- B19' lattice parameters obtained by a single crystal X-ray 
diffraction method for Ni5o.8Ti49.2 composition are a = 0.2892 nm, b = 0.4108 nm, 
c = 0.4646 nm and (3 = 97.78° [28]. 
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1.4 Crystallographic theory of martensite 

The fact that martensite plates can growth and shrink with velocity approaching 
the velocity of sound at very low temperatures (from —50 to 100 °C for N i T i shape 
memory alloys (SMAs) [2]) results from an excellent mobility of the interface between 
the martensite and the parent phases. The interface moves without any assistance 
of diffusion. Such interface is called a glissile interface. Contrary, the interface that 
cannot translate without diffusion is called a sessile interface. There are necessary 
conditions for the interface to be glissile. The continuity of the structure across 
the interface must be high and the interfacial set of dislocations, which provides 
discontinuity between the two phases, must move only by glide. Contrary, climb 
is dislocation motion involving diffusion of atoms over long distances, thereby this 
made of dislocation motion is not permitted during martensitic transformations [18, 
9]. 

During the martensitic transformation the interfaces are semi-coherent and their 
discontinuities are screw dislocations or dislocations the Burgers vector of which 

Twin _ 
Boundary 

Twinned Slipped 
Martensite Martensite 

Correct macroscopic shape, correct structure 

Fig. 1.3: Schematic representation of lattice distortions which provide the experi
mentally observed orientation relationship between austenite and martensite, and 
correct macroscopic shape of martensitic plates [18]. 
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do not lie in the interface. Motion of such interface is conservative, i.e., it does 
not cause the creation or destruction of lattice defects. If there is a second set of 
dislocations, then these should have the same line vector in the interface, or their 
Burgers vector must be parallel to the original set. It means there are lines in both 
phases that are not distorted or rotated on passing through the interface. These lines 
are called invariant-lines. The presence of invariant-lines is the essential feature of 
the martensitic transformation [18]. 

Lattice distortions (Fig. 1.3), which lead to the experimentally observed orien
tation relationship between parent and product phases, are a homogeneous defor
mation known as Bain strain (B) and rigid body rotation (R). The combination B 
and R is equal to a series of two invariant-plane strains. Both combinations lead to 
the irrational orientation relationship and leave one line undistorted and unrotated. 
Nevertheless, the combination RB alone results in a wrong shape of martensite. 
To obtain correct macroscopic shape of martensite plate without a change of the 
structure one more mechanism is needed, which can be either twinning or slip. This 
mechanism reduces strain and is essential in nucleation and growth of martensitic 
phases. This mechanism also explains irrational indexes of habit planes. The habit 
plane is a plane separating austenite and martensite with zero macroscopic (not 
microscopic) distortion. The indexes of a habit plane can be obtained as an average 
one of rational indexes that characterize crystallographic planes [18]. 

More than one habit plane can be calculated by the described phenomenological 
theory of martensitic transformations and also found experimentally in the mar
tensite structure. A presence of the habit plane variants in the martensite structure 
(martensitic variants) leads to efficient reduction of strain during martensitic trans
formations. The martensite microstructure can exist in two forms: twinned mar
tensite, which is formed by a combination of "self-accommodated" variants of the 
martensite phase (up to 24 B19' and 8 R-variants for N i T i SMAs), and detwinned 
or reoriented martensite in which a specific variant is dominant [19, 18]. 

From the point of thermodynamics, any transformation, including the martensitic 
one, is possible and can occur spontaneously at constant pressure and temperature 
if the related change in Gibbs free energy is negative [29]. Therefore, the criterion of 
a measurable change in the free energy, when a system changes form an initial state 
with free energy Gi to a final state of free energy Gf, can be expressed as: 

1.5 Thermodynamics 

AGTjP = Gf - d < 0. 
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By including more thermodynamic state functions, this expression becomes: 

A G T , P — AH - TAS < 0 (1.2) 

where AH is a change in enthalpy, T absolute temperature, and AS a change in 
entropy of the system upon the transformation. 

At either constant entropy (AS = 0) or constant enthalpy (AH = 0), respecti
vely, we obtain: 

AHS,P < 0 ASH,P > 0. (1.3) 

The first formula states that, in a system of constant entropy held at constant 
pressure, the enthalpy (the total kinetic and potential energy of the atoms in the 
system) must decrease during a spontaneous change. The second inequality requires 
that, if the enthalpy and pressure of the system are constant, the entropy (the 
dissipation of energy in the system) increases during a spontaneous change [29]. 

Therefore, transformations are spontaneous in the direction of decreasing free 
energy, moving towards the most stable state (Gf < Gj). The stable state is the 
one with the best compromise between low enthalpy and high entropy. However, in 
line with the second Law of Thermodynamics, the tendency to lower G is solely a 
tendency towards states of greater overall entropy [29]. Systems change spontane
ously if the total entropy of the system and its surrounding increases, not because 
of decreasing internal energy of systems [29]. In reversible processes, overall entropy 

does not Change ( A S u n i v e r s e ASSySfem ~\~ AS surroundings 0)* 
At an equilibrium temperature To which is characteristic for a given phase tran

sitions any transfer of energy as heat between the system and its surroundings is 
reversible by definition because the initial and final states are in equilibrium [19]. 
We can write A G = 0 in Eq. 1.2. Then at constant pressure the change in entropy 
of the system is: 

A S P = ^ (1.4) 

Phase transformations are accompanied by a decrease in free energy, see Eq. 1.1. 
The phase transformation between B2 austenite and B19' martensite is martensitic 
and takes place upon a temperature change. The difference in free energy between 
these two phases at a temperature different from the equilibrium temperature than 
represents the driving force for the phase transition [19]. The free energy of the B2 
austenite and B19' martensite at the temperature T is given by: 

Gm = H m - T S m (1.5) 

GBW =HBW _TSBW ( 1 6 ) 

Therefore, the driving forces are A G = GB19' — Gm for the forward and A G = 
Gm — GB19' for the reverse martensitic transformation. 
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For a small temperature change the difference in the specific heats of these two 
phases can be ignored. Than AH and AS are approximately independent of tem
perature and the substitution of Eq. 1.4 into Eq. 1.2 gives 

A G « ( l - ^ ) A f f (1.7) 

On cooling the forward transformation from B2 austenite to B19' martensite is 
exothermic process that releases energy as heat into its surroundings. The driving 
force for the exothermic process than requires undercooling of the system: 

A G < 0 AH<0 ( l - ^ ) > 0 (1.8) 

On the contrary, on heating the transformation form B19' martensite to B2 
austenite is endothermic process in which energy is acquired from its surroundings 
as heat. The driving force for this endothermic transition requires overheating of the 
system: 

A G < 0 AH>0 f l - 3 < 0 (1.9) 
V TQJ 

The endothermic reverse transformation rises spontaneously to states of higher 
enthalpy at T > A S (austenite start temperature). It follows that the entropy of the 
system increase so much that TAS is strongly positive and outbalances the positive 
enthalpy change AH , see Eq. 1.2. 

Dependencies of free energy on temperature characterizing B19' martensite and 
B2 austenite is shown in Fig. 1.4. As an example, a NiT i alloy is undercooled by A T 

Fig. 1.4: Difference in free energy between martensite and austenite close to equilib
rium temperature TQ. The curvature of the GM and GB19' lines has been ignored [19]. 
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below To before it transforms. The transformation will be accompanied by a decrease 
in free energy A G 5 2 ^ 5 1 9 ' at temperature Ms (martensite start temperature) as 
shown in Figure 1.4. This free energy decrease provides the aforementioned driving 
force for the transformation. 

The reverse transformation can be induced mechanically as well as thermally. A n 
explicit dependence exists between the critical stress and the critical temperature. 
The dependence can be represented by a Clausius-Clapeyron type equation: 

Act pAH 

where is p the density of the transforming body and e% is the linear strain of the 
transformation in the direction of the uniaxial stress. 

The change in free energy A G (1.2) is only associated with the structural lat
tice change between the initial and the final state. The total change in the effective 
driving force A G ' of a system during martensitic transformations may be than ex
pressed as [19]: 

A G ' = A G + A G n e (1.11) 

where A G n e is a change due to nonchemical effects. Nonchemical energy term can 
be expressed as: 

A G n e = A G S + A G e + A G P (1.12) 

where A G S is a change in a surface energy between austenitic and martensitic 
phase, A G e is a change in an elastic energy around the martensitic plates, and 
A G P is a change which stems from a plastic energy stored in the system during 
the transformation. During thermoelastic martensitic transformation A G P term is 
insignificant compared with the other two nonchemical terms. In most martensitic 
transformations, including the transformation in N i T i SMAs, AGne is comparable 
to A G e . Therefore ever increasing undercooling is necessary for the nucleation of 
the martensitic phase and progress of the forward transformation. Similarly, ever 
increasing superheating is necessary for the reverse transformation (To ^ Ms 7̂  As). 
The same reasoning can be applied to inequality of transformation temperatures: 
Ms, Mf (martensite start and finish temperatures), and As, Af (austenite start and 
finish temperatures). The elastic energy around the martensite resists the growth 
of the martensitic plates unless a further driving force (more supercooling or more 
superheating) is provided. Details on the transformation temperatures are provided 
in Section 1.6.2. 

During the transition from the initial state into the state of lower free energy, the 
system must pass through a so-called activated state with free energy above Gj. The 
associated increase of free energy above the G, is known as the activation free energy 
barrier. The activation energy is the minimum energy that parent phase must have 
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Fig. 1.5: Calculated phase diagram of NiT i binary system, to which the phase equi
librium between B2 and B19' phases is added together with stable phases N i T i 2 and 
N i T i 3 [30]. 

in order to form product phase. The kinetics of transformations will depend on the 
activation free energy barrier and frequency with which atoms reach the activated 
state. 

1.6 Physical metallurgy of Ni-Ti alloys 

1.6.1 Phase diagram 

The research focuses on the central region of the phase diagram situated round 
the equiatomic N i T i composition (Fig. 1.5). 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 
[31, 32, 33]. In Figure 1.5, the right boundary of B2 phase field is almost vertical. On 
the other hand, there is pronounced solubility of Ni atoms in NiT i 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 N i T i phase retains the B2 order until a low temperature when the martensitic 
transformation occurs. 
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1.6.2 Transformation temperatures 

From the B2 phase stability regime, the B2 structure starts to transform into the 
B19' martensite phase at Ms (the martensite start temperature) on cooling. The 
volume transformed into the martensite is a function of temperature. Holding at 
any temperature below Ms for any length 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 tem
perature). If the transformation process includes the R-phase, the start and the 
end temperatures of the transformation from the austenite to R-phase are denoted 
by Rs and Rf, respectively. On heating, the reverse transformation from B2 auste
nite to B19' martensite phase takes place. The temperature, at which the reverse 
transformation begins, is denoted by As. Similarly, the last remnant of martensite 
disappears at the temperature Af. There is transformation temperature hystere
sis such that As > Mf and Af > Ms. If the reverse transformation includes the 
R-phase, corresponding transformation temperature are denoted ARS and A^f on 
heating. The magnitude of thermal hysteresis of the B19' phase transformation is 
much larger (one order of magnitude higher) compared with the magnitude of the 
thermal hysteresis of the R-phase transformation (more in Section 1.6.5). 

There is a strong composition dependence of the B19'-Phase transformation tem
peratures (PTTs), see Fig. 1.6; the PTTs decrease significantly with increasing con
centration of Ni atoms in the Ni-rich NiTi-phase [34]. The PTTs can change by 
about 20°C per added 0.1 at% Ni [24]. 

