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Preface

Shape memory alloys have become in the past decades a well established research
subject. However, the complex relations between properties and structure have
created a continuously growing interest for a deeper insight all this time. The
complexity of relationships between structure and properties is mostly related to the
fact that strong “multidimensional” interactions are taking place: from the early
studies focusing on the thermal and/or mechanical induced phase transformations to
the more recent findings on the magnetically induced structural changes. On the other
hand, these singular behavioral characteristics have driven a great industrial interest
due to the innovative aspects that the applications of shape memory alloys may
provide. This makes this subject a highly attractive source of continuous studies,
ranging from basics crystallography and thermodynamics to mechanical analysis and
electrical and magnetic properties characterization.

In this book, a group of recent studies is compiled focusing on a wide range of topics
from processing to the relationship between the structure and properties, as well as
new applications.

In the processing section, results are presented for special issues concerning the
thermomechanical treatments of binary alloys and ternary alloys, namely using
innovative techniques. The first paper details the changes of the transformation
characteristics of binary alloys resulting from different variants of thermomechanical
treatments, including severe plastic deformation. The second paper is focused on the
interest of going from binary to ternary alloys and the problems raised by innovative
processing techniques. In particular, the Ni-Ti-Cu alloys have attracted a great interest
and the possibilities open by advanced technologies such as powder metallurgy and
melt spinning are extensively reviewed in the third and last paper of this section.

The relatively more recent interest on the Ferromagnetic Shape Memory Alloys opens
new challenges in terms the characterization techniques combining thermal analysis
and magnetic methods. This is the topic for the first paper of the section of
characterization, where some alloys from the system based on Ni-Mn-Ga are studied.
Next, a structural characterization of the stress-induced martensite in Fe-based alloys
is presented.



Preface

The singular properties of the shape memory alloys are strongly related to the
thermomechanical behavior. A clear understanding of this type of situation requires
the use of models, such as the one that is proposed on the first paper of the section on
mechanical behavior. The second paper presents a model for hysteretic loops
providing the basis for a finer analysis of thermal / mechanical cycling. Eventually, the
third paper provides useful information on the experimental approach to get a deeper
insight on the link between micro and macromechanical behavior and its relation with
the structural details. Iron based SMA are becoming very attractive engineering
materials and their structural characterization is presented on the second paper.

Last, a section on applications presents two interesting papers focusing on two major
engineering areas: civil and biomedical. Based on a constitutive model and thermal
and mechanical characterization, a practical application of SMA on a smart concrete
bridge structure is presented. Next, the combination of the superelastic and shape
memory effect characteristics with the good biocompatility of Ni-Ti alloys is exploited
in the field of biomedical engineering, namely for implants.

The second paper presents a model for hysteretic loops providing the basis for a finer
analysis of thermal / mechanical cycling. The third paper provides useful information
on the experimental approach to get a deeper insight on the link between micro and
macromechanical behavior and its relation to the structural details.

Prof. Francisco Manuel Braz Fernandes
Universidade Nova de Lisboa,
Portugal
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Chapter 1

Thermomechanical Treatments for Ni-Ti Alloys

F.M. Braz Fernandes, K.K. Mahesh and Andersan dos Santos Paula
Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/56087

1. Introduction

Thermomechanical treatments for shape memory alloys (SMA) are found to be one of the
more economical, simpler, and efficient methods adopted for manipulating the
transformation properties. The stability of phase transformation has been found to depend
upon the thermomechanical treatments, such as hot- or cold-working, heat-treatment and
thermal cycling. It has perhaps more important and wide reaching ramifications than many
of the other stages in the fabrication of components and structures.

During the stages of preparation of SMA, hot working is adopted as one of processes in the
form of rolling or drawing to incorporate the shape memory effect (SME). Such alloys can be
directly employed for the applications. However, most of the times, the ingots are finally cold
worked in the form of rolling or drawing before delivering to the application purpose. This
allows the application engineers to subject the alloys to appropriate thermal/mechanical
treatment in order to obtain the SMA with desired phase transformation properties. Hence,
a sequence of cold work followed by heat treatment is considered to be a productive method
to tailor the SME and superelasticity (SE).

In order to emphasize the various methods of thermal, mechanical, and thermomechanical
treatments, the Chapter is divided into the following Sections and Sub-sections.

i.  Cold working
ii. Cold working followed by heat treatments
iii. Effect of cooling rate during heat treatments
iv. Hot working
v. Thermal cycling
vi. Severe plastic deformation

a. High-pressure torsion (HPT)

b. Equal channel angular pressing (ECAP)
vii. Concluding remarks

© 2013 Braz Fernandes et al., licensee InTech. This is an open access chapter distributed under the terms of
I NTE H the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits

. unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
open science | open minds
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2. Cold working

Cold working can induce dislocations and vacancies in the Nickel-Titanium (Ni-Ti) alloys. It
is suggested that the possible mechanisms for the martensite stabilization in the Equiatomic
Ni-Ti alloys come from deformed structures and deformation induced dislocations/
vacancies. Thermomechanical treatments of Ni-Ti SMA are important for the optimization
of the mechanical properties and phase transformation characteristics. An important
characteristic in the Ni-Ti SMA is the stability on direct and reverse transformations, related
to the sequence and transformation temperatures, and thermal hysteresis [1-5]. The
transformation temperatures in Ni-Ti SMA have been shown to be related to the presence of
lattice defects introduced by cold working [6, 71. Wu et al., (1996) showed that the defects
induced during cold working have the effect of suppressing the martensitic transformation
and promoting the R-phase transformation [8]. The residual internal stress induced by cold-
working defects is considered to be responsible for the R-phase transformation [9]. The
deformation mechanisms and morphologies in polycrystalline martensitic CuZnA1l alloy
have been examined by Adachi and Perkins [10]. They observed that a variety of
deformation morphologies, including variant-variant coalesce, stress-induced martensite to
martensite transformation, injection of foreign variants to plate groups, and internal
twinning and slip, are all exhibited simultaneously in moderately cold-worked specimens.

Ni-Ti alloys have a wider application in the form of wires. Therefore, an understanding of
the wire drawing properties is important. Thin oxide film with a smooth surface on TiNi
wires can be used as a lubricant during the drawing process. However, thick oxide films
which have cracks and spalling on the surface can be detrimental to the drawing surface and
depress the shape memory effect and pseudoelasticity of TiNi SMA. MoS: is an effective
lubricant for wire drawing of TiNi SMA [8]. Also, cold rolling has been one of the widely
adopted processing techniques in order to obtain Ni-Ti alloy in the sheet form. In a study of
the cold-rolled equiatomic TiNi alloy, it was found that the same phenomena of martensite
stabilization appear, as reported in Cu-based shape memory alloys [9, 10]. It is well known
that the martensite in the TisoNiso alloy has 24 variants [11]. The variants will accommodate
each other under thermal or mechanical stress. It is reasonable to suggest that the stress
exerted by cold rolling causes the variants to accommodate, i.e., the stress forces the
preferred orientated variants to accommodate the deformation strain in the favorable stress
direction. An intensive study of the microstructure of the deformed martensite shows, in
addition to the deformed martensite plates, a large number of dislocations and vacancies
can also be induced during the cold rolling. These deformation-induced dislocations and
vacancies have an important effect on the martensitic stabilization [9].

In Fig. 1, DSC thermograms of the Ni-Ti alloy plate subjected to 40% cold working are
shown. When the cold worked specimen is heated from RT up to around 300°C, no phase
transformation is observed and on the further heating, a broad upward peak appears
around 350°C corresponding to recrystalization process. However, on cooling to RT, a clear
exothermic peak appears around 75°C and that is attributed to A—M phase transformation.
While heating again from RT, the DSC thermogram shows an endothermic peak around
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85 °C corresponding to M—A phase transformation and while cooling the reverse phase
transformation, A—M, is observed.
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Figure 1. DSC thermograms of the Ni-Ti SMA plate initially cold worked up to 40% and heated to
500°C (in blue), and after (in red).

In Fig. 2, 3-d representation of the XRD profiles obtained at different temperatures from RT
to 400°C for the 40% cold worked Ni-Ti specimen is shown. XRD spectra obtained at RT
show the peaks corresponding to B19” structure, which are broad and with low intensity. As
the temperature is increased, the peak corresponding to B2 structure starts to emerge
around 190 °C and on further heating, the intensity of the peak increases. Broad and low
intensity peaks are due to the deformation induced dislocations and vacancies which
suppresses the martensitic transformation [12-14].



6 Shape Memory Alloys — Processing, Characterization and Applications

A
2.0%10 [ B2

4 CW40% Sample
1. 5;{ 1 0 r

<= 350°C

£

Intensity (Cps)

5'0"41 O

Scans
Room Temperature 8 5 B
to 400°C She ¢ 2 Theta (°)

Figure 2. 3-d representation of the XRD profiles obtained at different temperatures from RT to 400°C
for the 40% cold worked Ni-Ti specimen.

3. Cold working followed by heat treatments

Heat treatment for metals and alloys has been proved to be an effective and economical
process in order to maneuver their properties. Various factors, such as the HTT, annealing
time and cooling rate after annealing have their own effects on the final state of the
metal/alloy. In the above sub-section, it is mentioned that the defects induced during cold
working have the effect of suppressing the martensitic transformation [8]. On the contrary,
there is a possibility that a reverse phenomenon (restoration) would occur in a rather
enhanced manner upon annealing through thermal activation processes of point defects.
The migration of vacancies and interstitials could facilitate promotion of the martensitic
transformation [15]. In this sub-section, the dependence of heat-treatment on the
composition and thermal/mechanical history of the alloys has been explained. Heat-
treatment plays a crucial role in fixing Ms. The detection of R-phase is found to be critical
with the positioning of Ms in relation to Rs. If Ms is above Rs, R-phase is found to be masked
by the martensite phase. Earlier, from electrical resistivity measurements, it was shown that
while cooling from austenite phase, if R-phase exists, it preceded the martensite phase and it
was regarded as the pre-martensitic phase [16]. However, later it was shown that both
phases coexist at the same temperature, and it has been confirmed by the DSC study on the
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phase transformation in the 40% cold worked, near equi-atomic NiTi alloy subjected to
water quenching from 400°C [17].

Phase transformations associated with SME in Ni-Ti alloys can be one-stage, B19! <B2, two-
stage including an intermediate R-phase stage, or multiple-stage depending on the thermal
and/or mechanical history of the alloy. In a recent report, it has been highlighted the effect of
(i) deformation by cold-rolling (from 10% to 40% thickness reduction) and (ii) final
annealing on the transformation characteristics of a Ti-rich NiTi shape memory alloy. For
this purpose, one set of samples initially heat treated at 500 °C followed by cold-rolling (10—
40% thickness reduction) has been further heat treated at various temperatures between 400
and 800 °C. Phase transformations were studied using differential scanning calorimetry,
electrical resistivity measurements and in situ X-ray diffraction. A specific pattern of
transformation sequences is found as a result of combination of the competing effects due to
mechanical-working and annealing [18].