400 

300 

b 200 
E 

100 

0 

48 49 50 51 52 

C N i [at%] 

Fig. 1.6: Relation between nickel content and Ms, or Mp temperatures [35]. 
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As mentioned earlier in Section 1.5, martensitic transformations can be trigge
red by external applied stress according to the Clausius-Clapeyron type relationship. 
The highest temperature at which martensite phase can form under applied stress 
is denoted Md [9, 36, 37]. Md is the temperature above which the chemical driving 
force becomes so small that nucleation of martensite cannot be mechanicaly indu
ced [17]. In the following section I will introduce a S M A phase diagram of one-step 
martensitic transformation in temperature-stress coordinates, where a dependence 
of transformation temperatures on applied stress can be seen. 

S M A phase diagram 

In SM A phase diagram (Fig. 1.7) [38] the pure phases austenite (A), twinned mar
tensite (M*) and detwinned martensite (Md) can exist only in respective shaded 
regions. A l l three regions are separated by transformation field, labeled according 
to the type of transformation taking place. In overlap regions (non-shaded in Fig. 
1.7) multiple transformations take place and various mixtures of phases can exist. 
Four phase transformations are denoted in Figure 1.7: 1) from austenite to twinned 
or "self-accommodated" martensite (A —> M*), 2) from austenite to detwinned mar
tensite (A —> Md), 3) from twinned martensite to austenite (M* —> A) and 4) from 
detwinned martensite to austenite (Md —> A). Moreover, one inelastic deformation 
process of reorientation of martensite variants (M* —> M$) is also highlighted. 

One-step martensitic transformation induced by temperature variation at zero-

Fig. 1.7: The S M A phase diagram of stress and temperature (see text) [38]. 
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stress involves transition A —> Ml. PTTs (Ms, Mf, A\ and ) of the transition 
lay on x-axis in Figure 1.7. Notice that there are additional start and finish tem
peratures Ad

s and Ad of phase transition Md —> A, which are assumed different 
from temperatures Af

s and A^. Temperatures Ad

s and Ad on x-axis were measured 
in a detwinned sample (austenitic temperature was well above room temperature) 
after elastic unloading and compared with A\ and A^ of the annealed identical sam
ple. The explanation of the results is based on the assumption that [38] detwinned 
martensite needs additional energy input to reverse the inelastic strain around the 
interface between the martensite and the austenite phases and thus the transition 
occurs at higher temperatures, compared to twinned martensite. There are three 
transition stresses that exhibit the temperature dependence, namely stresses that 
characterize transitions A —> Md, Md —> A with positive slopes and Ml —> Md 

characterized by a negative slope. For untrained SMA alloys, it is assumed that the 
band A —> Md (solid line) changes slope at Ms and at temperatures below Ms they 
have slope kd (dashed lines) (for more details see study [38]). 

As example in Figure 1.7, number 1 marks one possible thermomechanical lo
ading path. The path starts well above Ms and thus the sample is entirely in the 
B2-phase state when loaded. On simultaneous stressing and temperature decrease 
in A-marked shaded region, the elastic deformation of austenite starts. Higher stress 
is required for nucleation of M d-phase at temperature much higher than Ms. The 
reason is that the parent phase is more stable in higher temperature ranges, and 
thus higher stress is required to start transformation. The path is continuing over 
the A —>• Md region, where the phase transformation takes place. Sample is entirely 
in Md at the end of the first semicycle. When the sample is unloaded and tempera
ture increases to the initial value, the Md phase transforms back to S2-phase. There 
is stress-strain hysteresis. Loading paths are not identical with the unloading ones. 
The described path 1 represents general microstructural change during superelastic 
cycles in a NiT i SM A subjected to changes of temperature and stress. 

1.6.3 Mel t ing and casting 

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 NiT i SMAs (see Fig. 1.8) [36, 39]. During (IM), the crucible is held in insulting 
material and introduced into the work coil which is connected to the power supply. 
The electric current through the coil generates an alternating magnetic field. The 
alternating magnetic field induces eddy currents that heat the ingot. IM is perfor
med under vacuum or an inert gas atmosphere. For the production of NiT i SMAs, 
graphite crucibles are commonly used [40]. The important advantage of the IM is 
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le 

Fig. 1.8: Schematic drawing of V I M (a) and V A R (b) process [36]. 

the melt stirring due to the edgy currents which leads to a good mixing and the 
homogeneity of chemical composition throughout the ingot. 

In V A R process, a discharge arc is generated between an electrode and the mold 
base, or between an electrode and the ingot. The electrode melts and drops alloy into 
a water-cooled cooper mold. Only a part of the alloy electrode melts and the process 
is thus limited to a small melting zone. The small melting zone makes it difficult 
to obtain fully homogenous ingot as far as the chemical composition is concerned. 
The distribution in transformation temperatures is then a direct consequence of the 
inhomogeneity. Remelting is required. A n alternative way can combine both, V I M 
and V A R techniques in a double melting process, using first V I M melting followed 
by V A R re-melt to get homogenous and large-scale ingots [36, 39]. 

1.6.4 Heat treatments (decomposition of Ni-r ich alloys) 

If near-equiatomic B2-phase NiT i alloys with nickel contents below 50.0 or above 
50.5 at% are subjected to aging at temperatures in a range between 200 and 800 °C, 
they decompose into multiphase systems. Final products of the decomposition are 
mixtures of stable phases NiT i and either N i T i 2 or NisTi depending on the initial 
composition of the alloy (see Fig. 1.5 in Chapter 1.6.1) [1]. As mentioned in Chapter 
1.6.1, the boundary limiting the B2 phase region on a Ti-rich side is straight line, 
almost perpendicular to the concentration axis of the phase diagram. Consequently, 
it is easier to obtain Ni-supersaturated solid solution by quenching from a high 
temperature (about 6 at% supersaturated Ni from 1050 °C) than Ti-supersaturated 
solid solution of N i T i alloys. A decomposition of Ni-supersaturated solid solution of 
NiT i alloys at temperature below 800 °C leads to formation of Ni-rich metastable 
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(11 [)B2 plane 

Fig. 1.9: 3D views of the equilibrium shape of an isolated N i 4 T i 3 precipitate [22] and 
T E M micrograph showing precipitates of the Ni 4 Ti3 phase. 

phases. One of the most important metastable phases is Ni 4 Ti3, which proved to be 
useful for improving shape memory characteristics (Fig. 1.9). 

The platelets of Ni 4 Ti3 precipitates form in the early stage of aging at tempera
tures below 680 °C [41, 42, 43]. The precipitates of Ni 4 Ti3 phase have rhombohedral 
crystal structure with space group R3. The lattice parameters for a rhombohedral 
unit cell of N i 4 T i 3 phase are a = 0.6704 nm and a = 113.83° [44]. The data were 
obtained from sample aged for 20 h at 600 °C. After this heat treatment the size 
of the precipitates already exceeds 1 fim [44]. The precipitates are regarded as in
coherent with the matrix and thus the coherency stresses are relaxed by the misfit 
dislocations [45, 46, 47, 48]. On aging at temperatures below 500 °C [49], the size of 
N i 4 T i 3 precipitates does not exceed around 300 nm in diameter and these precipi
tates are regarded as fully coherent with the parent (austenite) matrix. Disk with 
diameters in between 150 and 300 nm are considered as a limit for coherency/semi-
coherency [46, 47, 48]. The coherency result in strain fields around N i 4 T i 3 preci
pitates [22]. These strain fields provide effective obstacles for dislocation-mediated 
slip (plastic deformation) and seem to yield high mechanical strength and impro
ved shape memory effect. Moreover, the formation of Ni 4 Ti3 precipitates results in 
Ni-depletion from the N i T i matrix and thus in changes of transformation tempera
tures [50]. Therefore, it is possible to alter the martensitic transformation path and 
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temperatures through controlling size and density of Ni4Ti3 precipitates in Ni-rich 
NiT i alloys [14]. 

1.6.5 Ni4Ti3 phase and its effect on sequence of martensitic 
transformations 

A near-equiatomic NiT i alloy aged at temperature below 680°C may undergo one-
step direct martensitic transformation form B2 to B19' phase or the transformation 
split into two steps: from austenite to R-phase and from R-phase to martensite. 
These three kinds of transformation are characterized by different features of trans
formation strain and temperature hysteresis. The phase transition from austenite 
to R-phase exhibits a small transformation strain of about 1% and hysteresis about 
1-5 °C. The second martensitic transformation between austenite or R-phase and 

temperature (K) 

Fig. 1.10: Stability of B2, R-phase and B19' in binary Ni-rich NiT i alloy (a and 
c). The presence of obstacles (precipitates and dislocation substructures) makes it 
energetically more difficult to form B19', while the formation of R-phase is not af
fected (c) [51]. Schematic DSC charts illustrating one-step transformation (b), one 
exothermic peak on cooling from the B2 regime and one endothermic peak on hea
ting, and two-step transformation (d), two exothermic peaks on cooling from B2 to 
R-phase and from R-phase to martensite and one endothermic peak on heating [52]. 
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martensite is associated with much larger transformation strain of about 10% and 
hysteresis about 20-70 °C. Fine coherent of N i 4 T i 3 precipitates and their strain fields 
in B2-matrix give a strong resistance to the large transformation from B2 to B19' 
phase. Higher energy barrier of the second transformation then leads to a change 
from a one-step transformation into a two-step transformation with two lower partial 
energy barriers (Fig. 1.10) [51, 35]. 

Beside the stress fields, the fine N i 4 T i 3 precipitates generate Ni concentration 
gradients in the surrounding NiT i matrix. The strain fields and Ni-concentration 
behavior contribute differently to the local phase transition during the usual two-
or less usual multiple-step process (Fig. 1.11). The Ni concentration gradients exist 
since the Ni concentration near the long side of particle interface (particle diameter 
of 244 nm) is about 0.1 at% lower than that near the rim of a precipitate [22]. The 
lower Ni concentration can lead to locally higher martensite start temperature at the 
long side of particle interface. Moreover, stress fields around the precipitates favor 
the formation of R-phase. R-phase has the same habit plane as N i 4 T i 3 precipitates 
(i.e., (111}B2) and a large magnitude of the strain component along the habit plane 
normal, compared to small in-plane strain component. Formation of the R-phase can 
thus uniformly relax the coherence stresses along the habit plane normal direction 
in the matrix near the {111} N i 4 T i 3 interface. The elastic interaction between the 

Fig. 1.11: Schematic illustration of a multiple-step martensitic transformation due 
to coherency stress fields around precipitates. In the first stage of the transformation 
sequnece (a), B2 transforms into R-phase as R-phase nucleates at the particle/matrix 
interface and grows into the B2 matrix. In the second step (b), the R-phase trans
forms into B19'i . The subsequent growth of B19'i is bounded by those region around 
particles which are affected by coherency stresses. Finally (c), in the third step, those 
region of the matrix outside the local precipitate coherency stresses are able to trans
form to B19'2- The same scenario might be observed even if coherency stresses were 
not significant, in which case varying Ni concentrations would be responsible [51]. 
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precipitates and martensite nucleus does not favor the transition from austenite to 
martensite [22]. 

1.7 Effect of impurities on martensitic 
transformations 

1.7.1 Carbon impurities 

In solid NiT i alloys, carbon has no measurable solubility and forms exlusively tita
nium carbides T iC . The presence of T i C particles (which is consuming Ti) increases 
the Ni concentration in the NiT i matrix and accounts for the lowering of transfor
mation temperatures (Fig. 1.12). There is a specification according to the A S T M 
standard for carbon content in NiT i devices. The A S T M 2063-00 standard speci
fication, issued for wrought NiT i SMAs for medical devices and surgical implants 
requires maximum carbon content at or below of 0.3125 at% [50]. 