Fig. 3 (a & b) show the Differential Scanning Calorimeter (DSC) and Electrical Resistivity
(ER) curves for (i) as-received (AR), (ii) annealed at 500°C (HT500) and (iii) annealed at
500 °C/cold-rolled to 30%/annealed at 500°C (TMTCR30HT500) samples. For the AR sample,
both in the case of DSC & ER techniques, multiple-step (B2<R, B2-B19’, R&B19’, while
heating and cooling) phase transformations are observed. For the HT500 sample, in both

B19€—p2 TMTCR30HT500
B19—» B2
HT500 and
TMTCR30HT500
B19'4—B2 HT500

B19'€+—R

B19—p B2

Lo oo boseedoeden o b b by

B19'€¢—B2

B19'—p B2

<«+—— Electrical Resistivity (a.u.) ——

<+—— Heat Flow (a.u.) ——

B19'¢—R R—p B2
' AR B19—pR
B19'€—B2 o
AR
N FETTIFRTT RN R RARTAT R RRARRTI R RRRARATI EERRTRRTI FANRAARAT IATT)
B19—p R B19—»B2 0 20 40 60 80 100 120
Temperature (°C) —»
R—p B2

PETTTVTTT] FRTETTETI FETETTENT] INTRRTUTEI FRTRTRETI FIRETTETT] INUTERTTL VY]
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Figure 3. (a) DSC and (b) ER curves for AR, HT500 and TMTCR30HT500 samples
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techniques, during heating and cooling, one-step (B19'«<»B2) phase transformation is found
to be present. Further, in the case of TMTCR30HT500 sample, one-step (B19'—B2) phase
transformation is detected. During heating (for AR samples), a small kink in the DSC and a
small hump in ER plots around 60 °C show the presence of R-phase associated to multiple-
step, (B19'—R, B19' B2, R—B2), phase transformation.

The effects of various heat treatment temperatures (HTT) on samples after being cold-rolled
to different extents (10 to 40% thickness reduction) are presented in Fig. 4. All the samples
were annealed at 500 °C before cold-rolling. Figs. 4 (a to d) show the transformation
temperatures (Af, As, R, Rsh, Rse, Rie, Ms and My, obtained from DSC thermograms) as a
function of HTT, for the samples annealed after being cold worked up to 10%, 20%, 30% and
40%, respectively. “A”, “R” and “M” are the austenite, rhombohedral, and martensite
phases; suffixes “s” and “f” are the start (1%) and finish (99%) transformation temperatures;
and “c” and “h” refer to cooling and heating, respectively.
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Figure 4. Transformation temperatures of (a) TMTCR10%, (b) TMTCR20%, (c) TMTCR30%, and (d)
TMTCR40%

In Fig. 4(a), for the 10% cold worked samples, as the final annealing temperature is
increased, Ms and M are found to increase gradually up to 600 °C followed by a slight drop
up to 800 °C. As and Ar are found to decrease as the final annealing temperature is increased
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from 400 to 500 °C. Further increase up to 700 °C shows gradual increase followed by a
decrease for the final annealing temperature of 800 °C.

In Fig. 4(b), it is observed that for the 20% cold worked samples, there is R-phase formation
while cooling (Rs, Ri) and while heating (Rsh). As the final annealing temperature is
increased, Rsc and Rs are found to increase till 500 °C. For higher final annealing
temperatures, the R-phase formation is no longer detected. Ms and M: increase with
increasing final annealing temperature until it reaches 600 °C, followed by a slight decrease
when the sample is heat treated at 700 °C. For the final annealing at 800 °C, Ms is not
possible to be determined, but Mr increases slightly. As is found to increase with increasing
final annealing temperature up to 700 °C along with A«. For the final annealing temperature
of 800 °C, As was not possible to be determined and Ar decreases. For this same treatment
(800 °C), the R-phase formation is once again detected during cooling and heating.

In the case of samples 30% cold worked, as shown in Fig. 4(c); the R-phase is only present
during cooling for final annealing temperatures up to 500 °C (Rsc and R increase with
increasing final annealing temperature). Ms and Mr increase for increasing final annealing
temperature up to 600 °C, slightly decrease for 700 °C and then slightly increase for 800 °C.
As and Ar slightly decrease from 400 to 500 °C and then increase and stabilize after 500 °C.

In Fig. 4(d), it is observed that for the samples 40% cold worked and heat treatment there is
R-phase formation only during cooling for the final annealing temperature up to 500 °C. (Rsc
and R are found to increase with increasing annealing temperature). Ms and Mr increase
with increasing final annealing temperature till 600 °C. For the final annealing temperature
of 800 °C, Ms and As were not possible to be determined. For the final annealing temperature
of 800 °C, the R-phase formation is once again detected.

The absence of the R-phase formation in the sample annealed at 500 °C (not cold-rolled),
may be explained by the annealing out of the structural defects and generation of the strain
free crystals [19]. The same result is observed for the sample that has been cold-rolled to 10%
(very close to the maximum recoverable strain of this class of alloys). With increasing extent
of cold-work deformation, the R-phase deformation is only detectable for final annealing
temperatures below 500 °C or at 800 °C. The final annealing temperature above 500 °C
induces a recrystallization of the marformed matrix that makes the single-step
transformation B2<>B19" more favorable [14, 20, 21]. This transformation may be initiated at
the coherent interfaces of the very narrow precipitates Ti2Ni. For the highest final annealing
temperature (800 °C) the R-phase formation is once again present and this may be associated
to the coalescence of the Ti2Ni precipitates, making the B2 / Ti2Ni interfaces incoherent [22,
23]. When the DSC and ER results in Figs. 1 and 2 are compared, it is apt to mention that
when there is overlap of the phases transformation, ER technique is in a better position to
reveal the presence of distinct phases.

Table 1 summarizes the transformation sequences of the samples after the
thermomechanical treatments. For the samples cold worked to 10% and subsequently heat
treated up to 700 °C, the transformation sequence is found to be clearly one-step (B19'<>B2).
On the other hand, no matter the thickness reduction by cold-rolling, when the final
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annealing temperature is between 500 °C and 700 °C, the transformation is also clearly one-
step (B19’<>B2). The two-steps phase transformation while cooling is only observed for the
samples cold-rolled to 30 and 40% and for the final annealing temperatures of 400 °C. The
multiple-steps phase transformation (with overlap) is only observed in two situations: (i) for
the final annealing temperature of 800 °C, no matter the cold-work reduction, both while
cooling and heating, and (ii) for the samples cold-worked to 20 to 40%, where the final
annealing temperature was 500 °C or below.

HTT (°C) Reduction by Cold Rolling
10% 20% 30% 40%
e T
450 +/+ ®/9 ®/9 ©/9
500 +/+ + /[ + +/+ + /[ +
600 +/+ +/+ +/+ +/+
700 +/+ +/+ +/+ +/+
800 N DD D/ DD

On Cooling / On Heating: + one-step; ++ two-steps;
@ Multiple-steps with overlap; & suspect multiple-steps with overlap.

Table 1. Influence of the thermomechanical processing (marforming) conditions on the transformations
sequence.

Deformation up to 10% thickness reduction decreases the shape memory effect capability.
This behavior is associated with the reorientation of martensite variants and increase of
dislocation density, giving rise to a stabilization of martensite at a higher temperature in
agreement with previous results [24].

4. Effect of cooling rate during heat treatments

During the heat treatments, one of the parameters which, can be easily controlled is the
cooling rate. Otsuka ef al., adopted a heat-treatment in which they homogenized the
Ni50at%-Ti alloy for 1 h at 1000 °C followed by furnace cooling to eliminate the vacancies
and the disorder to some extent. They found that quenched specimen has almost the same
transformation temperatures as the furnace cooled one [25]. It was found earlier by Saburi et
al., that during heat-treatment, Ms and mechanical behavior of Ni-rich off-stoichiometric
(>50.7at% Ni) NiTi alloys were sensitive to rate of cooling, whereas, of a near-stoichiometric
(50.4 at% Ni) alloys were not [26]. Sitepu et al., showed that precipitation of NisTis particles
occurred in a matrix of Ni-rich Ni-Ti SMA of nominal composition Ni50.7at%-Ti, when it
was solution annealed at 850 °C for 15 minutes followed by water quenching and aging at
400 °C for 20 h [27]. In a more recent study, transformation behavior of NiTi alloys of
different composition, heat treated by employing quenching and furnace cooling were
investigated [28].
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Figure 5. Electrical resistivity profiles for (a) Ni54.76wt%-Ti and (b) Ni56.00wt%-Ti alloys in the as-
received condition

Fig. 5 shows resistivity profiles for the 2 samples, (a) Ni54.76wt%-Ti, i.e. Ti-rich and
Ni56.00wt%-Ti, i.e. Ni-rich Ni-Ti alloys, in the as-received condition. For Ti-rich alloy, R-
phase is found to occur only on cooling and the transformation is confined to a temperature
interval of about 60°, above 0°C. In the case of Ni-rich alloy, R-phase is found to appear both
while heating and cooling, and its temperature interval is spread over a wide temperature
range of more than 150°, below +50°C, and these materials do not undergo the
transformation to M-phase in the observed temperature range.

Fig. 6 (a-c) and 6 (d-f) show the resistivity profiles of the quenched and furnace cooled
samples of Ti-rich alloy, respectively. In both cases, profiles are similar. R-phase
transformation is only present during cooling for all the samples annealed between 100° and
420°C and the transformation region decreases, with increase in annealing temperature due
to the increase in Ms temperature. For the annealing temperatures between 420°- 800°C, R-
phase is found to be absent.

Fig. 7 (a-d) and 7 (e-h) demonstrate the resistivity profiles of the Ni-rich alloy for the
quenched and the furnace cooled samples respectively. For the quenched samples, annealed
in the temperature range of 100°- 500°C, two-stage transformation A—»R—M during cooling
and M—R—A during heating are observed. When annealed between 500° and 600°C, two-
stage transformation is observed only in cooling, with decrease in the temperature interval
of R-phase. Annealing above 600°C, further suppression of R-phase takes place promoting
only M&A transformation. In the case of furnace cooled alloy, with increase in annealing

11
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temperature, a unique discontinuous behavior is observed. With increase of annealing
temperature from 100° to 440°C, two-stage transformation is observed both during cooling
and heating in the resistivity profile, with reduced R-phase temperature interval. Annealing
the sample between 440° and 580°C, R-phase is found only on cooling with further
reduction in the temperature interval. For the sample annealed at 590°C, a sudden increase
in the temperature interval of R-phase takes place. Hence, annealing around 590°C seems to
be very critical. Annealing above 590°C, two-stage transformation is seen both during
heating and cooling in the resistivity profile, regaining the initial behavior. The profiles
indicate the stabilization of various phases above annealing temperatures of 590°C.

(a) Q100°C (d) F100°C
-
=
2]
~—" (4 0O
> (b) Q420°C (e) F420°C
~—
>
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Figure 6. Resistivity profiles for the quenched and furnace cooled Ni54.76wt%-Ti alloys annealed at
different temperatures.

For lower annealing temperatures, all the samples of the two alloys, both quenched and
furnace cooled, exhibit similar behavior, i.e., Ms increases with increase in annealing
temperature, which is attributed to the release of energy stored during the cold work. Cold
work introduces high density of lattice defects, residual strain and internal stresses in the
materials, which hinders from the movement of martensite interfaces. On annealing such
cold worked materials, thermally activated diffusion leads to the annihilation of lattice
defects, promoting martensitic transformation [29]. For the quenched samples, at higher
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annealing temperatures, this trend continues and gradual reduction in R-phase facilitates
M&A  transformation. But, the furnace cooled samples, after annealing at higher
temperatures, behave differently. A comparison of the resistivity profiles for the quenched
and furnace cooled samples, especially annealed at higher temperatures, indicates that Ni-
rich alloy is sensitive to the cooling procedure, unlike Ti-rich alloy. There is not much
difference in the behavior of Ti-rich alloy either furnace cooled and quenched. In the case of
furnace cooled Ni-rich alloy a unique discontinuous behavior is observed, for annealing at
590 °C. This may be due to the microstructural variations, arising as a consequence of two
competing processes, viz., annihilation of defects and precipitation. Annealing above this
critical temperature, the sample is able to regain and sustain a two-stage transformation,
which may be attributed to the dominance of precipitation process over the defect
annihilation process. It is proposed that, there is increased chance for TisNis precipitation
while furnace cooling, due to the slow cooling process and the presence of the material at
higher temperature for a longer time. As reported by Nishida et al., TisNis precipitates have
rhombohedral structure and are coherent to the matrix having a B2 type structure [30].
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Figure 7. Resistivity profiles for the quenched and furnace cooled Ni56wt%-Ti alloys annealed at
different temperatures.
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5. Hot working

Both rolling temperature and thickness reduction are important factors that influence the
work hardening and hardness of hot-rolled plates. The greater the thickness reduction, the
greater the number of dislocations retained, and therefore, the greater the rate of work
hardening. At rolling temperatures >600 °C, recovery or recrystallization occurs. However,
because of the short rolling time and the fast cooling in air, the recovery or recrystallization
is incomplete [31]. Hot-rolled Ni-Ti materials are found to possess enhanced resistance to
low-cycle fatigue (increased pseudoelastic stability) as long as the primary material
processing route remains unchanged [32]. Paula ef al., recently studied Ni-Ti alloys
subjected to heat treatment at 767 °C for 300 s followed by hot rolling (50%) after cooling in
air to 500 °C and water quenching to room temperature (Troom). Phase transformations were
studied using differential scanning calorimetry, electrical resistivity measurements and in
situ X-ray diffraction [18].
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Figure 8. (a) DSC and (b) ER curves for TMTHRS500 samples.
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Fig. 8 (a & b) shows the DSC and ER curves for the ausformed at 500 °C (TMTHRS500)
samples. During the cooling and heating stages, multiple-step (B2&R, B2<3B19’, R&B19’)
phase transformation is clearly detected in both techniques. During heating, a small kink in
the DSC and a small hump in ER plots around 60 °C show the presence of R-phase
associated to multiple-step, (B19'—>R, B19’—B2, R—»B2), phase transformation. It was found
that the ausforming at 500 °C promotes multiple-step phase transformation on cooling and
heating (B2&R; B2<3B19’; R&B19’). During the ausforming process at 500 °C, it is not
achieved a full recrystallization, in agreement with other authors results [33]. Ausforming
introduce many defects in the sample, so that R-phase formation becomes necessary to
decrease the energy for B2—B19" or B19'—B2 transformations.

6. Thermal cycling

Thermoelastic martensitic transformation appears to be very sensitive to thermal cycling [34,
35]. Also, thermal and mechanical treatments can suppress slip deformation resulting in
increase of flow stress and modify the transformation temperatures, recovery stresses and
recovery strains [36]. These observations indicate that the transformation process is strongly
affected by irreversible changes in the microscopic state of the alloy introduced by thermal
cycling. Thermal cycling causes a decrease in the characteristic temperatures and heats of
transformation [37]. Also, thermal cycling is found to promote the intermediate R-phase
transformation [38]. The effect of training conditions and extended thermal cycling on the two-
way shape memory behavior of nitinol has been studied by Hebda and White, 1995 [39].
Thermal cycling under constant load was studied by de Araujo et al., 2000 [40] and they
concluded that the internal stresses created were effective in inducing two-way memory effect.

Below, in Fig. 9, phase transformations are studied during the ab initio 10 thermal cycles by
using DSC and ER techniques. In the DSC, thermal cycle was comprised of heating up to 140
°C, holding for 360 s and subsequently cooling down to -30 °C, with heating and cooling
rates being 7.5 K/min. ER characterization have been performed by making use of a home
made four-probe setup and the thermal cycling is performed by using the temperature
controlled silicone oil bath. Ni-Ti (Ti51at%-Ni) alloy has been previously subjected to a
series of thermomechanical treatment followed by heat treatment at 500 °C for 30 min. [41].

In Fig. 9 (a & b), during the first thermal cycle, in both the techniques (DSC & ER), it is
observed that one-step phase transformation takes place. As the thermal cycling progresses,
phase transformation processes are found to shift toward lower temperatures, both while
heating and cooling. In Fig. 9(a), DSC thermograms for the first and second thermal cycles,
the phase transformation peaks are observed to be symmetrical both while heating and
cooling attributing to one-stage M«>A transformation. Also, in the ER profile shown in Fig.
9(b) corresponding to the first and second thermal cycles, it is observed that the specimen
undergo one-step M«>A transformation. As the number of thermal cycles is increased, DSC
thermogram peaks is found to broaden asymmetrically and shift toward lower temperatures
(from the fifth cycle onward), giving rise to increasing evidence of the intermediate R-phase
transformation while cooling (Fig. 9b).
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Figure 9. Evolution of phase transformation during thermal cycling up to 10 of the Ni-Ti specimens
subjected to series of thermomechanical treatment followed by heat treatment at 500 °C for 30 min. (a)
DSC and (b) ER profiles.

This shows that the Ti-rich Ni-Ti alloy under study, when subjected to thermal cycling, after
multiple steps of thermomechanical treatments followed by final heat treatments, the
stability of the phase transformation is found to sensitive and depend on the final heat-
treatment temperatures. Further, the thermal cycling process also found to affect the nature
of phase transformation. Further, it can also be inferred that different thermomechanical
treatments applied on a specimen are found to have opposing effects on the nature of phase
transformations. In contrast to the heat treatments, which tend to increase the phase
transformation temperatures, thermal cycling tends to decrease them.

7. Severe plastic deformation

The plastic deformations carried out by cold-working and hot-working presented above
have been extended in the recent past, by subjecting these alloys to severe plastic
deformation (SPD). It was shown that the effects of high density of grain boundaries on the
martensitic phase transformation and the functional properties of SMA became a focus of
research investigating the impact of ultrafine and nanograins on the parameters of the SME
and SE. Further, methods of SPD, such as high pressure torsion (HPT) and equal channel
angular pressing (ECAP) have been successfully applied to achieve ultrafine grained (UFG)
and bulk nanostructured SMA [42-45].

a. High pressure torsion (HPT)

Waitz et al. [44] showed that martensitic transformation shifts to low temperature when the
grain size is less than 150 nm. Initially in their experiments, Ni-Ti alloy was subjected to
HPT and later annealed close to recrystallization temperature. By post-deformation
annealing at 300°C, it was found that the amorphous structure created by the room-
temperature HPT loses its thermomechanical stability and intensively crystallizes [45]. The
effect of the composition on the phase transformations in Ni-Ti alloys subjected to HPT and
followed by heat treatments was recently reported [46].
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Bulk Ni-Ti SMA with different compositions have been chosen and subjected to HPT and
their phase transformation characterization was carried out. The selected Ni(49.6 to
49.4at%)-Ti (Ti-rich) alloy in the as-received (AR) condition has Mt above RT and Ni(around
50.8at%)-Ti (Ni-rich) has Ar below RT. SPD of Ni-Ti alloys (Ti-rich and Ni-rich) have been
performed by HPT at RT. Further, HPT processed separate specimens are subjected to heat
treatments at temperatures of 300°C (HPT+HTT300) and 350 °C (HPT+HTT350) for 20 min,
and quenched into water at room temperature. Phase transformation temperatures are
analyzed by studying the Differential Scanning Calorimeter (DSC) plots. Further, the
structural evolution of the samples subjected to SPD in the phase transformation
temperature region was studied using in situ X-ray diffraction (XRD) from -180 to +180°C.

The phase transformation temperatures obtained from the thermogram plots of the
corresponding sample conditions are presented in Fig. 10. In Fig. 10a, for the Ti-rich alloy in
all the conditions, the transformation temperatures correspond to one-step M«—A phase
transformation both while heating and cooling. While compared to the transformation
temperatures of the AR sample, it is observed that, for the HPT sample, there is a slight
decrease in Mt and As temperatures, whereas Ms and Ar temperatures increase. As a result,
both while heating and cooling, there is a broadening of the temperature intervals in which
the phase transformations take place. For the HPT sample after heat treatment at 300°C,
designated as HPT+HTT300 in the plot, there is an increase in Mr and As temperatures,
whereas Ms and Ar temperatures decrease. These results, both while heating and cooling, on
narrowing of the temperature intervals where the phase transformations are taking place.
After heat treatment at 350°C, designated as HPT+HTT350 in the plot, all the transformation
temperatures increase and the phase transformation temperature intervals become
narrower.

In Fig. 10b, for the Ni-rich alloy in the AR and HPT conditions, the transformation
characteristics show a one-step M« A phase transformation, both while heating and cooling.
It is observed that for the HPT sample, the temperatures corresponding to both phase
transformations are higher than those corresponding to the AR sample. However, both
while heating and cooling, corresponding to M—A and A—M transformations, respectively,
there is a narrowing of the transformation temperature intervals. For HPT+HTT300 sample,
M:s decreases, As, and Ar increase considerably. M decreases to a value below the lower limit
of the scanned temperature range. The dashed lines represent the trend of the variation of
M:t. Further, R-phase transformations are present both while heating and cooling. On heat
treatment at 350°C after the HPT processing, i.e., for Ni-rich HPT+HTT350, it is observed
that all the transformation temperatures tend to increase.

AR samples and samples subjected to HPT of both alloys are scanned using XRD technique
at different temperatures in the phase transformation temperature range. 3D view of the
XRD profiles obtained while cooling and heating are presented in Fig. 11. Miller indices of
the diffraction peaks emerging from the corresponding planes of the phases are marked on
each peak. In Fig. 11a, for the Ti-rich Ni-Ti AR sample, it might be observed that the
recording of the XRD pattern is started at 180°C, where austenite phase exists, followed by
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cooling and recording the spectra at different temperatures until the martensite
transformation is complete, i.e, down to -40°C. Further, the sample is again heated to
observe the transformation to austenite, i.e.,, up to 180°C to complete the thermal cycle.
While cooling from 180°C to -40°C, the peak B2(1 1 0) corresponding to austenite (B2 — cubic
structure) gradually disappears and peaks associated to martensite (B19" — monoclinic
structure) gradually grow. The diffraction pattern obtained at -40°C, shows the peaks
corresponding to martensite. As the temperature is increased from -40 to 180°C, the peak
corresponding to (1 1 0) of austenite (B2 — structure) gradually grows and the peaks
corresponding to B19" martensite gradually disappear. In Fig. 11b, for the Ti-rich Ni-Ti
sample subjected to HPT, also M—A phase transformation behavior is observed.
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Figure 10. Phase transformation temperatures obtained from DSC plots of (a) Ti-rich and (b) Ni-rich
Ni-Ti alloys in different conditions.
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Figure 11. 3-D box layout of the XRD profiles obtained during cooling and heating for Ti-rich Ni-Ti
alloy in (a) AR and (b) HPT conditions, and Ni-rich Ni-Ti alloy in (c) AR and (d) HPT conditions.
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Fig. 11c shows the phase transformation behavior of Ni-rich Ni-Ti alloy in the AR
condition. At 100°C, the sample is found to be in austenite (B2) phase. As the temperature
is decreased down to -180°C, the intensity of the peak corresponding to B2(1 1 0)
decreases. As the cooling progresses, the diffraction peaks corresponding to B19’
martensite appear. On heating, the peaks related to B19" martensite disappear and the
peak related to B2(1 1 0) appears again. Similar phase transformation behavior is observed
for the Ni-rich sample after HPT (Fig. 11(d)). 3D layout of the XRD patterns obtained at
selected temperatures during cooling, followed by heating for both Ti-rich and Ni-rich Ni-
Ti alloys in HPT+HTT300C and HPT+HTT350C conditions were presented in a recent
publication [47]. It is clearly observed that the diffraction peaks corresponding to
intermediate R-phase are present for the Ti-rich and absent for the Ni-rich Ni-Ti alloys,
both while cooling and heating. The result is in agreement with the transformation
temperature profiles obtained by DSC thermogram analyses presented in the above
Fig. 10.