Possible sources of carbon are raw materials composing the melting stock and 
graphite crucibles employed during melting. The graphite crucible is not stable 
with respect to both nickel and titanium melts and carbon atoms diffuse into the 
liquid [57]. At 1700 °C, where both Ni and T i are liquid, Ni melt can dissolve about 
5 at% of carbon compared to T i melt, which can dissolve about 3 at%. Additional 
C reacts to produce incongruent melting phase T iC . At the temperature of 1500 °C 
of NiT i phase, melts with increasing Ti/Ni-rations can dissolve only about 1 at% of 
carbon atoms [53]. In the study by Zhang at al. [54], fine eutectic T i C fibers together 
with primary T i C were found in the microstructure of the as-cast Ni50.7^49.3 alloy 

Fig. 1.12: (a) Different scanning calorimetry (DSC) charts and (b) the dependence 
of transformation temperature and thermal hysteresis on carbon content (0, 0.2, 0.3 
and 0.6) of annealed Ni 5oTi 5o alloys [55]. 
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with a higher carbon concentration and only eutectic T iC fibers in the low carbon 
Ni 5o.7Ti 49 3 alloy. The formation of T i C in carbon-containing NiT i SMAs was descri
bed on the basis of a quasi-binary NiTi -T iC eutectic system which has been presen
ted by Du and Schuster [56]. In low carbon content melts with eutectic composition 
the "eutectic" T i C forms at the eutectic temperature. The NiTi -T iC system with 
high carbon content has hypoeutectic composition and the "primary" T i C particles 
form before the "eutectic" T iC phase. It was found that some of the eutectic T iC 
fiber and the matrix show specific orientation relationship [54] and their interface is 
semi-coherent in comparison with incoherent interface between primary T i C and the 
matrix. During subsequent heat treatments, the fine eutectic T i C microstructure co
arsened together with the formation the new T i C particles. The primary T i C phase 
is not influenced. The microstructure of eutectic phases and their morphologies with 
primary T i C phase in NiT i matrix are shown in Fig. 1.13. T i C phase has Bl-type 
cubic structure [54]. 
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Fig. 1.13: S E M micrographs showing T i C phase in the vacuum induction melted 
Ni5o.7Ti49.3 alloy, (a) Hypoeutectic microstructure contains eutectic phase in the 
NiT i matrix, (b) Eutectic T i C phase with small primary T i C particles, one particle 
is highlighted by a white arrow [57]. 

1.7.2 Oxygen impurities 

Oxygen atoms can either form an oxide phase or dissolve in NiT i matrix as interstitial 
impurities. The oxide phase is often characterized using a formula T i 2 N i O z [50]. 
The presence of this phase as well as T i C particles increases the Ni concentration in 
the matrix resulting in the lowering of transformation temperatures. Solid solubility 
of oxygen in NiT i alloys is very small (0.045 at%) [1]. 
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It has been shown recently [50] that the formation of the intermetallic phase 
T i 2 N i is a prerequisite for the development of the oxide phase. Oxygen atoms are 
taken up by the T i 2 N i phase and form the thermodynamically stable oxygen-rich 
T i 2 N i particles which can be described using the formula T i 2 N i O z [58]. 

Oxygen sources can be raw materials composing the melting stock, employed 
oxide crucibles during melting and the residual oxygen gas presented in the melting 
furnace or heat treatment atmosphere. 
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Fig. 1.14: (a) Bright-field image showing an oxide phase in the Ni 5o.8Ti 49. 2 alloy 
prepared by vacuum induction melting using Y 2 0 3 crucible, (b) SAD pattern of the 
oxide phase taken in the zone [101] [59]. Lattice has a cubic structure with space 
group Fd-3mS. Lattice constant is 1.13279 nm [60]. 

1.7.3 Hydrogen impurities 

There are many experimental and theoretical studies that explored various aspect 
of the interaction between environments containing hydrogen and NiT i alloys. In 
particular, N i T i based alloys were considered as candidate materials for hydrogen 
storage purposes in early stages of the hydrogen storage research [61, 62]. 

It is known that absorbed hydrogen causes a loss of shape memory properties 
of N iT i alloys. Pelton et al. [63] studied mechanical and transformation properties 
of Ti-50.8 at% Ni alloy which were exposed to a solution of phosphoric acid for 
various times in order to introduce hydrogen into the bulk of material. Pelton et al. 
reported that concentrations up to 1809 wppm hydrogen suppress the transformation 
process and hydrogen concentration greater than 400 wppm reduces ductility and 
increases a plateau stress. Hydrogen concentration from 20 to 1050 wppm causes 
an increase in the B2 lattice parameter from 3.025 to 3.047 A, and an increase in 
volume by 2.2% [64]. This study also reported that the X-ray diffraction (XRD) 
peaks decrease in intensity with increased hydrogen content indicating a presence of 
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lattice strains associated with dissolved hydrogen. Hydrogen with concentrations in 
the 50-300 wppm has been reported to be extremely mobile at room temperature 
and escapes the samples. At higher levels, hydrogen is trapped at the interface and 
dislocations [63]. 

The study by Runciman et al. [65] found that the suppression of the single-
stage martensitic transformation occurs at hydrogen concentrations as low as 50 
wppm. This study [63] has confirmed an effect of absorbed hydrogen on martensitic 
transformation. DSC analysis showed a suppression of the austenite peak during 
heating and more significant suppression of the martensite peak during cooling. 
No B2-H-B19' transition was observed in a sample with hydrogen contents above 
240 wppm. Samples were also charged cathodically in a mixture of phosphoric and 
hydrofluoric acid. 

1.7.4 Heat treatment environments 

Nishida and co-workers [66] provided first evidence that variations in heat treat
ment environments may result in considerable changes of DSC charts. They pointed 
out that the solution annealing is the most significant heat treatment step as far 
as the impact of heat treatment atmosphere on the multiple-step martensitic trans
formation (MMT) path is concerned. Cooling DSC curves of Ni 5 0 6Ti4g.4 annealed 
samples are shown in Figure 1.15b. While the heat-treatment A was performed in 
an evacuated quartz tube of 2.5 x 10~3 Pa, the heat treatment B is characterized by 
samples sandwiched between N i T i sheets, wrapped with pure T i foil and sealed in an 
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Fig. 1.15: Schematic illustration of heat treatment conditions A and B of analyzed 
samples (a) and their corresponding cooling DSC curves (b). The samples were 
annealed at 1000 °C for 3.6 ks [66]. 
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evacuated quartz tube of 2.5 x 10~3 Pa (Fig. 1.15a). No marked difference in the DSC 
charts is observed between the treatments A and B. However, additional aging step 
and subsequent DSC analysis reveals distinctly different transformation paths after 
the respective combination of heat treatments A and B. The corresponding results 
are presented in Figure 1.16. Samples were alternatively annealed in condition A and 
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Fig. 1.16: DSC cooling curves of samples annealed at 1000 °C for 3.6 ks and aged at 
500°C for 7.2 ks in conditions (a) A - B and (b) B - A [66]. 

subsequently aged in condition B, and vice versa. In Figure 1.16, the transformation 
takes between B2 to R-phase is marked by the letter R. Transformations, whose 
products are B19' phase, are marked by the letters M l and M2. It is obvious that 
the combination of heat-treatment steps leads to the usual two-step transformation 
whereas the A - B annealing-aging sequence yields considerably more complicated 
transformation path. Transmission electron microscopy (TEM) observations focused 
on microstructural changes associated with the heat treatments A and B [66]. T E M 
microstructures of samples aged at 500 °C for 3600 s in conditions A - A and B B are 
summarized in Figure 1.17. Two regions in the crystal structure were investigated: 
one near to grain boundaries (G.B.) and other in grain interior (G.I.). DSC charts 
of these samples have similar features as can be seen in Figure 1.16 (see [66]). The 
sample annealed and aged in condition B, marked by B - B , transformed in two steps 
(from B2 to R and from R to B19') corresponding to two sharp peaks on the coo
ling curves. On the contrary, there is multistage martensitic transformation in the 
sample heat-treated in condition A - A . The authors conclude that the heterogeneity 
in precipitation morphology of Ni4Ti3 phase (Fig. 1.17) is responsible for the M M T . 
They also suggest that the precipitation heterogeneity can be suppressed when the 
heat treatment atmosphere is carefully controlled. The size of N i 4 T i 3 precipitates in 
G.I. region is about ten times larger than that in G.B. in the sample heat treated 
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(a)A-A G. B. (b)A-A G. I. 

Fig. 1.17: Bright field images of G.B. and G.I. regions of the samples aged at 500 °C 
for 3.6 ks in conditions A - A (a and b), and B B (c and d) [66]. 

in the condition A - A . On the other hand, distributions and sizes of precipitates are 
homogeneous in the sample heat-treated in the condition B - B [66]. Fujishima and 
co-workers [67] also demonstrated that the appearance and disappearance of M M T 
in aged Ni-rich NiT i alloys depend on the heat treatment atmosphere. No M M T 
occurs when the evaporation of T i and/or Ni and the preferential oxidation of T i 
are prevented and heat treatment atmosphere in an evacuated quartz tube is puri
fied using Ti-getter. In their study [67], various Ni-rich N i T i alloys were analyzed 
and no M M T was detected in the highly Ni-supersaturated and aged Ni 5i.4Ti4 8 . 6 

alloy. Transformation paths taking place near the sample surface (a contaminated 
region with interstitial impurity elements) and in bulk (a region with higher Ni 
concentration) were investigated. The effect of heat treatment atmosphere on the 
M M T was reinvestigated in several subsequent studies, e.g. [68]. Transformation 
areas and their sequence corresponding to the peaks on DSC charts were estimated 
by S E M , EBSD and T E M observations. DSC charts of the aged Ni 5 0 8Ti4g.2 alloy 
in condition A together with a schematic illustration of precipitation morphology 
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Fig. 1.18: Schematic illustration of precipitation morphology and sequence of the 
transformations (a), and DSC charts (b) of the aged Ni 5o.8Ti49. 2 alloy heat-treated 
in condition A . The alloy were annealed at 1000 °C for 3.6ks and aged at 500 °C for 
3.6 ks [68]. 

and sequence of the transformation events are presented in Fig. 1.18 [68]. From the 
observations, Ravari and co-workers [68] concluded that the microstructure of the 
aged Ni 5o.8Ti49. 2 alloy heat treated in condition A consists of three regions shown in 
Figure 1.18a with different morphology of N i 4 T i 3 precipitates. The investigated aged 
alloy transformed in a sequence B2—>R—>M1—>M2—>M3 where steps M l , M2 and M3 
all represent transformations to B19' martensite (Fig. 1.18b). The martensitic trans
formation corresponding to M l peak takes place at the intermediate part 1 of B2 
grains. The transformation corresponding to M2 peak occurs in the grain boundary 
regions 2. Both, M l and M2 transformations involve intermediate R-phase transi
tion. M3 peak corresponds to the martensitic transformation directly from B2 to 
B19' phase. The M3 transformation takes place in the central part of B2 grains. Ceo 
and co-workers [69] performed a three-dimensional analysis of N14T13 precipitation 
morphology and distribution in both, grain interior and near to the grain boundaries 
of Ni 5o.8Ti49. 2 alloy which exhibited the M M T effect. The precipitates near to grain 
boundaries show considerably smaller inter-particle distance that was suggested as 
an important feature for the observed M M T sequence [69]. Appearance of R-phase 
is related to the existence of coherent precipitates in the regions 1 and 2 including 
corresponding strain fields in the B2 matrix. Total number of the precipitates and 
their number densities were evaluated as 239 and 4.07 /mi 2 in the grain interior, and 
2461 and 38.5 /xm2 in grain boundary regions. Precipitates in the grain interior were 
also found notably larger that those close to grain boundaries [69]. 
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1.8 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 N i T i SMA. Oxygen conta
mination of Ni-rich NiT i 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) A n assessment of alloy contamination which may result from vacuum in

duction melting of Ni-rich NiTi-based shape memory alloys in conventional porous 
Y 2 0 3 crucibles. 

(ii) A n optimization of N i T i melting conditions with respect to the alloy purity 
and cost efficiency 

(iii) A n obtaining new differential scanning calorimetry (DSC) and 3D atom 
probe (AP) data on martensitic transformations and related hydrogen distributi
ons in the Ni-rich NiT i shape memory alloys subjected to heat treatments under 
controlled environments with systematic variation of the hydrogen partial pressure. 
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2 E X P E R I M E N T A L T E C H N I Q U E S 

2.1 As-received material 

2.1.1 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 NiT i alloys during induction 
melting. Nominal compositions of the T i and Ni rods are given in Tables 2.1 and 
2.2. U-shaped Y 2 0 3 crucibles used during induction melting were purchased from 
Treibacher Industy A G . 

Tab. 2.1: Nominal composition (ppm atomic) of the T i rod. 

Ti A l Co Cr Cu Fe Mg Mn Ni Si Sn Ta V 

balance 888 2 461 151 257 39 436 408 341 81 3 470 

Tab. 2.2: Nominal composition (ppm atomic) of the Ni rod. 

Ni Ag B Ca Cr Ga Mg N P Zn Al Cd Cu H 

balance <2 <27 <15 <6 <1 <12 <21 <4 <4 <9 <1 5 <291 

Mn Na Pb Se As C Co Fe In Mo 0 S Si 

<2 <13 1 <1 <1 24 85 <5 <5 <3 147 <9 <21 

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 [53]. 

2.1.2 Heat treatments 

A commercial SE508 Ni-rich NiT i alloy purchased from EUROFlex® was used in 
this part of the study. The nominal composition of this grade is given in Table 
2.3. The alloy with a nominal composition of Ni 5o.8Ti 49 2 was received as annealed 
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Tab. 2.3: Nominal composition (at%) of the grade SE508 NiT i alloy used in the 
experiments. 

Ni Ti 0 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 

cylindrical rod. The rod dimensions were 660 mm in length and 12.7 mm in dia
meter. 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 (Fig. 2.1). A l l 
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 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 [72]. 

2 15 15 2 15 15 2 15 15 . 2 15 15 

Fig. 2.1: A schematic drawing of an 128 mm piece spark-cut into 15 mm and 2 mm 
cylinders. 

2.2 Vacuum induction melting 

Induction melting experiments were carried out in cooperation with prof. Ladislav 
Zemcik from the Faculty of Mechanical Engineering, the Department of Foundry 
Engineering. Induction melting of NiT i -SMA was performed in conventional porous 
Y 2 C>3 crucibles (see Section 2.1.1). High-purity nickel and titanium rods (see Section 
2.1.1) 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. 
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Tab. 2.4: Melting routes of induction melting of Ni5o.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 N I 3 5 . 2 T I 6 4 . 8 -

Then the remainder of the nickel rod was placed on 
the solidified top and the second melting was carried 
out. 

CI, C2, C3 Nickel and titanium rods were filed into the crucible 
in a amount corresponding to an eutectic composition 
^ 2 4 . 3 ^ 7 5 . 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. 

Each experiment consisted of two-melting steps, described in Table 2.4. 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 Y 2 0 3 protective layer 
(YK-type, Z Y P coating). The molds were preheated to a temperature of 200 °C. 

The cylindrical ingots supplied by Ruhr University Bochum (see Section 2.1.1) 
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 Y 2 0 3 
crucibles and remelted. These re-molten blocks were allowed to solidify and cool to 

Fig. 2.2: (a) Conventional porous Y 2 0 3 crucible and (b) vacuum induction melting 
furnace used for re-melting procedure. 

http://Ni35.2Ti64.8-
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Tab. 2.5: Parameters characterizing five re-melting experiments of induction melting 
of N i 5 0 . 8 T i 4 9 . 2 alloys. 

T(K) t(s) o(t) (at.%) V (10- 3m 3) h (10-2m) S (10"4ni2) S/V (m"1) 

1773 120 0.1457±0.0020 45.80 4.2 79.88 174.41 
1773 600 0.1563±0.0027 52.40 4.7 86.32 164.73 
1773 1200 0.2053±0.0030 55.04 4.9 88.89 161.50 
1723 1200 0.1920±0.0027 56.36 5.0 90.18 160.01 
1823 1200 0.1943±0.0047 49.76 4.5 83.74 168.29 

T: temperature; t: holding time; o(t): oxygen content measured after time t; t(0) 
initial oxygen content 0.0454±0.0060; V volume of the re-molten block; h high of 
the upper cylindric block with spherical end cup; S contact area between the 
crucible and the melt; S/V ratio of contact area to melt volume. 

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 with 
20 min holding time. The parameter characterizing these five re-melting experiments 
are listed in Table 2.5. 

A l l 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 Y 2 0 3 coated 
cermet sheath (Fig. 2.2). 

2.3 Heat treatments under controlled 
atmospheres 

The cylinders (see Section 2.1.2) 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. 
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A l l 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 (see Fig. 2.3). 

a) 

cleaned 
cylinder 

b) 

10 mm 

scaled 
cylinder cylinder J 

after-
opening 
cylinder 

Fig. 2.3: A schema of heat treatment sequences of a cylinder (a) and the image of a 
cylinder sealed into quartz capsules filled with argon (b). 

2.4 Analytical methods 

2.4.1 Oxygen analysis 

Oxygen content was analyzed in the casts (A, B, C l - 3 , see Table 2.4) and re-molten 
alloys to secure extent of oxide contamination. Figure 2.4 shows the position from 
which 4 mm cube shaped samples for oxygen analysis were taken (12 samples per 
ingot A , B and C and 5 per re-molten ingots). Before being analyzed the samples were 
mechanically polished and cleaned in ethanol. The content of oxygen was measured 
by using a L E C O inert gas fusion apparatus at VUHZ®, a.s. 

2.4.2 Differential scanning calorimetry 

DSC samples were analyzed to characterize the martensitic behavior of N150.8T149 2 

alloys. The disk-shaped DSC samples of about 1.5 mm in final thickness and 3 mm 
in final diameter were spark-cut from the homogenized pieces of the as-cast alloys 
A, B and C(l -3) and re-molten alloys (see Fig. 2.4), and the heat-treated cylinders. 
The pieces with dimensions 2.5x4xvariable mm were subjected to homogenization 
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Fig. 2.4: A schematic drawing illustrating positions of samples for oxygen analysis 
(black squares) and for DSC analysis (red circles) in a ingot (a) and in a re-molten 
ingot (b). Corresponding dimensions are in mm. 

annealing at 850 °C for 1.8 ks in air. DSC samples were taken from bulk (avoiding 
possible surface effects) of the heat-treated and quenched cylinders as schematically 
shown in Figure 2.5. Each of the DSC samples was cleaned using a similar procedure 
as outlined for the cylinders in the Section 2.3. 

The differential calorimetry signal of the DSC samples was acquired using the 
calorimeter N E T Z S C H DSC 204 F l Phoenix®. The mass of individual DSC samples 
was between 25 and 45 mg. DSC cycles consisted of cooling and heating parts where 
cooling and heating rates were chosen as 10°C/min. The cooling and heating semi-

Fig. 2.5: A schematic drawing that illustrates position of DSC samples (red areas) 
in the heat treated and quenched cylinders. Corresponding dimensions are in mm. 
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Fig. 2.6: Inside view of the scanning electron microscope Tescan S E M / F E G L Y R A 
3 X M U with the focus ion (Ga 3 + ) beam, a gas injection system (GIS), a microma
nipulator, bellow sample holder and backscattered electron (BSE) detector. 

cycles were finalized by isothermal segments at lowest and highest temperature of 
the cycle. In the isothermal regime, samples were kept at constant temperature for 
3 or 5 minutes. Program N E T Z S C H Proteus® was used to process the measured 
DSC data. 

2.4.3 Scanning electron microscopy 

Atome probe sample was prepared by using scanning electron microscope Tescan 
S E M / F E G L Y R A 3 X M U with the focus ion (Ga 3 + ) beam and with a gas injection 
system (GIS) (Fig. 2.6). Built-in energy-dispersive (EDS) detector D.1028 Oxford 
Instruments was used to perform the local chemical analysis of the individual phases 
presented in the alloys. 

2.4.4 Transmission electron microscopy 

T E M technique was employed in order to assess microstuctural changes associated 
with heat-treatments. T E M observations were performed using the DSC samples as 
a starting material for grinding and polishing of T E M foils. The DSC samples were 
mechanically polished with 500, 600, 800, 1000 and 1200-grit emery paper down 
to a thickness of about 120 fim and, finally, electro-polished using electrolyte AS-I 
from Struers®. T E M foils from DSC samples offer a unique possibility to charac
terize simultaneously microstructure and corresponding transformation behavior. 
The electro-polished T E M samples were examined in a Philips C M 12 operating at 
120 kV. Additional T E M studies of martensitic transformation in some of these sam
ples were performed by using a FEI Tecnai F20 microscope operating at 200 kV. 
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This facility was kindly made available by the Department of Materials Science RU-
Bochum. Obtained diffraction patterns were processed by ACC32 Image Analyser 
software. 

2.4.5 Neutron diffraction measurements 

Neutron diffraction experiments were performed by using the standard neutron pow
der diffraction instrument M E R E D I T (Medium Resolution Neutron Powder Diffrac-
tometer) in Nuclear Physics Institute of the Academy of Science of the Czech Re
public in Rez. The data were collected from the cylinders (see Fig. 2.5 and 2.3 b) at 
temperature around 65 °C. The cylinders were sliced by spark erosion into quarters 
and sealed in different orientations to attenuate texture effect. Higher temperature 
was chosen in order to avoid any martensitic phases such that only B2 reflections 
characterized the matrix background structure. The data were collected in one 20 
scan ranging from 4 to 144° with an angular step size of 0.08° and a collection time 
of 1040 s per one angular step.Neutrons with wavelength 0.146 nm were selected by 
employing copper mosaic crystal as a monochromator. Program Full Prof was used 
for the refinement of the diffraction patterns. 

2.4.6 3D A t o m probe analysis 

A P analysis was performed using I M A G O local electrode atom probe (LEAP) 
microscope at the Department of Physical Metallurgy and Materials Testing M U -
Leoben (Fig. 2.7). The A P analysis was used to detect hydrogen atoms and their 
localization in B2 lattice. Samples for A P measurements must be shaped into the 
form of sharp needles. These shapes were achieved in one-step process which involved 
chemical etching or using a lift-out technique [70, 71] . 

Fig. 2.7: I M A G O L E A P microscope and A P needle-shaped samples. 
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Fig. 2.8: A n anodic sample situated within a gold ring-shape cathode: a) at the 
beginning and b) at the end of electro-chemical etching process [72]. 

Electro-chemical etching 

Before electro-chemical etching, samples with dimensions 1x1x10 mm were spark-cut 
from the heat-treated cylinders. The samples were than mechanically polished and 
ultrasonically cleaned in ethanol. The cleaned samples were mounted into cooper 
bolts, held in steel tweezers and connected as an anode in a movable holder. A 
cathode was formed by a small wire ring made of gold (see Fig. 2.8). A n etchant 
consisting of acetic and sulphuric acid was used as a starting solution. A final etching 

Fig. 2.9: AP-sample preparation using lift-out technique (see text for details) [71]. 
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was performed in a solution with lower content of sulphuric acid. Short voltage pulses 
ranging from 20 to 10 V were applied to prepare a single sharp tip. The electro
chemical etching was done in the department MU-Leoben and also described in the 
thesis [72] together with ion milling technique. 