The results show that for Ti-rich Ni-Ti alloy, after HPT, as well as following the heat
treatments, there are no major changes in the phase transformation behavior. But, for Ni-
rich Ni-Ti alloy, there is a slight change in the phase transformation behavior after HPT
process, and the final heat treatments bring about very significant change, namely, the
presence of intermediate R-phase transformation. In the present experiment, during the
HPT process, a high speed of rotation of the piston (1,250 rpm) is involved. Initially, when
the pressure torque is applied, a very intense and rapid plastic deformation takes place. This
causes the specimen to get macroscopically distorted geometrical shape and eventually
microscopic disorder. Owing to the process, the specimen gets heated up and might
undergo a short duration annealing in the severely strained condition before cooling to
room temperature. This situation may lead to accommodate several conflicting processes
[46]. High speed of rotation during the HPT process might also trigger dynamic
recrystallization. Depending on factors, such as the previous condition of the HPT
specimen, strain accommodated, temperature attained, and magnitude of the time
interval at which the specimen is at high temperature, different final microstructural
states will be achieved in the specimen. On one hand, the intense deformation will distort
the microstructure and long range order will be broken. On the other hand, the high
temperature will have its influence on the recovery of the strains and formation of strain
free submicrocrystals.

b. Equal channel angular pressing (ECAP) or Equal channel angular Extrusion (ECAE)

ECAP is an attractive processing technique for several reasons. Processing by ECAP can
have a strong effect not only on the mechanical properties but also on the functional
properties of materials [48]. However, for Ni-Ti SMA, it is difficult to apply ECAP at RT due
to their low deformability and accordingly several reports have appeared describing the
fabrication of ultrafine-grained alloys using ECAP at elevated temperatures [49]. The
transformation behavior of TiNi alloy after ECAE process has been reported by Zhenhua Li
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et al., [50] by using the experimental material, Ti-50.6at% Ni alloy rods, with a 25 mm
diameter, after 850 °C hot forging and 500 °C annealing for 2 h. They concluded that during
high temperature ECAE process, there was no dynamical re-crystallization but, most
probably, there was dynamical recovery. Annealed for 5 min at 750 °C after two passes of
ECAE, grains were refined and became even. After two passes of ECAE, transformation
temperatures of the billet of TiNi alloy sharply decreased. Transformation temperature of
the sample remarkably increased annealed for 2 h at 500 °C after two ECAE processes,
similar to the one of TiNi alloy before ECAE process, which was related to Ni content in the
matrix.

Effect of ECAP process on the microstructure and functional properties, such as recovery
stress and maximum fully recoverable strain has been reported. The results show that the
multipass ECAP of Niso2Tisgs alloy allows one to produce a uniform grain structure with
predominantly high-angle grain boundaries with a grain size of about 200-300 nm. ECAP
increases strength and insignificantly decreases plasticity as compared to the as-quenched
state. The strength increases more than 50% with increasing number of passes; after ECAP
using 12 passes. The functional properties of the Niso2Tiss alloy after ECAP are
substantially improved. With increasing number of ECAP passes the maximum recovery
stress rises to 1100 MPa and the degree of maximum fully recoverable strain increases to
9.2% [511.

8. Concluding remarks

Phase transformations can be studied by using various characterization techniques, such as
DSC, ER, Internal Friction (IF), dilatometry, XRD, and optical/electron microscopy [5, 14, 16-
19, 41, 43, 52, 53]. Each of these techniques senses different physical phenomena and thus
provides information concerning the changes of various physical parameters taking place
during the phase transformations. Because of their distinctive nature, when these techniques
are employed individually, only partial information about the phase transformation can be
delivered.

DSC measures only the sum of all thermal events and, as a result, some important features
may be ignored or the results are easily misinterpreted in the cases involving weak and/or
complex (overlapping) transformations [5, 16, 18, 19]. ER is the structural sensitive
property of a material and it reveals changes during crystallographic phase
transformations. In fact, it is found to be more sensitive than DSC in detecting the phase
transformations which occur in a narrow temperature range [19, 41]. Dilatometry is
capable of sensing small volume changes during phase transformations. Only a limited
number of publications report the use of dilatometry to study the phase transformations
in Ni-Ti shape memory alloys [17, 19]. These methods have been widely accepted to detect
the phase transformations in Ni-Ti SMAs. A combined approach of several
characterization techniques would lead to the proper understanding of the phase
transformations involved.
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1. Introduction

The continuous development of science and technology in all industrial sectors means
connecting and usage of a wide range of new knowledge together with implementation of
new modern technologies for production of materials with high functional, specific and
special properties. Intermetallic compounds TiNi with shape-memory effect are an
interesting group of materials. These materials are used in a wide range of industry, such as
electronics, robotics, tele-communication and also in medicine and optics. Shape-memory
alloys (SMA) are a group of materials characterized by shape-memory effect (SME) and
superelasticity (SE), also called pseudoelasticity.

Ti-Ni binary alloys (sometimes called “Nitinol”) are probably the best known from this
group of materials. Nevertheless, these alloys are not always the most suitable for the
particular purpose. This factor is also the reason for seeking optimized variants of these
original binary systems. One of the possible solutions is to modify binary alloys by
incorporation of one or more chemical elements into the production process. The resulting
materials can be summed up in the term Ti-Ni-(X), where X means presence of another
element. Although the best memory characteristics are usually achieved for alloys with Ni
content of 49.3 + 51 at. % (Raz & Sadrnezhaad, 2004), by decreasing the content of one
element (Ti or Ni) to the prejudice of the third element, modified materials are obtained,
while preserving some of original characteristics. Among the main characteristics,
surpassing SME and SE, mechanical properties, corrosion resistance and related
biocompatibility should be mentioned (Van Humbeeck, 2001) or (Duerig et al., 1999).
Intermetallic equiatomic compound of nickel and titanium thus remains as the base of
modified binary materials. Nevertheless, it should be stated that characteristics of Ti-Ni
SMA may be significantly modified otherwise than by the appropriate choice of chemical
composition, namely by forming and thermal (thermomechanical) processing. As will be
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indicated later, final properties and products made of SMA are significantly influenced not
only by the chosen forming technique, but also their mutual sequence. These factors
together with the used technique play a major role in the manufacture of products from
SMA.

2. Method of preparation

Production of Ni-Ti alloys is mostly done by vacuum melting, whilst various melting
procedures are used (electron beam melting, arc melting (Ma & Wu, 2000) and (Meng, 2001),
high frequency vacuum melting in a graphite crucible (Noh, 2001) or (Tsai et al., 1994),
plasma melting, etc.). When Ni-Ti alloys are melted, there can be unfavourable effects,
especially of gases such as nitrogen or oxygen. Other problems consist in the conditions
suitable for crystallization and minimalization of micro- and macro-segregation connected
with that. Also, contamination of the material by non-metallic intrusions has to be prevented
(Schetky & Wu, 2005). Due to the formation of titanium carbide and titanium oxide in Ni-Tij,
concentration of individual elements changes and thus so does the transformation
temperature. Among other problems arising from the melting of Ni-Ti, there is the
formation of low-melting point phase NiTi2, which causes a strong tendency towards hot
crack formation.

The basic requirement to metallurgy of these alloys is strict adherence to the chemical
composition of the alloy, which is the main condition for obtaining the alloy with the
required transformation behaviour. Another condition is obtaining an excellent
microstructural homogeneity of the alloy, which is also a condition for functional reliability
and guaranteed transformation behaviour. A deviation of about 0.1 at. % from the required
chemical composition usually changes the transformation temperature by as much as 10 K.
In Fig. 1a you can see the dependence of temperature of martensitic transformation on the
nickel content in the alloy. There is a possibility of attenuation of concentration dependence
of the martensitic transformation temperature by alloying with other elements, especially
Cu, Fe, etc.
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Figure 1. The dependence of temperature of martensitic transformation (a) Ternary system Ti-Ni-C (b)

-100



The Methods of Preparation of Ti-Ni-X Alloys and Their Forming 29

Based on specific requirements of applications such as actuators/sensors, temperature
control, fatigue properties, etc., various alloys with the addition of a third element giving a
ternary alloy were developed (Otsuka & Wayman, 1998) or (Zhang et al. 2006).

There is a certain influence of each alloying element on transformation characteristics of the
alloy. For example, the addition of Hf, Zr, Au, Pd and Pt causes the increase of phase
transformation temperatures, while elements such as Fe, Co, and V have the opposite effect.
Similarly, hysteresis is increased, e.g., by Fe and Nb, and, on the contrary, decreased by Cu
(Ramajan et al., 2005). As a consequence of alloying by other elements, the transformation
sequence is also changed; e.g., at the content of Cu below 7.7 % one-stage phase
transformation B2—B19" occurs (similarly as in a binary alloy). If the content of Cu exceeds
7.7%, two-steps transformation B2—B19—B19" takes phase (Tang et al., 2000). The alloy
properties may also be significantly influenced by alloy impurities from the production
process, forming, heat treatment, etc. As it was already stated, there could be an important
role of gases (O2, N2, H2) and carbon. In the resulting structure intrusions of the type
TiaNi20x, TiO2 etc. connected with the decrease of Ti content in the matrix can be observed.
There is significant influence of these composition changes on transformation characteristics
of the alloy.

Typical superelastic nitinols contain ca. 350-500 ppm of oxygen and 100+500 ppm of carbon.
The metallurgical purity (grain structure, presence of impurities etc.), of course, greatly
depends on the preparation process. Ni-Ti alloys can be called high-purity alloys if they
contain <100 ppm of oxygen and <20 ppm of carbon. These alloys are prepared in vacuum
induction furnaces in graphite crucibles with the subsequent repeated re-melting in vacuum
arc furnaces (Graham et al., 2004).

2.1. VIM - Vacuum induction melting

As has already been stated, VIM is one of the production processes used for the preparation
of TiNi alloys. The technology of vacuum induction melting in graphite crucibles represents
the existing key preparation method. Chemical homogeneity within this technology can be
achieved by appropriate power control (and stirring of liquid alloy connected with that).
When using this technology, the quality of the prepared alloy will strongly depend on the
material of the crucible. Usually the mentioned graphite crucible is recommended — where
the oxygen content can be neglected; nevertheless, carbon absorption must be considered
here (there is a significant influence of carbon on microstructural characteristics and
transformation behaviour). During the preparation of the material in a graphite crucible it
was also found (Frenzel et al., 2004) that in the case of using Ni-pellets and Ti bars/disks the
appropriate arrangement of the material in the crucible was important. The authors of this
study have shown that although the inner surface of the crucible was covered with Ti disks,
the content of carbon in the produced alloy was lower in comparison with the case of
random arrangement of the charge. This phenomenon is caused by formation of a TiC layer,
which acts as a diffusion barrier. It was also found that the carbon content strongly depends
on temperature and time of dwell of the melt in the crucible. For this reason, a more
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intensive investigation of these effects was carried out (Zhang et al., 2006). It was established
that with increasing time of dwell of the melt in the crucible the melt gets enriched in
carbon.

In Fig. 1b (Du & Schuster, 1998) it is possible to see more detailed information on the
isothermal section (at 1500°C-temperature recommended for melting of Ni-Ti based alloys)
of the Ni-Ti-C ternary system. The composition in this system is given in atomic %. It is
shown that there exists a single-phase region of liquids, extends from the area of pure Ni to
the area of pure Ti. There exists only a narrow two-phase area L+B-Ti which separates the
area of melted material from the B-Ti phase. The diagram also shows that the melted
material dissolves a certain amount of carbon (this dissolution is limited). Elementary
melted Ti and C cannot coexist in equilibrium state, due to this reason a TiC carbidic phase
is created. The diagram in Figure 1b also predicts the existence of three phases in
thermodynamic equilibrium: pure carbon, TiC carbidic phase and melted Ni-Ti depleted by
Ti. The reactions between the melt will result in a melted material with higher carbon
content and certain amount of TiC. In practice we cannot expect this equilibrium.

When the molten Ni-Ti enters into contact with the graphite of the crucible, inter-diffusion
causes a growth of the TiC layer and the contents of carbon in the melted alloy grows. This
process includes the diffusion of carbon through a thin layer of TiC which grows on the
boundary between TiC/melted Ni-Ti. On the boundary between graphite / TiC and the
boundary of TiC / melted material we expect local thermodynamic equilibriums. If using a
pure (unused, new) crucible for preparing the alloy, the first prepared ingot will have a
higher content of carbon than the next one. This fact is in accordance with the creation of the
above-listed TiC diffusion barrier. It is also recommended to perform rinse-melting before
melting alloys in an unused crucible.

200 um 200 um

(a) (b)
Figure 2. As cast state of alloy: Ni50.6-Ti(at.%) (a), Ni46-Ti50-Co4 (b)

In order to define the exact influence of the used technique, an experimental study
(Szurman & Kursa, 2010) with the aim of monitoring the influence of the preparation
process on microstructural characteristics of Ni-Ti-(X) alloys was performed. The examples
of microstructures of Ni50.6-Ti (at. %) and Ni46-Ti50-Co4 cast alloys are presented in Figs.
2a and 2b. As a consequence of the preparation of alloys in a graphite crucible, TiC type
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carbide phases are visible in the alloys' microstructure. A TEM image of the TiC phase (Fig.
3a) with the appropriate diffraction is presented in Fig. 3b. Similarly as with carbides, oxide
phases can also be seen in microstructures of Ni-Ti alloys. A specific example is presented in
Figs. 4a, b where particles of TiaNi2O can be seen.

(b)

Figure 3. TiC phase: TEM image (a), corresponding diffraction pattern (b)
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Figure 4. Particle of TisNi2O (a), corresponding diffraction pattern (b)

2.2. Plasma melting — Plasma furnace with horizontal crystallizer

This is another possible preparation process; there are, however, serious drawbacks.
During this process, input elemental metals are placed in the copper water-cooled
crystallizer. The crystallizer is carried by the screw below the plasma burner. Argon is
used as a plasma-forming gas. For the melting as such it is necessary to use the cleanest
available argon due to high affinity of titanium to oxygen. The plasma temperature
during this process reaches 6500 K (Dembovsky, 1985) and (Pacholek et al., 2003). The
advantage of this process can be seen in the prevention of contamination of melted
material by graphite from used electrodes (crucibles); high concentration of energy, high
plasma flow velocity and very quick heat transfer on the heated material ensure high
speed of melting. Disadvantages of plasma furnaces in comparison with vacuum
induction furnaces include lower degassing of the melted metal, which depends on purity
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of the used argon. The key disadvantage of this process consists in insufficient
homogeneity of the prepared alloy.

The development of plasma furnaces takes place in two main directions. Melting units
working on the similar principle as common arc furnaces can be added to the first type of
plasma furnaces. There is only one difference — that instead of electrodes, plasma burners
are used and the furnace used to be equipped with special soil electrode carrying the current
into the charge. The working space of furnaces is often designed to be vacuum-tight, which
enables maintaining an ideal inert atmosphere. This type of furnace can be equipped with a
relatively simple device for electromagnetic stirring of liquid metal.

The second furnace type is plasma furnaces with water-cooled metal crystallizers. As to the
arrangement, the concept of these furnaces is similar to electronic furnaces, with the
difference that instead of electron guns plasma burners are used and the furnaces mostly
work with the pressure of an inert gas varying around 105Pa. Exceptionally, there are
furnaces with overpressure. In metallurgy, so-called low-temperature plasma in particular is
considered, which is a system comprising a mixture of neutral particles with the prevailing
number of electrons and positive ions with temperatures in orders of 10° to 10*K. The
temperature of 10° K can be considered as the temperature of totally ionized plasma
(Dembovsky, 1978).

ol

Figure 5. Microstructure of alloy Ni49.5-Ti25.5-Zr10-Nb15 (at. %), plasma

Specific experiments with melting of selected alloys Ti-Ni-(X) are described, e.g., in studies
(Szurman & Kursa, 2009). Using this technique, ingots with the weight of 200-1000 g were
prepared. In Fig. 5 you can see microstructure of alloy after plasma melting. As you can see,
the microstructure of the alloy is highly inhomogeneous. This problem is caused by very
high temperature gradients during melting. At the top of the ingot the alloy is heated to a
high temperature. On the other hand, the part of the ingot which is in contact with the
crystallizer is intensively cooled.

2.3. VAR - Vacuum Arc Melting

VAR technology is widely used to increase metallurgical purity of alloys prepared using
standard procedures, e.g., in vacuum induction furnaces. This procedure is also known as
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“consumable electrodes”. Direct current is used for the formation of arc between the
electrode (melted material) and a water-cooled copper crucible/crystallizer. As a
consequence, the electrode tip is melted and a new ingot is formed within the water-cooled
crucible. The melt during the arc vacuum melting therefore is not in contact with the
graphite crucible (as it is in the case of the VIM technique with a graphite crucible/mould),
thus a “more pure” product can be obtained using this method. The carbon content usually
does not exceed 200 ppm (Dautovich & Purdy, 1965) or (Wu, 2001). For this technique a very
high vacuum is required.

Nevertheless, there are also drawbacks of this technique — small volume of the alloy and low
convection in the melt which may cause inhomogeneity of ingots. That is also the reason
why this procedure is usually repeated several times. Often the VIM+VAR process is
applied for the preparation of Ti-Ni-(X) alloys. VAR technology is also preferred for
preparation of experimental material for basic research of Ti-Ni-(X) alloys. For example, the
study (Choi et al., 2005) describes the preparation of experimental Ni-Ti alloys alloyed by Fe.
In this study, the ingot prepared using this method is homogenized at 1273 K for 24 hours.
In another study (Sakuma et al., 2003) heat treatment at 1223 K for 1hour after the
preparation of the material using this method is proposed. The specific regime is also
mentioned in the study (Jung et al., 2003) where heating at 1100°C for 100 h was used.

2.4. EBM - Electron Beam Melting (Vertical Zone Melting)

Crucible-free zone melting — or the floating zone process known as the FZ method
represents another specific preparation method. The formation of a narrow melted zone is
performed using electron heating. The melting takes place in a vacuum, and values of 10-
2 Pa are reached in this technology compared to 10 Pa in VIM technology. Using the method
of electron zone melting with suitable oriented nuclei, even monocrystals of many high-
melting metals — W, Mo, Ta, Nb, V, Zr, Ti, Re — can be prepared. The zone is maintained in
the floating condition mainly by forces of surface tension. The zone stability depends on
gravitation, surface tension and density of the melt, on material composition and also on
direction of zone movement. To maintain the stability of the zone, an outer magnetic field
with so-called supporting frequency is used (Kuchat & Drapala, 2000). A circular shape
ingot prepared in a vacuum induction furnace is used in this case as input material. There is
no risk of other contamination of the material with carbon in this technology (there is no
crucible). Carbon contents are usually lower than in the case of the alloy preparation using
VIM technology. Contents of gases are usually low as well because of using a high vacuum.
The contamination with gases thus depends only on the quality of an input casting and
tightness of the vacuum system. The disadvantage of this technology is the control of
chemical composition — evaporation of some elements can be expected here during melting.
Another drawback is the rather small volume of the prepared material; therefore this
technology is not suitable for commercial use (Ramaiah et al., 2005).

Rather integrated results regarding (un)suitability of various methods of preparation are
presented, e.g., in a recent study (Szurman & Kursa, 2009). The aim was an intercomparison
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of techniques selected for the preparation of Ti-Ni-(X) alloys from the point of view of the
microstructure and gas contents in the material. Also in this situation a distinct decrease of
gas contents after the preparation was observed here. The specific microstructure of the
prepared alloy Ni50,6-Ti (at.%) is presented in Fig. 6.

Figure 6. Microstructure of alloy Ni50.6-Ti (at. %), EBM

2.5. Preparation of alloys using powder metallurgy

Powder metallurgy is an important and suitable method for the production of the
mentioned alloys. Methods of atomization were developed for preparation of powder
metals with precise control of composition. However, the biggest problem with these alloys
is oxygen and carbon content. The content of oxygen can be up to 3000 ppm, but it can be
decreased by careful treatment to 1500 ppm (Schetky & Wu, 2005). It is well known that
with increasing content of impurities (especially oxygen and carbon), transformation
temperatures are decreased and a brittle secondary phase is formed (Mentz et al., 2008).
Subsequently, the composition of NiTi matrix (depletion by Ti) is significantly influenced by
oxide and carbide intrusions and thus can cause degradation of functional and mechanical
properties, which was also confirmed, e.g., in the study (Mentz et al., 2006). Other methods
are hydridation, pulverization and mechanical alloying (Wu, 2002).

The method for preparation of Ni-Ti alloy using powder metallurgy is described in the
study (Mentz et al., 2008). At first, the alloy was prepared by authors using a classical VIM
melting from high-purity input raw materials, then atomization with 6N argon followed.
The obtained powders were sealed into evacuated capsules made from stainless steel and
then compacted using the HIP method. It was also found that each technological step is
accompanied by increased content of impurities (oxygen and nitrogen). In the study
(Bertheville & Bidaux, 2005) the authors performed the preparation of Ti-rich Ni-Ti alloy
from elementary powders — Ni and TiHz. In another study (Zhu et al., 2005), preparation of
Ni-Ti alloy by sintering in argon from elementary Ni and Ti powders is described. Another
method of preparation is then described in the study (Mousavi et al., 2008), where a method
of mechanical alloying is described. The Ni-Ti alloy was prepared from elementary powders
in a planetary ball mill under atmosphere of Ar. During sintering of Ni and Ti, a
significantly exothermic reaction takes place so that the heat generated during the process is
used for the formation of the intermetallic compound TiNi.
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Elemental powders can also be sintered using “combustion” synthesis or explosion. In the first
case, a laser can be used as an external energy source (Bertolino et al., 2003). As for explosive
sintering, the reaction takes place after explosion during the temperature rise. Another method
is based on the passage of an electric current of suitable value under optimal voltage. It was
found that the optimal current density is 2822-5290 kA.m. The observed sintering times were
within the range 5+40 min (Locci et al., 2003). Ni-Ti materials prepared from powder metals
are very porous and contain other intermetallic compounds such as Ti2Ni and NisTi.