Ion milling technique 

Lift-out technique was specifically used for A P sample preparation to avoid a shape 
change of the sharp tip induced during the cooling of sample down to the A P ope
rating temperature. The lift-out technique was also based on the S E M operations 
(see Section 2.4.3). Surfaces of DSC samples were mechanically polished and ultra-
sonically cleaned in ethanol. A small area (around 2x10 /j,m) located the middle of 
on sample surface was marked and covered by wolfram layer to prevent A P sam
ples from damage by the high-energy ion beam in the following milling procedure 
(see Fig. 2.9 a). After milling (tilt 55°) and cutting (tilt 20°) the lamella-shaped 
sample (see Fig. 2.9 b and c), a micromanipulator was welded to the top of the thin 
film by platinum deposition [70]. The cut-out sample was then lift out and placed 
to the pre-shaped wolfram needle with its tip cut off (top with a diameter of 1 fim) 
(Fig. 2.9 d and e). More than one A P sample can be placed onto a needle, a par
ticular number depends on the length of an extracted lamella. Appropriate bonding 
of the A P sample to the needle was again provided by the platinum deposition (Fig. 
2.9 f). The final annual shaping steps of the sample were performed with decrea-

Fig. 2.10: Final-shape of a tip (a,b) and inside view of the I M A G O L E A P microscope 
(c). 
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sing milling current (Fig. 2.9 g). Finally, the sharp tip with a diameter of less then 
100 nm (tip radius around 10°) was obtained (Fig. 2.10). 

Final-shape of the tips was documented by S E M . A P measurements were per
formed at cryogenic temperature between 60 and 80 K under ultra high vacuum 
(10 - 1 2 Pa). A voltage mode with a pulse 200 and 100 kHz (10PF) was used. The 
operating conditions have still not been optimized. A l l chemical species are identified 
by the time-of-flight detector leading to a mass spectrum of atoms and/or molecules 
within the analyzed volume. 
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3 RESULTS 

3.1 Alloys melted in Y 2 O 3 crucible 

3.1.1 Contamination by oxygen 

Oxygen content 

The content of oxygen in the cast Ni5o.8Ti49.2 alloys is displayed in a bar chart 
shown in Figure 3.1. 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. 3.1): 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 (Table 3.1). The average values of the oxygen content as detected at the 
end of the melting experiments are based on 12 measurements (Section 2.4.1) and 
summarized in Table 3.1. The highest final oxygen concentration (4421 atomic ppm) 
was found in the cast alloy A (melted by procedure marked A , Section 2.2). 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. 3.1). The difference between the lowest and the 
highest contamination level equals to 1195 atomic ppm and between these extreme 
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Fig. 3.1: The column chart displays the content of oxygen in the cast alloys (see text 
for details). 
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values all three cast alloys C exhibit oxygen content. Figure 3.2 shows the analyzed 
ingots obtained in the five different melting experiments. 

Tab. 3.1: The oxygen content (atomic ppm) in the raw materials and the alloys after 
melting and solidification. 

Ni Ti 

41 ± 7 2239 ± 563 

cast alloy A cast alloy B cast alloy CI cast alloy C2 cast alloy C3 

4421 ± 125 3226 ± 127 3864 ± 163 3814 ± 100 4000 ± 87 

A B C1 C2 C 3 

Fig. 3.2: The cone shaped ingots of 30 (bottom) and 70 (top) mm in diameter and 
180 mm in length. The ingot melting route is given using capital letters. 

Transformation behavior 

Figure 3.3 shows an example of the transformation behavior for the cast alloys A 
and B. These alloys have been chosen to compare the transformation features of 
microstructures containing the highest and the lowest amount of oxygen. The DSC 
charts were recorded for annealed samples that were taken from different positions 
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Fig. 3.3: DSC charts of the cast alloys A and B. Samples taken from different posi
tions along the ingot axis were investigated. 

Fig. 3.4: (a,b) Microstructure of the DSC sample taken from an annealed piece 
(position 5) of ingot B. The images were obtained by means of S E M in BSE contrast 
mode. (c,d) The deatil of a white particle in BSE contrast (c) and in X-ray 'dot' 
distribution map (d) (yttrium La). 
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along the axis of castings, see Figure 2.4. Both alloys A and B exhibit only very 
limited martensitic transformation. Microstructure of the annealed sample taken 
from the position 5 (see Fig. 2.4) of the cast alloy B is shown in Figure 3.4. Darker 
regions correspond to a phase with higher content of titanium. Areas with eutectic 
morphology formed by the T ^ N i O ^ phase [73] are distributed near grain boundaries 
in the N i T i matrix (Fig. 3.4 b). As was investigated by Frenzel et al. [50], formation of 
T i 2 N i O z precipitates is related to oxygen pick-up during solidification. Melt possess 
some solubility for oxygen, whereas in solid N i T i oxygen are almost not soluble. 
Figures 3.4 c and d show an yttrium-rich particle coming from the yttria crucible. 
This particles are distributed at random throughout the whole volume of cast alloys. 

A 

B 

Fig. 3.5: Macrostructures from the ingots A and B. 

As-cast microstructure and rise of temperatures 

Macrostructures from solidified ingots A and B are shown in Figure 3.5. The ingots 
A and B differ with respect to extent of regions with columnar grains. It is com
monly accepted that the size of the columnar microstructure depends on the pouring 
temperature and this is in line with the measured temperatures for ingots A and 
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B (Tab. 3.2). The higher the pouring temperature, the more extensive region with 
clumnar grains. We expect that higher melting temperatures in our experiments 
resulted in corresponding higher pouring temperatures. The melting temperatures 
in second melting step are given in Table 3.2. 

Tab. 3.2: 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 CI C2 C3 
» 1450 » 1060 % 942 

Second step 

cast alloy A cast alloy B cast alloys CI C2 C3 
» 1800 » 1440 » 1400 

Holding time and temperature 

The change of oxygen content in the Ni5o.sTi49.2 alloy during the re-melting experi
ments in yttria crucibles is illustrated in Figure 3.6. 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 
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Fig. 3.6: (a) The variation of the release latent heat associated with martensitic 
transformation from B2-H-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. 3.7: DSC charts of the supplied and re-molten alloys at different melting tem
peratures and holding times. 

Y 2 0 3 coated cermet sheath and its partial dissolution in the molten alloy. Figure 3.7 
shows transformation behavior of the alloy after the re-melting experiments. 

The latent heat decreases exponentially with oxygen content in Figure 3.6 a. 
It can be seen that martensitic transformations are efficiently suppressed when the 
oxygen content in the Ni5 0 8Ti4g.2 alloys exceeds 1900 atomic ppm (Fig. 3.7 a). F i 
gure 3.6 b shows that the impurity content increases significantly during re-melting 
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-
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Fig. 3.8: Microstructure of the DSC samples taken from the alloy after re-melting 
for 2 min at 1500°C (a) and the supplied alloy (b). (2) The S E M images at higher 
magnifications show Y2O3 (white) and Ti-rich (dark) phases (a2), and a small T iC 
particle (b2) in N i T i matix. The images were obtained by means of S E M in BSE 
contrast mode. 



3.1 Alloys melted in Y2O3 crucible 59 

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. The oxygen content and release latent 
heat of martensitic transformation in re-molten alloys are summarized in Table 2.5 
of Section 2.2 and in Table A . l of the Appendix A . l . Microstructure of the DSC 
samples taken from the alloy after re-melting for 2 min at 1500 °C and the supplied 
alloy is shown in Figure 3.8. The re-melted material shown in Figure 3.8 a contains 
more inclusions than the supplied material in Figure 3.8 b. The inclusions in F i 
gure 3.8 a are Ti-rich phase ( T i 2 N i O z , TiC(O) and T iC [74]) and Y2O3 particles, 
while the inclusions shown in Figure 3.8 b represent mainly carbides T iC . 

3.1.2 Y 2 0 3 / N i 5 o .8T i 4 9 .2 interface 

Wetting of Y2C>3 crucible 

Figure 3.9 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 Y 2 0 3 crucible (gray 
area in Fig. 3.9 a). Figure 3.9 a shows that the depth of penetration can exceed about 
6 mm on the bottom of Y 2 0 3 crucible. In those re-molten Ni5o.sTi4g.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 3.9 b shows 
area at the surface of the block after re-melting for 10 min at 1500 °C in Y 2 0 3 
crucible containing Y 2 0 3 particles. 

SE 

Fig. 3.9: (a) The bottom of Y 2 0 3 crucible, (b) Ni 5 0 8Ti4g.2 block after re-melting for 
10 min at 1500 °C in Y 2 0 3 crucible, and S E M and S E M back-scatter micrographs 
of detail of surface of the block containing Y 2 0 3 particles. 
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Phase analysis 

Figure 3.10 shows examples of S E M back-scatter micrographs taken from the inter
face region between yttria crucible and Ni5o.8Ti49.2 alloy. The Ti-rich phases (dark-
gray) presented in detail in Figure 3.10 b was formed at the Y 2 O s / N i T i interface. 
The Ti-rich phase does not form compact layer. Figure 3.10 b also exhibits some 
insoluble Y 2 0 " 3 particles entering into the melt. 

nil •• . 

a3) b) 

Fig. 3.10: S E M back-scatter micrographs of the interface region between the Y 2 0 " 3 
crucible (white phase bellow) and the Ni5o.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. 

3.2 Heat treatments in controlled atmospheres 

3.2.1 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 
after quenching step is shown in Figure 3.11 (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. 3.11). In order to examine the 
impact of hydrogen, capsules were open only after final quenching (Section 2.3). 
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 
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Fig. 3.11: DSC charts of the Ni5o.sTi49.2 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. 

experiments. Because thermal conductivities of hydrogen and helium gases shows 
similar values, compared to argon (see Tab. 3.3). 

Tab. 3.3: The coefficient of thermal conductivity of gases at 0°C and 1 atm 
(1.01325 bar) [29]. 

gas H 2 He Ar 

K [ J K ^ n i V 1 ] 16.82 10"2 14.42 10"2 16.3 10"3 

3.2.2 Impact of heat treatments in the Regime I and II on 
the martensitic transformation 

Air and inert gases 

Figure 3.12 shows DSC charts of the Ni5o.8Ti49.2 alloy which was subjected to heat 
treatments in the Regime I in air and two inert gases, argon and helium. After 
heat treatment in Regime I, the alloy transforms between B2 austenite and B19' 
martensite in one step corresponding to one peak recorded on both, the cooling 
and heating DSC curves. There is no markable difference between samples annealed 
in air or in the two inert gases. The "knee" signal associated with DSC peaks on 
cooling and heating, see Figure 3.12, represents a premature transformation (proba
ble transformation between B2 and R-phase) due to inhomogeneities of the received 
rod microstructure. The most likely reasons are either an inhomogeneity of the grain 
structure or a remnant dislocation density. After manufacturing, the remnant dis
location density was organized into low angle dislocation boundaries which favored 
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Fig. 3.12: DSC charts of Ni 5o.8Ti 49 2 alloy after the Regime I heat treatments in air, 
argon and helium. 

the premature transformation to R-phase. These inhomogeneities are a relic of an 
unoptimized rod processing and cannot be easily corrected by an additional heat 
treatment. 

Transformation behavior recorded using DSC after heat treatments in the Re
gime II is shown in Figure 3.13. The reference samples (heat treated in inert ga
ses) transform in two steps corresponding two transformation peaks B2-H-R and 
R-H-B19'. A distinctly different transformation is observed for the alloy heat treated 
in air. Here the transformation splits into three peaks (steps) on cooling. The first 
transformation step on the cooling chart corresponds to transformation from B2 to 
R-phase (small thermal hysteresis). Other two steps represent transformations the 
product phase of which is the B19' martensite phase. Temperature regimes which 
provide thermodynamic stability for the individual phases are accordingly described 
in Figure 3.13. The characteristic temperatures and latent heats associated with the 
particular steps are summarized in Table A.2 and A.3 of the Appendix A . l . 



3.2 Heat treatments in controlled atmospheres 63 

Fig. 3.13: DSC charts of the Ni5o.sTi49.2 alloy after the Regime II heat treatments 
in air, argon and helium. 