3. Forming of SMA

Apart from the already mentioned influence of the selected preparation method of SMA,
final properties and behaviour of SMA will be also determined by next processing including
heat treatment. This means not only the chosen method of forming, but also a sequence of
given forming operations. Also the influence of applied regimes of heat treatment should be
considered. All the mentioned factors have their own partial effect in formation of final
properties of SMA-based materials. With admixture elements, such as Cu contained in
binary NiTi alloys, martensitic transformations are considerably shifted and at the same
time also mechanical or thermomechanical characteristics of SMA are changed, as can be
seen, e.g., in the study (Liu, 2003). Hand-in-hand with forming or heat processing,
strengthening and healing processes are also important. Several studies are known, e.g. (Gili
et al., 2004) or (Morgiel et al., 2002), which confirm the importance of chemical composition
(Cu content) during dynamic recrystallization, esp. near borders of grains. On the other
hand, other studies (Nam et al., 1990) bring information on formability of SMA when Ni
was substituted by Cu. If Ni is substituted by Cu up to the content of ca. 10% (i.e. binary
NiTi alloy will be modified to Ti-40Ni-10Cu), then the phase transformation will take place
in two steps and these alloys will be much more deformable in the martensitic state than
original NiTi alloys. Despite these findings it is still valid that when Cu content exceeds the
limit 10 at.%, Ni-Ti-Cu alloys exhibit a rather low formability.
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Figure 7. Scheme of basic forming operations used for plastic deformation of SMA
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The chosen method of forming together with the method of heat processing is directly
proportional to achieved characteristics. Although SMA are mostly used in the form of thin
belts, wires or pipes (Kursa et al., 2005), all these products are produced by forming from
original cast ingots. Ingots in the cast state are characterized by a very low formability and
usually only a small or no memory or superelastic effect. With subsequent hot or cold
forming these properties are modified. In Fig. 7 you can see a scheme of basic distribution of
forming operations which are usually used for plastic deformation of SMA. Similarly as in
other materials, the main aim of hot forming is to change the dimensions and shape of cast
ingot, together with modification of its unfavourable microstructure. For the “destruction”
of the original dendritic structure, some deformation depending on the cross section of the
treated ingot should be applied. It is not unusual for the real size of the applied strain which
will provide the required changes to reach values of around 90%. High degrees of
deformation performed as hot forming are often also conditioned by requirements arising
from the consecutive cold forming, during which such significant reductions of cross section
cannot be realized (Ramaiah et al., 2005). Nevertheless, especially recently, when an
explosion of unconventional forming techniques occurred, it can be said that intensities of
applied strain can reach, and in practice do reach, much higher values than 100%. It should
be stated that in these cases it is a shearing deformation where no significant changes in
cross section occur. The main aim of these unconventional forming techniques is to achieve
structural modification with the effort to deform materials at temperatures as low as
possible.

The conventional treatment (forming) of SMA is usually divided into more stages. A
frequent sequence of individual operations consists in melting, casting, hot swaging, cold
rolling and drawing. Especially during cold forming techniques it is common to insert heat
treatment between partial operations. So it is obvious that the transformation behaviour of a
particular alloy will be influenced by each of these mentioned operations. In the first stages
(melting, casting), there is an already mentioned factor of chemical composition. However,
the production process itself can be performed in several various ways with different
influence on the studied characteristics, which is documented by a high number of
performed studies (Frenzel et al. 2004 and Zhang et al.,, 2005 and Frenzel et al., 2007a).
Regardless of the chosen technique of melting, increased attention should be paid in all
techniques to minimization of additional elements, especially oxygen and carbon. These
elements have negative influence on the memory effect and also on the brittleness of the
particular alloy, which is not without perceptible consequences, especially during the stage
of forming.

During alloy forming, which is usually performed in the temperature range 300+900°C, in
addition to the present admixtures, defects in the crystal lattice also begin to come to light.
To be more specific, both point defects and changes in the dislocation density begin to
activate, which will significantly influence healing and precipitation processes (Frenzel et
al., 2007b) or (Kocich et al., 2007). In binary NiTi alloys at around temperatures of 400°C the
softening process begins, while at temperatures of 900°C formability (elongation) of alloys
determined by tensile tests can exceed 100%. Although SMA at these temperatures exhibit
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relatively good formability, during alloy forming some cracks may appear, especially near
the edges. Usually bars or plate slabs are prepared by forming (forging, rolling). The
deformation behaviour of SMA can probably be considered optimal in the temperature
range near 800°C. Just these temperatures lie in the range where the alloys are workable and
at the same time oxidation of their surface is not as massive as at higher temperatures (Wu,
2001). If forming temperatures are too high, the mentioned oxidation takes place and with
increasing temperature the degradation of the material increases as well. The consequence
of these processes is formation of very stable oxide layers which are often a part of the
surface and cause destruction of the material due to the formation of cracks. When SMA is
heated to the temperature 900°C, the alloy tends to be brittle because of occurrence of the
TiaNi20 phase.

After hot forming of alloys, heat treatment is very often applied. The influence of annealing
temperatures or cooling rate after annealing is already known very well; more detailed
information on partial modes can be found, e.g.,, in the study (Standring et al., 1980).
Generally it can be said that longer annealing times cause higher Ar temperatures (austenite
finish). It is known that an increase of transformation temperatures (As, Ar) depends on the
technology used for the preparation (machining) of SMA and is caused by temperature-
induced stresses and defects. High Ms temperature is attributed to incomplete
transformation during heating. The mentioned heat treatment is used for optimization of
physical and mechanical properties together with maximization of shape memory effect and
pseudo-plastic behaviour. The main reason for performed heat treatment after forming is
thus modification of transformation temperatures for specific applications. When compared
to the relatively wide interval of forming temperatures, the range for annealing
temperatures is considerably narrower (300° — 525°C). The times used for annealing are
usually in the order of minutes (5-30). Relatively stable resulting transformation
temperatures are documented for annealing at temperatures of about 500°C and times
shorter than 10 minutes (Liu et al., 2008). With increasing time of annealing Ar temperature
increases and stress decreases. Increase of Ar is usually accompanied by depletion of the
NiTi matrix by Ni, which is precipitated in the form of precipitates.

3.1. Swaging

As has already been mentioned before, one of the first forming procedures used for plastic
deformation of cast ingot is swaging. Swaging is a forming process characterized by a very
high rate of deformation (i.e. potential possibilities for the production are 4-6 pieces per
minute). It is usually performed on swaging machines. There are many significant
advantages of swaging, among them, e.g., possible high reduction of cross section at
relatively low energetic costs, significantly dimensionally more precise forged pieces, higher
surface quality and considerable improvement of mechanical properties of these products.
This process has been known about for a relatively long time, which is also documented by
many published studies. One of the main aims of these studies is to find a method of
detection of pressure distribution on contact surface during individual deformations
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(Zhang, 1984). Individual approaches consider various assumptions related to the parameter
of applied energy (Choi et al., 1997 and Canta et al., 1998) or to the course of metal flow
(Standring et al., 1980) or (Wang et al., 2005).

Swaging can be divided into two main groups. The first group is hot swaging; the second
one cold swaging. Both named groups are procedures characterized by high efficiency and
they can be used both for the production of full bars and differently shaped pipes. Swaging
is a process which can be described using gradual (incremental) deformations, and is widely
applicable for the production of engineering parts such as disks, rings, gear shafts, etc. The
main difference between cold and hot swaging is in the working temperature of the process
and also the used lubrication (in cold swaging).

However, it is generally known that high-temperature swaging, when compared to the
original state of SMA after homogenization, need not necessarily cause a significant
difference in reached transformation temperatures. On the other hand, e.g. after cold
rolling, there is a distinct (usually full) suppression of phase transformation. It should be
noted however that even short annealing of such a deformed state will be enough to restore
the memory effect. The annealing will unblock obstacles which prevent the mentioned
transformation process and the transformation can proceed again. Although the values of
transformation temperatures in the state after hot forming and in the original state are not
very different, there are considerable differences in the structural arrangement. During
forming, a distinct decrease in grain size occurs, which also determines the final mechanical
properties of individual states. Based on the size and type of applied strain, this value after
forming can be increased to twice the original value.

3.2. Rolling

During hot rolling, individual grains of SMA forming the structure are deformed and
simultaneously recrystallized, which preserves their equiaxed microstructure. At the same
time the deformation reinforcement is compensated. The source material is usually in the
form of cast semiproducts such as plate slabs, bars or ingots, or semiproducts after forming
(e.g., by previous swaging, etc.). Heating of SMA is usually performed in electric furnaces,
since SMA semiproducts are generally of small dimensions. In contrast to swaging, there is
not such a massive generation of deformation heat to maintain the working temperature of
formed components or its slight increase. Although during rolling the temperature as a
consequence of deformation changes depending on the deformation rate, it is not enough to
compensate the heat loss to the environment or into the tools. That is why for most SMA
products (semiproducts small in dimensions) there is a serious danger of going under the
recrystallization temperature during the hot rolling itself. The temperature of formed
semiproduct after rolling should be near the range from 50 to 100°C above the
recrystallization temperature to ensure sufficient heat for the process. In the event of failure
to comply with this condition, intermediate heating must be performed before the
subsequent reduction. There are relatively many published experiments in the field of
rolling focused on the effect of ausforming (forming in the region of austenite) or
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marforming (forming in the area of martensite). For example, the deformation behaviour of
binary NiTi alloys during hot pressure or hot tensile tests is mapped (Dehghani & Khamei,
2010 and Morakabati et al., 2010). Suzuki in (Suzuki et al., 1999) states that significant
increase of hot formability can be achieved in NiTi alloys by forming at temperatures of 900°
—1000°C, but there is the drawback of the above mentioned surface oxidation.

When hot rolling is carried out, cold rolling usually follows. Cold rolling of SMA is a
process which is much more difficult than the same hot process. The main factor that
complicates this procedure is the absence of healing processes which are activated at
increased temperatures. During cold rolling, in the course of deformation solidification of
SMA takes place and consequently formability of materials decreases. Other influences
include a higher value of deformation resistance when compared to hot rolling. Just as a
consequence of the limited formability of SMA, microcracks may appear during cold rolling
in rolled products. It should be stated that it can occur even at low reductions of height
(~20%). In cases when the final wire is produced by cold rolling in calibres (with diameters
usually lower than 5 mm) the forming should take place in more stages. That is why a
higher amount of passes is necessary to obtain the final wire. Probably the main reason for
usage of cold rolling is to obtain dimensional accuracy and also the high surface quality of
products prepared in this way. A side effect of cold forming (rolling) is suppression of the
shape memory effect, while there is an increase of strength properties and a decrease of
plastic properties.

With increasing content of Ni, rolling is more and more difficult and when the limit of 51
at.% of Ni is exceeded, any rolling of NiTi alloys is extremely difficult. The main reason is
considerable deformation reinforcement. As is obvious from the more experimental results,
yield strength of annealed NiTi alloys is usually lower than 100 MPa, but already after
deformation of 40% this limit increases to values of about 1000 MPa. If the deformation
continues, it would be very probable that cracks in the material would appear or even
destruction of the material would take place. Intermediate annealing must therefore be
performed before the next forming. This will cause a decrease of strength properties and a
partial recovery of plastic properties. The just mentioned combination of deformation-
healing (annealing) causes refinement of the final structure as a result. The temperature of
intermediate annealing and its length will accordingly be the key parameters for the
microstructure development. Generally it can be said that the temperature of intermediate
annealing is lower than the temperature necessary for hot forming and usually is about
600°C (Wu, 2002).

It is known that during cold forming (rolling) the increase of the volume fraction of
martensite is much higher than during hot rolling. Relatively many experimental studies
focused on thermomechanical processing of SMA and mapping the effects of rolling and
subsequent annealing, e.g. (Kurita et al., 2004), confirm this knowledge. It can be briefly
stated that the higher the annealing temperature is, the lower content of retained martensite
you will find. However, this fraction can be present in SMA even at relatively high
temperatures, which is also documented in numerous studies (Brailovski et al., 2006 and Lin
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& Wu, 1994). The reason is the presence of dislocations which slow down its conversion to
austenite during post deformation annealing. The potential softening during annealing can
be considered in three ways (mechanisms): a) dislocation recovery after which
retransformation of martensite to austenite takes place (at temperatures of about 400°C), b)
particle stimulated nucleation (PSN) at middle temperatures (~500°C), c) recrystallization of
the matrix at high temperatures (~600°C). The needed level of deformation ensuring stable
shape memory and superelastic behaviour of SMA (during cold rolling) is usually above
90% (Kim et al., 2006).