Oxygen, nitrogen and hydrogen 

DSC charts of the Ni 5 0 8 Ti4g.2 samples that were separately heat treated in Regime I 
in oxygen, nitrogen or hydrogen are shown in Figure 3.14. The purity of the employed 
gases was given in the Section 2.3. Results presented in Figure 3.14 suggest that there 
are no significant differences in the transformation behavior after heat treatments 
in oxygen, nitrogen and the reference inert gases. In contrast, the heat treatment 
in Regime I in hydrogen markedly suppresses the overall transformation process 
and results in the extended interior DSC peaks (Fig. 3.14 and the Appendix A . l ) . 
In the same time, the position of the transformation peaks is shifted towards lower 
temperatures. This suggests that austenite B2 lattice (containing hydrogen) becomes 
more stable with respect to the B19' martensite lattice dissolving the same amount 
of hydrogen. 

Figure 3.15 shows the DSC charts of samples heat treated in Regime I in pure 
hydrogen that were kept at 200 °C for 1.8 or 3.6 ks during DSC analysis. The peaks 
slightly shifted towards lower temperatures. 
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Fig. 3.14: DSC charts of the NÍ50.8TÍ49.2 alloy after the Regime I heat treatments in 
either oxygen, nitrogen, hydrogen or in the reference inert gases - argon or helium. 
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Fig. 3.15: DSC charts of the Ni5o.8Ti49.2 samples heat treated in Regime I in pure 
hydrogen and hold at 200 °C for 1.8 or 3.6 ks between the two DSC analysis. 

Hydrogen-helium mixtures 

Figure 3.16 shows transformation behavior of the Ni5o.sTi4g.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. 3.16a and b). A partial pressure of hydrogen, 

Fig. 3.16: DSC charts of the Ni 5 0 8 Ti4g.2 samples heat treated in the Regime I in 
either hydrogen-helium mixtures (H 2 partial pressure 20, 100, 500 and 700 mbar) or 
in the reference helium atmosphere. 
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which assisted the particular heat treatment, is indicated in Fig. 3.16a. 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 3.17. 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-H-B19' transition, is markedly suppressed. A quantitative 
assessment of the corresponding latent heats evolved or absorbed during the R-H-B19' 
transformation yielded and data shown in Table A.6 of the Appendix A . l . 
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Fig. 3.17: DSC charts of the Ni5o.8Ti49.2 samples that were heat treated in the Regime 
II in hydrogen-helium mixtures (H 2 partial pressure 20, 100, 500 and 700 mbar) or 
in the reference helium atmosphere. 

3.2.3 Impact of heat treatments in Regime I on microstru-
cture: 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 3.18, where [ l l l ] s 2 , [100]s2, [110]s2 and [210]s2 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]s2 and [110]s2 patterns show mild 
modulations of the background electron intensity (marked by red arrows). However, 



Fig. 3.18: SAD patterns of the quenched Ni5o.8Ti49.2 alloy taken in the zones [111]b2. 
[100]b2, [H0]b2 and [210]b2- The patterns were obtained after heat treatment in 
Regime I in hydrogen (al-4) or reference helium atmosphere (bl-4). 
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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. 

Hydrogen mixtures 

Figure 3.19 shows examples of the [110]s2 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. 3.19 a-
d). It should be underlined again that the B2-H-B19' martensitic transformation is 
supressed in all these structures. This has been clearly documented by DSC charts 
presented in Figure 3.16. 

Figures 3.20 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 
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Fig. 3.19: SAD patterns of the quenched Ni 5 0 8Ti4g.2 alloy taken in the [001]ß2 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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Fig. 3.20: 3D A P T 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 
(H 2 partial pressure 700 mbar). Color codes correspond detected hydrogen, nickel 
and titanium atoms. 

in hydrogen-helium mixture (H2 partial pressure 700 mbar). Figures 3.20 a and b 
present A P T reconstructions of only 10 (Fig. 3.20 a) and 1 % (Fig. 3.20 b) of detected 
atoms, respectively. Altogether, 11 millions of atoms were collected and analyzed 
in the A P T experiment. Analyzed volume contained hydrogen, nickel and titanium 
atoms. Figure 3.21 provides information on the local concentration of hydrogen 

Fig. 3.21: 3D elemental map of hydrogen atoms in an A P 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. 
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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%). 

Fig. 3.22: Brieght-field T E M images of the precipitation structure in a sample sub
jected to the Regime II heat treatment in air. The montage proceeds in the direction 
of the arrow from a grain boundary (G.B.) down to grain interior (G.I.). 
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3.2.4 Impact of heat treatments in Regime II on microstru-
cture: varying size of Ni4Ti3 precipitates 

Air 

Figure 3.22 shows a montage of bright-field T E M images of Ni4Ti 3 precipitates in 
sample subjected to the Regime II heat treatment in air. The montage proceeds 
from a grain boundary region (first T E M image on the left) down to the interior of 
the grain. T E M results confirm that the Regime II heat treatment in air result in a 
non-homogeneous distribution of N i 4 T i 3 precipitate sizes [66, 68]. Particle diameters 
increase from 33±4 nm at G.B. to 137±6 nm in the G.I. The particle diameter near 
to G.B. is thus about six and half times smaller than in G.I. DSC measurements 
(three-step martensitic transformation on cooling) are in line with observed the 
inhomogeneous precipitation structure (see Section 1.7.4) [66, 68]. 

G.B. G.I. 

Fig. 3.23: Brieght-field T E M images of G.B. and G.I. regions of the sample heat 
treated in the Regime II in air. 

Hydrogen mixtures 

The Ni4Ti3 precipitation structures are shown in Figure 3.24. The T E M microgra
phs were acquired from foils cut out of samples after the Regime II heat treatment 
in hydrogen-helium mixtures (H 2 partial pressures 20, 100, 300, 500 and 700 mbar) 
and in the reference helium atmosphere (He partial pressure 900 mbar). The N i 4 T i 3 

phase was identified based on the selected area diffraction data. These results su
ggest that no relevant differences exist between the samples heat treated in the 
atmospheres with increasing partial pressure of hydrogen. The quantitative assess
ment yielded mean N i 4 T i 3 particle sizes of 33±7 nm after the heat treatment in 
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Fig. 3.24: Distribution and size of N i 4 T i 3 variants as observed in T E M experiments 
after the Regime II heat treatment. Sample heat treated in hydrogen-helium mix
tures (H 2 partial pressures 20, 100, 300, 500 and 700 mbar) and in the reference 
helium atmosphere (He partial pressure 900 mbar). 

the 700/200 mbar hydrogen/helium mixture and 27±7 nm for the material state 
after the heat treatment in pure helium. Since the precipitation of the Ni 4 Ti3 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. 3.17) 
is in line with the stable particle parameters. 
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4 DISCUSSION 

4.1 Alloys melted in Y 2 O 3 crucible 

4.1.1 Melt-crucible interaction mechanisms 

V I M furnaces are generally equipped with refractory crucibles (see Section 1.6.3) [36]. 
Interaction occurring at melting temperatures between the liquid metal and the 
refractory crucible wall deteriorate a quality (purity) of the melt. The interactions 
may involve dissolution, diffusion, precipitation of reaction product, etc. The re
sulting increase in inclusion content generally leads to degradation of mechanical 
properties of the solidified alloys (like KIC) [75, 76, 77]. 

At high temperatures, there is always a certain degree of dissolution of ceramic 
substrate when is in contact with a liquid metal, regardless of the reactivity of the 
later [78, 79]. The present study focuses on V I M of NiT i SMA's in Y 2 0 3 crucibles. 
The interactions between NiT i liquid metal and the ceramic crucible then include 
the dissolution reaction of Y2O3 that results in a release of oxygen and yttrium 
into the molten alloy. The dissolution reaction of the Y2O3 crucible occurring at the 
solid/liquid interface can be described as: 

^ Y 2 0 3 ( s ) ^ ( Y ) + ^(0) (4.1) 

where the parentheses mean that the elements are dissolved in the metal liquid. The 
quilibrium constant, Kd(T) for this reaction 4.1 is given by: 

Kd(T) = aY • 4 = exp( f ^ 2 ° 3 ) ) (4.2) 

where ay is thermodynamic activity of yttrium in the alloy, do is the activity of 
dissolved oxygen and AfG^o^ is standard Gibbs energy of formation per mole of 
Y2O3. For lower concentration of oxygen and yttrium, the activity coefficients 7 of 
these elements are nearly constant (Henry's law) and equel to the activity coefficients 
at infinite dilution in NiTi , 7y° and 7 ^ : 

aY = xY- 7 y a0 = x0 • 7o ( 4 - 3 ) 

Eq. 4.2 can then be written as follows: 

Kd(T) = * y 7 y " (xolo)1 (4-4) 

If the only source of elements Y and O is the Y2O3 crucible during melting, the 
molar fraction of Y and O are then related by 3 • XQ = 2 • xy, it yields: 

D 3 _! - I / A f G 0 ( V 2 O 3 ; 
-21Y1O -exP[ R T 

(4.5) 
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Oxygen can also be transported into the liquid metal from residual gases in the fur
nace chamber. The decomposition of residual gases occurring at liquid/gas interface 
can be described by: 

± 0 2 ( g ) » (O) (4.6) 

The second contribution (Eq. 4.6) is likely small since the furnace chamber is eva
cuated and flushed several times with high purity argon before the melting process. 
Therefore, the most important source of the oxygen pick-up is associated with the 
decomposition of the yttria crucible through the first reaction (Eq. 4.1). Quantitative 
estimate of oxygen content in the N i T i cast should also consider the contribution of 
the melting stock: 

XO(inNiTi) — %0(fromY203) + xO'{in melt stock) (4-7) 

The average oxygen content of the melting stock is 0.11 at%, see Section 3.1.1. 
Eq. 4.7 can be rearranged into: 

XO(inNiTi) — Xo(fromY203) + 0.11 (4.8) 

The thermodynamic stability of the Y 2 O 3 crucible thus governs chemical reaction 
described by Eq. 4.1. Furthermore, the open porosity and wetting resistance of the 
crucible can contribute to physical erosion. As a consequence, ceramic inclusions 
are introduced into the molten alloy. Inclusions presented in the molten NiT i alloy 
can thus be Y 2 0 3 particles, dissolved yttrium and oxygen. Figures 3.4 c and d in 
Section 3.1.1 show the Y 2 O 3 inclusion presented in the cast Ni 5 o .8Ti49. 2 alloy caused 
by erosion of the crucible wall. 

The increase in oxygen content due to the interface reaction would be an issue as 
long as the reaction of Eq. 4.1 proceeds in the forward direction. Degree of progress 
of the dissolution reaction 4.1 at equilibrium can be calculated from Eq. 4.5. When 
the mole fraction of dissolved oxygen is higher than the solubility limit of oxygen in 
NiT i melt, precipitation of an oxide phase occurs. The experimental results revealed 
that the gradual increase in oxygen content (Fig. 3.6 b) from the Y 2 O 3 crucible 
during melting was unavoidable and precipitation of T i 2 N i O z phase was observed 
at the Y 2 0 3 / N i T i liquid metal interface (Fig. 3.10). 

Titanium as an element with high affinity to oxygen can promote the segregation 
of oxygen to the ceramic/metal interface. Assuming that the remaining interaction 
are negligible, Eq. 4.5 can be modified as: 

•l-o 
! -I (AfG°(Y203) 
; 7 y 7o • exP[ " 

2 ,r ,u R T 

where EQ1 is interaction parameter for NiT i melts 

expl-^eg-XTi] (4.9) 
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Precipitation of the T ^ N i O ^ phase can be described as: 

N i T i + (Ti) + x(O) <->• T i 2 N i O x (4.10) 

The equiibrium constant for this reaction, KP(T) will then be given by: 

KP(T) = x T i l % • (xo7o T = ^PC^RT10^) 

4.1.2 Oxygen contamination in a relation to melting tem
peratures 

The oxygen contamination due to the interaction between a ceramic crucible and 
the molten NiT i alloy has important implications for the materials properties of the 
as-cast SMAs. When the melting stock is composed such that the required near equi-
atomic N i T i composition is reached directly in one melting step (melting route A , see 
Chapter 2.2), the melting temperature increases considerably upon a release of exo
thermic heat of mixing. In the present work, the temperature increased from about 
1450 to 1800 °C for the melting route A. Since the rate of most chemical reactions 
increases exponentially with increasing temperature (the Arrhenius equation), the 
excessive superheat can be a key factor for the enhanced oxygen pick-up. Besides, 
cooling of the super-heated molten alloy becomes more difficult and also the power 
input necessary for the melt stirring is difficult to stabilize. 

Fig. 4.1: Experimental enthalpies of Ni -Ti mixing from two sets of independent calo-
rimetric measurements as a function of T i mole fraction [80]. The plot also includes 
extrapolated values obtained for three solid intemetallic phases by Kubashewski [81] 
and from Gachon, Notin and Hertz [82]. 
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Figure 4.1 displays the enthalpies of mixing for N i T i melts as a function of 
the mole fraction of titanium. The exothermic heat of mixing has a maximum 
—41.95 kJ/mol at about 40 at% T i . In the melting route A , the enthalpy of mixing 
in the system with the composition 49.2 at% T i and 50.8 at% Ni can be estimated 
as —40 kJ/mol. This value is close to the mentioned maximum. However, the enthal
pies of mixing decrease with increasing mole fraction of T i above 50 at% and with 
decreasing mole fraction T i below 30 at%, see Figure 4.1. We take an advantage of 
this fact when performing melting experiments of route B and C. In the first step of 
the melting route B, the composition with a higher mole fraction T i (64.8 at%) was 
targeted. This measure resulted in a lower exothermic heat of mixing released in the 
first melting step, and consequently the peak temperature attained in the experi
ment was considerably lower than in the route A. In spite of the fact that the overall 
change in enthalpy of mixing is a constant (the Hess's law), the decrease of the peak 
melting temperature is achieved, since melting at higher T i molar fraction is also 
associated with generally lower temperatures of melting, see Figure 4.2. Therefore, 
the splitting the one melting step into two (routes B and C) helps in effectively 
suppressing the peak temperatures attained during melting. When the additional 
nickel was placed on the solidified upper layer in route B, the melting temperature 
in the second step increased from about 1060 to 1440 °C. Consequently, the melt 
could be easily cooled to 1400 °C. Melting temperatures associated with particular 

1800 

Fig. 4.2: The NiT i phase diagram (Poole and Hume-Rothery) [80]. The compositions 
of the melted stocks in first part of route A , B and C are marked. 
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steps of the melting routes A , B and C can be estimated from the binary N i T i phase 
diagram in Figure 4.2. In this study, alloys with eutectic composition 75.7 at% T i 
(the melting routes C) were melted at about 942 °C and heated up by mixing of the 
additional Ni to only about 1400 °C. 

2 0 0 0 1— — 1 
1300 1350 1400 1450 1500 1550 1600 1650 1700 1750 1800 1850 1900 

t rc 
max 

Fig. 4.3: The variation of oxygen content in the molten NiT i alloy during the V I M 
experiments A , B and C (Cl-3) in Y2O3 crucible with the maximum measured 
temperature. 

Figure 4.3 shows the variation of oxygen content in the solidified NiT i alloy as a 
function of the peak temperature attained in the complete melting cycle. The trans
formation ability of the least contaminated alloy B is demonstrated by DSC charts 
in Figure 4.4. The experimental melting routes were not successful and acceptable 
quality of the cast Ni-rich NiT i alloys has not been achieved during melting in Y2O3 
crucible. 

-175-150-125-100 -75 -50 -25 0 25 50 75 100 125 -175-150-125-100 -75 -50 -25 0 25 50 75 100 125 
Temp.fC 

Fig. 4.4: (a) DSC chart of annealed samples of the Ni5o.8Ti49.2 melted by route B. 
Sample were taken from position 3, see Figure 2.4. (b) DSC data of high quality 
vacuum induction melted Ni 5 o.9Ti 4 9 A alloy in graphite crucible are included for com
parison. 
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4.2 Heat treatments in controlled atmosphere 

4.2.1 Mater ia l quality 

As-received structure and transformation behavior 

Annealing is an important processing step which leads to a reduction of local stresses 
and establishes chemical homogeneity of samples [83]. After annealing homogene
ous stress-free NiT i samples are subjected to a standard quality test (based on the 
assessment of their transformation behavior) [84]. Residual local stresses or chemi
cal inhomogeneities may considerably alter the phase transformation characteristics 
(see Sections 1.6.2 and 1.6.5). Annealing is thus an important part of the thermo-
mechanical treatment of these alloys [85, 86]. Figure 4.5 shows the austenite B2 
structure of the as-received commercial Ni5o.8Ti49.2 alloy (see Section 2.1.2) con
tained dislocation cell substructure with a rather high density present in the cell 
boundaries. 

Fig. 4.5: Transmission electron micrographs of an as-received commercial Ni5o.sTi49.2 
alloy. The dark contrasts shown in the micrographs are dislocations structures inclu
ding tangled dislocation cell walls. 

To remove these processing-related defects, the as-received material was sub
jected to an additional annealing at 850 °C (Tm/1.5) for 1.8 ks and water quen
ched. Figure 4.6 shows the B2 structure after this additional annealing step. Figure 
4.6 a displays relatively dislocation-free regions next to a high angle boundary. Well-
ordered low angle boundaries with dislocation loop debris in annealed B2 structure 
are shown in Figure 4.6 b,c and d. Based on these T E M observations, it can be 
concluded that dislocations were arranged into new configurations and only parti
ally annihilated during the additional annealing step. 

The presence of lattice defects, e.g. the subgrains, in the annealed microstructure 
may cause widening of the transformation temperature range (as shown in Fig. 
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Fig. 4.6: Transmission electron micrographs of two samples (a,b and c,d) annealed 
in helium at 850 °C for 1.8 ks and water quenched. Dislocation-free regions next to 
a high angle boundary (a) and well-ordered low angle boundaries (b,c and d) with 
dislocation loop debris inside the subgrains (c) can be observed. 

Fig. 4.7: DSC charts of (a) as-received sample and (b) samples annealed in helium 
at 850 °C for 1.8 ks and water quenched. 

4.7). DSC charts of the as-received and two samples after additional annealing step 
are compared in Figure 4.7. The DSC analysis revealed that the presence of the 
inhomogeneous microstructure populated by dislocation defects along the received 
rod caused a premature transformation yielding the "knee" type data. Assuming that 
the premature transformation, e.g. B2—)-R, caused by the presence of dislocations 
can be represented by a specific DSC peak, DSC charts can be convoluted. This 
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Fig. 4.8: DSC chart of annealed sample (blue curve in Fig 4.7) split into two fitted 
peak described by a Gaussian function. 

procedure is illustrated in Figure 4.8 using Gaussian function profiles for the two 
separated peaks. 

In situ T E M observations 

In situ cooling T E M experiment was carried out account for martensitic transfor
mation events associated with the presence of the subgrains in the B2 structure. A 
typical result of the in-situ cooling cycle is shown in Figure 4.9. The T E M bright-
field image in Figure 4.9 documents a region in the microstructure, where a subgrain 
boundary extends from the left to the right upper part. On cooling to — 52 °C, the di
fferent variants of R-phase form on the subgrain boundary as it is indicated by the 
presence of week extra spots at 1/3 (110) B2 positions (see SAD patter in the Fig. 
4.9a) [87, 88]. The surrounding matrix is still untransformed, since no characteristic 
1/3 (110) reflection of R-phase are observed in the SAD pattern in Figure 4.9 b 
taken from interior of the subgrain. In other words the R-phase only appears on the 
subgrain boundaries. The identification of the R-phase was performed for the [111]-
matrix orientation (see Fig. 4.9). On further cooling to —75 °C, a B19' needle appear. 
With decreasing temperature, the volume fraction of the B19' phase increases. The 
subgrain boundary is a special case of a coherent boundary [9] with lattice elastic 
distortion and it is well known that, similar to the stress field around fine N i 4 T i 3 , 
these elastic distortions favor the formation R-phase (see Section 1.6.5) [51, 35]. 

It is worth noting that T E M samples are subjected to surface oxidation during 
preparation and handling at room temperature [89]. The high chemical affinity of T i 
to oxygen results in selective oxidation and formation of T i 2 N i O z and Ti02, leading 
to depletation of T i from the matrix. L i at al. [89] studied size effect associated with 
the thermally induced martensitic transformation in nanoscale N i T i SMA. They 
pointed out that passive layer on the surface resists any mechanical lattice distortion 
associated with formation of martensite variants underneath. For the T E M samples, 
the thickness decreases towards the central hole in the T E M foil where the thickness 
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Fig. 4.9: Bright-field image of annealed sample in helium subjected to cooling. The 
R-phase can be detected on subgrain at —52 °C (small extra spots at 1/3 (110) in the 
selected are diffraction pattern a). The surrounding matrix was left untransformed. 
formed by B2 lattice in the pattern b. 

is of the order of 10 nm and the influence of the passive oxide layers increases. 
This leads to a progressive reduction in the transformation temperature towards the 
edge. Other deviation from the DSC transformation temperatures can be caused 
by different cooling/heating rate, 2°C/min. With the lowest cooling rate, Ms shifts 
to the lower temperatures [90]. Therefore deviation of transformation temperatures 
obtained from in situ observation and DSC analysis have been expected. In situ 
observations were carried out relatively far from the perforated areas in order to 
limit as much as possible the passivity. 

From the in situ cooling experiments and the above discussion it can be conclu-



82 Discussion 

ded that the DSC peaks on cooling are associated with the formation of R-phase 
on processing microstructural defects ("fist peak") and the formation of B19' phase 
and its growth in the volume of parent B2 grains ("second peak"). 

4.2.2 Heat treatment in air 

DSC results presented in Figure 3.13 suggest that Regime II heat treatment in air 
results in heterogeneous N i 4 T i 3 precipitation structure in the commercial Ni5o.8Ti49.2 

alloy, see also Figure 3.22 in Section 3.2.4. The heterogeneity in the distribution and 
size of the N i 4 T i 3 precipitates is observed between the grain boundary regions and 
the interior of grains. This heterogeneity may cause the M M T . DSC cooling chart 
in Figure 3.13 a shows three exothermic peaks related to the M M T . The relation 
between the precipitation heterogeneity and a sequence of the transformations was 
recently investigated in the study [68] (see Section 1.7.4). 

In order to account for the effect of individual gases present in air on martensi-
tic transformation in Ni-rich N i T i alloys, the Regime I heat treatment in nitrogen 
and oxygen was carried out. No suppression of the martensitic transformation was 
observed in samples heat treated in oxygen or nitrogen (see Fig. 3.14 and Table A.4 
of the Appendix A . l ) . 

Oxygen atoms may dissolve in the alloy after Regime I heat treatment because 
titanium atoms have a strong affinities to oxygen. The oxygen content may be too 
low to directly effect martensitic transformation but it may have an indirect im
pact. Later during the Regime II heat treatment, the inhomogeneous distributed 
oxygen atoms may serve as nucleation sites for N i 4 T i 3 precipitates. Higher oxygen 
content near to G.B. causes the local lattice distortions which significantly effect the 
thermodynamics of nucleation of the Ni4Ti 3 phase. 