Among other drawbacks of rolling, there is only a small possibility of controlling the grain
morphology or texture at adequate refinement of the microstructure. These are substantial
effects which can influence the shape memory characteristics. Generally it can be stated that
in the case of the requirement to maximize the shape memory effect, the best solution is to
use the NiTi alloy in the state after hot rolling. In the case of the requirement to obtain high
strength and hardness at acceptable reversible deformation, the NiTi alloy should be used
after cold rolling.

These were not the only reasons for the impulse for researching the effect of unconventional
forming techniques on deformation behaviour, or transformation characteristics of SMA.
Especially in recent times there is a significant effort during research regarding the
application of Severe Plastic Deformations (SPD) in memory materials. Among other
applied techniques within the group of SPD, there is e.g. High Pressure Torsion (HPT)
technology, or the Equal Channel Angular Pressing (ECAP) process. It was already
confirmed several times by experiments that these techniques are a very effective tool for
influencing the transformation characteristics, cyclic stability SMA and simultaneously
relatively easy control of the texture of these formed materials (Kockar et al., 2010).

3.3. SPD processes

As has already been stated, most of the characteristics of SMA are mainly based on reverse
martensitic transformation, which is controlled by chemical composition, microstructural
parameters and also the method of preparation. The possibility to control functional
properties of materials based on Ni-Ti alloys using thermomechanical treatment can be
improved through microstructural refinement, which is documented in many studies, e.g.
(Sergueeva et al., 2003). It is most desirable to obtain the structure characterized by very
small grain (subgrain) size — ultra fine grain (UFG) structure. Nevertheless, it is necessary to
simultaneously preserve exceptional properties of memory alloys.

It is known that TiNi-based materials characterized by a very small grain size can be
prepared via three methods. The first method is chilling of cast. The second one consists in
the preparation using SPD methods and the third one is then the combination of
conventional techniques and subsequent annealing. Using the first and the second method
enables one to obtain a fine-grained structure with the grain size in the range of 200-600 pum.
If conventional forming with subsequent heat treatment will be used, then generally a larger
grain size can be achieved compared to both of the previous variants. Nevertheless, a
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significant advantage of this method is obtaining a relatively equiaxed structure, although
with a little larger grain size than in the case of SPD. A distinct difference between the
conventional and unconventional method of forming is mainly in the intensity of applied
strain. During conventional forming, only limited degrees of deformation can for
technological reasons be applied on the formed material during one forming cycle. In
addition to that — as has already been discussed above — this process should usually be
performed at higher working temperature.

The principle of SPD processes is based on repeated application of high degrees of plastic
deformation during individual forming cycles. This fact, together with relatively low
applied temperature when these processes occur, is behind the structural refinement during
SPD. The result of such deformations is equiaxed structures characterized by a relatively
high amount of grains with high angle misorientation. In addition to these features, the
structures can also be described by the presence of subgrains with high dislocation density
(especially after ECAP). However, it must be noted that the materials prepared using SPD
also contain areas with high internal stress, at least when compared to cast materials. In the
case of HPT, it is possible to obtain even amorphous states which, after subsequent
annealing, are transformed into nanostructural arrangements. Based on the selected regime,
the final grain (subgrain) size can be expected then. The applied annealing of SMA is
usually in the temperature range of 200+400°C. This is, at the same time, the interval of
relatively stable grain size, nevertheless there is a significant decrease of dislocation density
inside grains. With increasing temperature (~500°C) the grain size is increased to twice the
original value, while grain boundaries are also much better defined. The reason of this
increase is in the course of healing processes.

3.3.1. High pressure torsion

Localization of applied strain can thus be achieved using large plastic deformations. One of
the first suggested and so far the most effective SPD method is the high pressure torsion
process (HPT) (Fig. 8). It should be stated that in spite of certain limitations, deformation
behaviour of a wide range of materials can be studied with this process. The consequence of
the application of SPD is the destruction of the crystal lattice with subsequent
transformation to the amorphous state. Accumulated dislocations or grain boundaries are
the main driving force of the amorphization process. High density of dislocations may cause
formation of amorphous bands thanks to shear deformation instability. In SMA, especially
in NiTi-based alloys, a strong crystallographic texture is formed (Frick et al., 2004). In the
following course of the process, refinement of grains and simultaneously amorphization are
observed. This continues up to the full amorphous state of the formed material volume.
According to this study and others, even the nanostructure formed like that contains
characteristics of the texture, while in this state no directional deformation occurred.
Individual nanograins exhibit preferred orientation which corresponds with orientation of
nanograins preserved in the structure after HPT. A certain explanation may be knowledge
assigning this influence to nanocrystals thanks to which heterogeneous nucleation occurs.
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It should be noted that such a structural state is stable only at low temperatures. For these
reasons HPT is usually performed at room temperature or even lower. However, findings
on the dependence between Ms temperature and formation of nano-crystalline structure in
SMA materials based on NiTi are very important. If the deformation temperature during
SPD is lower than the corresponding Ms temperature of the formed alloy, then there is a
high probability of formation of nano-crystalline structure. If the deformation temperature is
between the Ms temperature and the highest temperature of the beginning of martensitic
transformation influenced by deformation (Ma), then the probability of the nanostructure
formation is lowered. If the deformation temperature is higher than the Ma temperature, the
probability of the nanostructure formation is very low. If after SPD post-deformation
annealing is applied, then a submicrocrystalline structure is formed.

It was already mentioned that at specific temperature regimes set during annealing the alloy
can crystallize into grains with the size (10-40 nm). The specific temperature range where NiTi
alloys are stable is 250° — 300°C (Prokoshkin et al, 2005). With increasing temperature of
annealing, the final nanostructure will be “coarser”. Total amorphization of the structure is
usually achievable only in cases when the deformation temperature is lower than the martensite
start temperature (Ms). Rate of the structure amorphization is influenced to large extent by the
applied pressure during HPT. Higher imposed pressure suppresses the tendency to form an
amorphous structure from nanostructure and as well to form nanostructure from deformably
reinforced dislocation structure, as confirmed by the study (Prokoshkin et al., 2005). The
probable reason is a decrease of Ms temperature, due to higher values of pressure deformations.

Materials processed using HPT and subsequent heat treatments usually reach very high
strength properties (strength higher than 2 GPa). Surprisingly, relatively high plastic
characteristics are also preserved (elongation at break up to about 40%) (Sergueeva et al.,
2003). There are also assumptions to obtain super-plastic behaviour of NiTi alloys. Although
the HPT technology appears to be a suitable candidate for positive modification of the
properties, it is in principle excluded from commercial use by its main drawback (very small
samples)-see Fig. 8b.

(@) (b)

Figure 8. Machine for HPT process (a) detail of processed sample (b)
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3.3.2. Equal channel angular pressing

It was necessary to process larger volumes of products, which has led to looking for
alternative ways of HPT substitution. One possible candidate for meeting the scheduled
targets appears to be the equal channel angular pressing process (ECAP). In Fig. 9a you can
see the assembly for practical application of this technique. It must be noted that, in contrast
to HPT, various shapes of material sections can be processed here (Fig.9b). As it was
already mentioned, there is an effort when using SPD techniques to decrease the working
temperature, because it is known that with decreasing deformation temperature the final
grain size in the final structure of the treated material also decreases. Since SMA are
characterized by a relatively high deformation resistance, the ECAP process — in contrast to
HPT - should be performed at temperatures relatively higher. The most suitable range of
forming temperatures found in experiments is 400° — 500°C. Amorphization of the structure,
however, cannot occur in this temperature interval. This fact also determines higher size of
final grains when compared to HPT technique. The size of the grain is usually decreased to a
value that lies in the region of 200-300 nm. Although even in this case the strength
properties are significantly increased while preserving relatively good plastic properties,
these values are lower when compared with the state after HPT. Also the combination of
ECAP and thermomechanical treatment is among tested procedures for another reduction of
the grain size. To be more specific, cold rolling was applied after previous angular pressing
(Pushin et al., 2006).

Figure 9. Machine for ECAP process (a) detail of assembly and processed sample (b)

NiTi alloys are very sensitive to the exact chemical composition, which is manifested even
during their deformation using SPD techniques. For example, in the study (Khmelevskaya et
al., 2001) the binary NisoTiso alloy absolved 12 passes (ECAP) at the temperature 500°C, or 8
passes at the temperature 400°C; in the case of NiwsTisoz alloy, only 3 passes could be
applied, since the material exhibited relatively low formability and it was destroyed.
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The reason for the formation of a fine-grained structure is probably the proceeding
recrystallization process which causes gradual increase of disorientation of subgrain
boundaries up to the formation of high-angle grain boundaries (HAGB). As to the ability of
reversible deformation, its value after ECAP is comparable to the value obtained after
application of conventional forming techniques (cold rolling) followed by heat treatment. It
is documented, e.g., by the already mentioned study (Khmelevskaya et al., 2001) where the
value of such deformation was determined to be ~7%. It should, however, be noted that the
temperature interval of the memory effect after ECAP is narrower and also with lower
values than after cold rolling. Similarly as after HPT, the temperature stability of SMA by
annealing was tested up to temperatures of 500°C. Similarly, also after ECAP, SMA
appeared to be stable, but significant reduction of dislocation density occurred. Increasing
temperature caused an increase of grain size.

Generally it is known that cooling of NiTi alloys below the Ms temperature leads to higher
formation of coarse-grained structure (50+80) um of the R phase. As confirmed by the study
(Pushin & Kondratjev, 1994), cooling of coarse-grained monocrystals of B2 NiTi alloys below
the Ms temperature leads to the formation of R-martensite with rhombohedral (or
hexagonal) lattice. In the case of occurrence of other admixtures in binary and multiphase
alloys, formation of monoclinic B19'martensite takes place during cooling below the Ms
temperature. In particular, occurrence of elements such as Cu, Pd, Pt or Au during cooling
of the alloy below the Ms temperature leads to formation of orthorhombic martensite B19
(Pushin, 2000). Generally it can be said that martensitic transformation on the
microstructural level is caused by the presence of microtwins, while on the level of internal
areas of grains it is caused by the formation of coherent crystals.

Martensitic phase transformation thus usually takes place from cubic B2 high-temperature
phase (austenite) to monoclinic B 19" phase (martensite). This process is accompanied by
high deformation. According to the results from the experiment (Waitz et al., 2004), if the
grain size in SMA is in the region of nanometers, then the high density of grain boundaries
will act as a significant obstacle during mentioned transformations. There are two main
reasons why martensitic transformation in nanomaterials is suppressed. The decrease of
transformation temperatures depending on the decrease of grain size follows from the
mentioned study. It was also proved that full suppression of martensitic transformation
takes place when the grain size is smaller than 50 nm. From the point of view of phase
stability, these small grains have a significant influence on morphology of martensite
(Waltz, 2005).