4.2.3 Hydrogen impact 

DSC data obtained as a function of temperature for samples heat treated in gas mix
ture containing partial pressure of 0, 20, 100, 300, 500 and 700 mbar of hydrogen are 
shown in Figures 3.16 and 3.17. Figure 3.16 summarizes the DSC charts obtained 
for the samples after the Regime I heat treatment. On cooling, the exothermic peaks 
correspond to the forward transition. While the sample heat treated during anne
aling in pure helium transforms in one broad transformation step, the presence of 
hydrogen in the heat treatment environment results in a considerable suppression of 
the B2-f->-B19' transformation. Corresponding transformation enthalpies associated 
with the transitions change accordingly. While the heat treatment in helium results 
in enthalpy of 15.25 J/g, the samples after treatments performed under hydrogen 
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partial pressures of 100, 700 and 900 mbar only release latent heat of 7.42, 6.02 and 
4.95 J/g, respectively. 

Figure 3.17 shows DSC charts obtained after the Regime II heat treatment 
(the Regime I and additional aging, see Section 2.3). Corresponding transformation 
enthalpies associated with the transitions change accordingly. The sample heat tre
ated in pure helium yields two distinct peaks on cooling as well as on heating. This 
is a standard transformation sequence observed for aged Ni-rich NiT i alloys [91]. 
However, the transformation paths of samples heat treated under hydrogen partial 
pressures are different. The presence of hydrogen in the mixture leads again to a 
gradual suppression of the R—>B19' transition during cooling. The B2-R transition 
recorded during cooling and heating was rather unaffected by the presence of hyd
rogen in the heat treatment environment. In order to check whether the hydrogen 
containing environment could affect the precipitation characteristics of the N14T13 

phase during aging, the T E M and ND technique was used to document particle 
microstructures after Regime II heat treatments. The quantitative assessment yiel
ded mean N14T13 particle sizes of 27±7 nm for the heat treatment in pure helium, 
35±5 nm and 33±7 nm for the 100 and 700 mbar partial pressure of hydrogen. 
Neutron diffraction measurement were performed to analyze precipitation density 
in samples heat treated in Regime II in hydrogen-helium mixtures. The evaluation 
of ND data were effected by strong texture of samples and are not included in this 
study. These T E M results suggest that no relevant differences in size of N i 4 T i 3 par
ticle exist between structures formed during Regime II heat treatments in atmosphe
res with the increasing partial pressure of hydrogen. Since the precipitation of the 
N i 4 T i 3 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. 3.17) is in line with the stable particle parameters. As a consequence, the 
suppression of the B2—>-R transition cannot be directly attributed to an effect that 
hydrogen may have on the precipitation of the N i 4 T i 3 phase (the Regime II) or to 
the similar effect that may exist regarding a formation of N i T i H precursor clusters 
after the Regime I heat treatment [91]. 

Recent systematic analysis performed by Tahara et al. [92] showed that similar 
extinction of the martensitic transformation in beta-Ti alloys doped by oxygen atoms 
can be associated with lattice modulations due to local strain fields of oxygen atoms. 
As suggested by Tahara et al. [92] and Wang et al. [93], the impurity atoms may 
lead to a formation of nano-domains that carry the same type of lattice distortion. 
It has been shown that the presence of the nano-domains in beta-Ti alloys gives rise 
to diffuse intensity maxima in the SAD patterns [93]. Type [110]B2 SAD patterns 
obtained in this work after Regime I heat treatments in hydrogen are shown in 
Figure 4.10. Diffuse spots at 1/2 (111)B 2 positions, highlighted by arrows in Fig. 4.10, 
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Fig. 4.10: (a) [110]£2-zone SADs obtained for the material states after Regime I 
heat treatments in hydrogen. Diffuse 1/2 (111)^2 intensity maxima are highlighted 
by arrows in the pattern, (b) Simulated SAD pattern assuming a B2 (blue open 
circles) and N i T i H (red dots) phase mixture, see text for details 

are only present in the SAD pattern taken after the hydrogen-assisted heat treatment 
(see Fig. 3.17). The experimental [110]B2 SAD pattern in Figure 4.10 a has been 
simulated assuming a phase mixture which consists of cubic B2 NiT i and tetragonal 
N i T i H hydride [94]. A JEMS simulation result presented in Fig. 4.10 b suggests that 
the diffuse maxima at 1/2 (111)B 2 positions can be accounted for by the {112}^^^ 
type reflections provided that the B2 cubic and the tetragonal N i T i H lattices obey 
an orientation relationship [100]B2 || [001]jviTiH a n d [010]B2 || [010]mnH-

A P measurements proved the presence of hydrogen in samples heat treated in 
Regime I. More than 10 at% H remains locally dissolved in the N i T i alloy. Similar 
results were published in studies [95, 96] where desorption characteristics of hydro
gen from NiTi B2 matrix were investigated. It has been shown that desorption of 
hydrogen from the cathodically charged samples starts at temperatures above 120 °C 
and thus, at room temperature, hydrogen forms with NiT i a stable interstitial solid 
solution. Based on this study and results published earlier [95, 96], we suggest that 
the temperature stability of hydrogen enriched samples is the same regardless the 
method of charging. In the 3DTAP reconstruction the distribution of nickel and 
titanium atoms was investigated. The distribution of nickel and titanium atoms is 
homogeneous and no tendency to clustering of these atoms was founds. The result 
supports the statement that the hydrogen suppressing effect on the M T does not de
pend on the content of nickel in nickel-rich NiT i alloys. Moreover a closer inspection 
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of the 3D A P results reveals that the distribution of hydrogen in the B2 lattice is 
not homogeneous. The hydrogen rich domains form a quasiperiodic structure with 
some features of cubic symmetry. However, in spite of the apparent hydrogen cluste
ring, SAD patterns and corresponding diffraction T E M images did not provide any 
evidence that the hydrogen would cause a formation of hydride or other chemically 
and structurally distinct phases. Hydrogen atoms thus remain in solid solution and 
occupy tetrahedral or one type of the octahedral B2 lattice sites [97, 98, 99]. 
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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 [53]. 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 NiT i (Ni5o.8Ti49.2) SMA during 
V I M 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 V I M processing 
route. The results of this study can be summarized as follows: 

(1) Designed melting procedures lead to the lowering maximum temperature 
during V I M 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 N i T i 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 M s , Mp and My 
temperatures. The values of A s , 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 T E M 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 T i 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 NiT i where organizes into a nano-domains structure 
with the hydrogen content exceeding locally a level of 10 at%. 
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6 SUGGESTIONS F O R F U T U R E W O R K 

The subjects of this work are of technological and scientific interest in many respects. 
Although extensive efforts have been made, the study is far from being complete 
and requires continuation. 

Heat treatment environments dramatically effect on the martensitic transfor
mations either directly or indirectly. But a precise mechanism has not been clarified 
yet and needs further investigation. T E M - E E L S analysis is promising technique to 
study distribution of oxygen atoms in Ni-rich NiT i SMAs after heat treatments un
der controlled environments with systematic variations of the oxygen partial pres
sure. New 3DTAP data related to hydrogen distribution in a stoichiometric NiT i 
alloy subjected to heat treatments under controlled environments with systematic 
variations of the hydrogen partial pressure are needed. 
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7y Chemical activity coefficient for yttrium 

7y° Chemical activity coefficient for yttrium at infinite dilution 

70 Chemical activity coefficient for oxygen 

•JQ Chemical activity coefficient for oxygen at infinite dilution 



103 

AfGvy 2 0 3 ) Standard Gibbs energy of formation for Y 2 0 3 

R Universal gas constant, R — 8.314 
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A A P P E N D I X 

A . l DSC analysis 

Tab. A . l : Enthalpy changes [J/g] associated with martensitic transformation 
B2-H-B19' in the supplied and the re-molten Ni 5 0 8 Ti4g.2 alloy at 1500 °C with holding 
time 2, 10 and 20 min, and at 1500 °C and 1450 °C with 20 min of holding time. 

supplied alloy 

19.0 

1500 °C/2 min 1500°C/10 min 1500°C/20 min 1450°C/20 min 1550°C/20 min 

18.3 18.6 9.0 11.8 11.5 

Tab. A.2: Characteristic phase transformation temperatures [°C] and enthalpy chan
ges [J/g] associated with martensitic transformations in the Ni5o.sTi4g.2 samples heat 
treated in Regime I in air, argon and helium. 

atmosphere Ms Mp Mf As Ap Af 
air -37 -49 -64 16.3 -33 -22 -12 -17.6 

argon -34 -47 -63 15.8 -35 -22 -11 -18.0 
helium -37 -54 -72 15.3 -39 -26 -14 -17.5 
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Tab. A.3: Characteristic phase transformation temperatures [°C] and enthalpy chan
ges [J/g] associated with martensitic transformations in the Ni50.8Ti49.2 samples heat 
treated in Regime II in air, argon and helium. 

atmosphere Rs 
Hp Rf Msl Mpi Mfi Ms2 Mp2 Mf2 

air 32 26 20 6 -8 -30 38 -50 -59 21.1 
argon 31 24 19 -42 -60 -72 - - - 14.0 
helium 33 25 18 -49 -72 -85 - - - 12.8 

atmosphere As Apl Ap2 Af 
air 20 31 34 39 -20.5 

argon 17 23 32 37 -19.6 
helium 14 20 33 39 -19.0 

Tab. A.4: Characteristic phase transformation temperatures [°C] and enthalpy chan
ges [J/g] associated with martensitic transformations in the Ni5o.8Ti49.2 samples heat 
treated in Regime I in oxygen, nitrogen, hydrogen, argon and helium. 

atmosphere Ms Mp Mf A H B 2 ^ B 1 9 ' As Ap Af AHei9 '^J32 

oxygen -39 -52 -69 15.7 -38 -26 -17 -17.9 
nitrogen -36 -53 -71 15.1 -39 -26 -13 -18.2 
hydrogen -36 - - 6.6 -48 -33 -3 -14.5 

argon -34 -47 -63 15.8 -35 -22 -11 -18.0 
helium -37 -54 -72 15.3 -39 -26 -14 -17.5 

(-) unable to evaluate 
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Tab. A.5: Characteristic phase transformation temperatures [°C] and enthalpy chan
ges [J/g] associated with martensitic transformations in the Ni5o.8Ti49.2 samples heat 
treated in Regime I in reference helium atmosphere, hydrogen-helium mixtures (H 2 

partial pressure 20, 100, 500 and 700 mbar) and pure hydrogen. 

atmosphere Ms Mp Mf As Ap Af 
helium -37 -54 -72 15.3 -39 -26 -14 -17.5 

20 mbar -47 -65 -82 15.0 -39 -25 - 9 -14.7 
100 mbar - -80 -97 8.6 -45 -30 - 2 -14.7 
300 mbar - - -111 7.4 -49 -34 -11 -12.6 
500 mbar - - - 5.7 -50 -34 8 -14.9 
700 mbar - - - 6.5 -19 -34 - 7 -13.1 
hydrogen -36 - - 5.0 -48 -33 -3 -13.7 

Tab. A.6: Characteristic phase transformation temperatures [°C] and enthalpy chan
ges [J/g] associated with martensitic transformation in the Ni5o.8Ti49.2 samples heat 
treated in Regime II in reference helium atmosphere or hydrogen-helium mixtures 
(H 2 partial pressure 20, 100, 500 and 700 mbar). 

atmosphere Rs 
Rp Rf A H B 2 ^ H Ms Mp Mf A H s 2 ^ B 1 9 ' 

helium 33 25 18 6.3 -49 -72 -85 6.5 
20 mbar 32 25 - 6.4 - - -106 18.6 
100 mbar 31 23 - 5.9 - - - 10.1 
300 mbar 32 21 - 5.5 - - - 9.7 
500 mbar 30 21 - 6.4 - - - 8.8 
700 mbar 31 21 - 6.8 - - - 8.9 

atmosphere As Api Ap2 Af A H B 1 9 ^ B 2 

helium 14 20 33 39 -18.5 
20 mbar 14 20 33 40 -17.9 
100 mbar 14 21 31 37 -16.2 
300 mbar 13 - 30 37 -11.8 
500 mbar 13 22 30 35 -13.9 
700 mbar 12 23 30 36 -13.5 
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