Thanks to the experiment performed with the Ni50.4Ti alloy, the specific influence of
forming on transformation characteristics and also on microstructure development was
mapped. The experiment describes the problem of combination of conventional forming
techniques together with unconventional ones. For forming, SMA characterized by the
content of O2 (0.0624 wt.%) and N2 (0.0039 wt.%) was used. The content of carbon (0.055
at.%) was determined using spectrometry. The diameter of the cast was 20 mm and the cast
length 350 mm. Then homogenization at the temperature of 850°C is followed by
subsequent cooling.
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The forming itself was suggested in the first phase using swaging then pressing using the
ECAP technique was performed. Swaging was performed at the temperature of 850°C.
During swaging, the strain was applied gradually in individual reductions. The total strain
applied on the cross section was 66 %. On the contrary, the ECAP technology was applied
on SMA at the temperature of 290°C. Because of possible “negative” influence on the
temperature fluctuation of the formed material, the pressed samples were placed in the steel
“cans”. For the ECAP, matrix with the angle 105° between individual canals was used; the
extrusion speed was set to 1 mm/s. The extrusion itself consisted of two performed passes,
where Bc was chosen as the deformation path. In particular, the influence of intensities of
applied strain in relation to mechanical and thermophysical properties and the course of
healing processes were studied. To be able to determine the mentioned effect, heat treatment
was carried out after the performed deformation. In addition to optical microscopy, RTG
diffraction was also used for evaluation of changes. The differences between after swaging
followed by ECAP are obvious from the attached photos (Fig. 10).
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Figure 10. Ni50.4Ti alloy (swaged+ECAPed) : microstructure (a), diffraction fringe (b)

To be able to specify the differences caused by applied strain, it was necessary to perform
heat treatment of the deformed materials. These annealing using selected temperature
regimes (550°C/15 min, 600°C/15 min, 650°C/15 min, 900°C/15 min) should provide
information on the influence of the accumulated deformation on the beginning of
corresponding processes, especially recrystallization.

The azimuthal profile of diffraction lines of the NiTi alloy confirms that all mosaic blocks
(DCA-diffraction coherent areas of crystallites) in the structure after ECAP are smaller than
10 um (Fig. 10b). The DCA are regions that scatter coherently. These areas are defined by
borders where is high dislocation density. Within the framework of the mosaic blocks, the
moving dislocations face minimal resistance. Inside the mosaic blocks is much less of
dislocations than on the borders of blocks, that is why the mosaic blocks are called as
dislocationless cells (areas) in the crystallites. Nevertheless, this predication is not quite
accurate because one of obstacle in these blocks for dislocation movement is Peierls —
Nabarro stress (i.e. dislocation is moving through the mosaic block, so that mosaic block
must have at least one dislocation). This labeling (dislocationless blocks) is commonly used,
important factor is that inside of the mosaic blocks is considerably less of dislocation than on
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its boundaries. Due to this matter (low dislocation density inside of mosaic block) can X-ray
be diffracted coherently (that is why the mosaic blocks are also often marked as Coherent
Scattering Regions — CSR'’s). The presence of blocks smaller then 10 pm was confirmed by
XRD. Generally may be noticed that mosaic blocks (obtained by XRD) are not the same as
grains observed by optical microscopy. Mosaic blocks can be seen by presence of reflections
on XRD patterns. In the case of the large block presence will be its reflection large as well.
Since cannot into the diffracted volume be much of big mosaic blocks present, there will be
their reflections on diffraction lines clearly separated. If will be mosaic block small there will
be much of their reflections in diffracted volume. That is why individual reflection are
overlapping (they are not separated i.e. reflection is continuous). More detailed information
about this technique can be found for example in (Hindelah & Hosemann, 1988).

As a consequence of recrystallization processes after annealing of the extruded alloy at
temperatures of 600°C and higher in the structure blocks larger than 10 um were formed,
while after the same length of time annealing at lower temperatures all mosaic blocks
remained smaller than 10 um. It should be noted that the size distribution of mosaic blocks
was bimodal (i.e. blocks larger than 10 pm and blocks smaller than 10 pm). This means that
coarser crystallites contain more nickel than smaller crystals. The reason is the asymmetry of
the area in the phase diagram of titanium - nickel formed by a solid solution of TiNi.
Microinhomogeneity of the alloy also influences mechanical properties of the alloy. The
dispersion of such elementary composition and thus lattice parameters of individual mosaic
blocks in the structure causes so-called microstrain (strain of the 2d order) influencing the
dynamics of dislocations, but also nucleation and growth of microcracks. These strains of
the 2nd order also influence shifts of walls of mosaic blocks and thus the course of
recrystallization of the alloy. The authors of the experiment performed with the Ni50.6Ti
alloy also arrived at similar results (Kocich et al., 2009).

It means that even with very thoroughly conducted preparation of material based on shape
memory alloys, microinhomogeneities may be formed. As concerns the forming
technologies as such, it can be stated that after completed rotary forging (swaging) the initial
grain size and therefore also the ensuing properties were substantially changed. The ECAP
process also proved its influence on the final appearance of the micro- and substructure. The
differences are even apparent in the number of passes; if material passed through the matrix
only once, then no mosaic blocks smaller than 10 um occurred in the structure, however,
influence of the second pass can be seen here, when the samples of the NiTi alloy already
contained bi-modal composition. The temperature that appeared to be the starting
temperature for initiation of re-crystallisation was 600°C.

4. Conclusions

For some specific purposes, the exclusivity of binary shape memory alloys should be
modified by the addition of another element. These prepared Ti-Ni-X based materials are
currently very progressive materials. As has already been indicated, their final properties
will, to a great extent, be determined by the chosen element. To a great extent, it is thus the
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factor of chemical composition; nevertheless that is not the only one. A significant influence
in the sense of the effect on transformation characteristics together with other properties was
also demonstrated for the preparation method. There is an outstanding dependence on used
forming technology and their relationship or thermomechanical conditions play an
important role. During conventional forming, the deformation behaviour of SMA binary
systems is relatively well known. As seems to be the case, multiphase SMA are very
sensitive to even small deviations from the required chemical composition. These nuances
can be observed through the shifts in recrystallization temperatures, which also means the
shifts in their optimum forming temperatures.

Particularly at this time there is intensive research of use of unconventional forming
techniques for SMA. Although it is already known that when using these procedures, in
contrast to conventional forming, it is possible to obtain structures characterized by grain
size of nanometers, the procedure is currently not optimized for practical applications. The
effectiveness of procedures based on applications of large plastic deformations consists
mainly in a distinct decrease of grain size. There is also an obvious benefit in controlled
textures of deformed SMA, which can also be utilized with regard to required final
properties.

Although studies monitoring behaviour of multiphase Ti-Ni-X based systems exist, a
generally known method for the preparation of SMA is not still available. In the future there
should be actions related to preparation of specific alloys with verified behaviour. It is
obvious that hand-in-hand with the above mentioned there should also be development
focused on the preparation and target modification of properties of these materials.
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1. Introduction

Titanium-nickel alloys with a chemical composition close to equiatomic remain in the centre
of interest due to the unique properties associated with shape memory effect (SME). In
opposite to polymers or ceramic, mechanism of the shape memory effect is strictly correlated
to the thermoelastic reversible martensitic transformation (MT). Modification of the course of
the martensitic transformation influences the shape memory effect. Generally, course of the
martensitic transformation can be influenced, separately or simultaneously, by two ways:

Modification of chemical composition: addition and/or substitution of the alloying
elements (Otsuka at all 1998; Van Humbeeck 1997). Alloying elements such as
aluminum, iron, cobalt, cause lowering temperatures of the martensitic transformation
even down to -140°C. Addition of copper (Duerig at all 1990), hafnium or zirconium (Li
at all 2006) causes an increase of the transformation temperatures. In case of hafnium
and zirconium, it is possible to obtain high-temperature shape memory alloys, in which
the reversible martensitic transformation occurs at temperatures between 300 and 400°C
(Santamarta at all 1999; Monastyrsky at all 2002).

Modification of microstructure: way of production and/or farther alloy processing. The
course of the martensitic transformation and its reversible nature is also affected by the
structure of defects formed during the manufacturing or alloy processing. In order to
change the transformation temperatures, in fact - the thermal range of the shape
memory effect, mostly heat treatment or thermo-mechanical treatment is applied
(Besseghini at all 1999; Kima at all 2006; Morawiec at all 1996). However, this requires
an additional investments expenditure on devices. In consequence, it increases time of
production process as well as its total cost.

Ternary NiTiCu alloy belongs to a large family of Ni-Ti alloys, which reveals shape memory
effect (Mercier at all 1978). In the NiTiCu alloys content of titanium is close to 50at.% while
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nickel does not exceed 20at.%. The rest is copper (Melton at all 1979). Substituting either
nickel or titanium results in increasing the characteristic temperatures of the martensitic
transformation, when compared to a binary NiTi alloy. In results of that, a thermal range of
the shape memory effect moves from the room temperature up to approximately 80°C
(Duerig at all 1990). Moreover, copper causes good stability of transformation temperatures
as well as prevents from formation of TisNis precipitation (Fukuda at all 1995). However, the
most important feature is appearance of the multistep martensitic transformation and
formation of different type of the martensite structures. It results in receiving shape memory
alloy, in which a hysteresis of the martensitic transformation can be narrowed from about 30
degrees down to 15 degrees. Dependently on the copper addition, the course of the
martensitic transformation can be as follows (Nam at all 1990; Nomura at all 1990; Nomura
at all 1992):

- the copper lower than 5-10 at% during cooling the parent phase B2 transforms directly
to the B19” monoclinic martensite; thermal hysteresis is about 20 degrees;

- for 10-15at% Cu - transformation occurs in two steps: first, from the B2 parent phase the
orthorhombic martensite B19 is formed, next the B19 martensite transforms to the B19’
monoclinic martensite; thermal hysteresis is about 30 degrees;

- when the Cu content exceed 20%, again one-step transformation can be observed,
however the B2 parent phase transforms directly to the B19 orthorhombic martensite;
thermal hysteresis is about 10 degrees;

Special attention was drawn by alloy with nickel content of 25 at.% Ni and copper also 25
at.%. It was due to the wide possibility of its potential application (Gil at all 2004;
Grossmann at all 2009; Colombo at all 2006) . The reason for this is the narrow thermal
hysteresis loop of the martensitic transformation. Its width does not exceed 15°C.

Recently, for manufacturing of the NiTi-based alloys, intensive effort has been put to
adoption of the nonconventional production techniques such as powder metallurgy (PM)
(Goryczka at all 2008); Li, 2000), melt-spinning (MS) (Santamarta at all 2004; Morgiel at
all 2002; Goryczka at all 2001; Rosner at all 2001) or twin roll casting (TRC) (Goryczka
and Ochin 2005; Dalle at all 2003; T. Goryczka, (2004)). This creates a wider possibility of
the alloy applications. Despite the fact that these techniques have been successfully
applied to metals and alloys production, their application for SMAs manufacturing is
quite new.

The subtle nature of martensitic transformation and shape memory effect requires the
selection of appropriate process conditions and parameters. In fact not many references
about the influence of the processing parameters on the shape memory alloys and
transformation behavior in NiTiCu alloy can be found.

The chapter is focused on NixsTisoCuzs alloy manufactured by powder metallurgy or rapid
solidification techniques. Comparison of transformation behavior, structure, and
microstructure is discussed.
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2. Powder metallurgy
2.1. From powders to alloy

In order to produce NiTiCu alloy with the nominal chemical composition (25at.% Ni, 50at.%
Ti and 5at.% Cu) commercial powders of elements (purity 99,7%) were weighted in proper
ratio and mixed in a rotary mixer during 48 hours. Measured average particle size of as-
received powders was 6.2 um, 11.5 um and 33.7 um for Cu, Ni and Ti, respectively (Fig. 1).
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Figure 1. Particle size distribution for powders and their mixture.

During mixing the mixture was homogenized. Simultaneously, powders were agglomerated
in mechanical alloying process (Fig. 2a). Due to the significant differences in hardness of the
alloying elements (Cu - 369HV, Ti - 970HV, Ni - 638HYV), this effect becomes clear between
Ti and Cu as well as Ni and Cu. Figure 2b shows distribution of the elements from region
marked in Figure 2a . The large particles were composed of Cu and Ti powders as well as
Cu and Ni. In consequence, the powders were homogenously distributed in the mixture and
its average particle size increased up to 95.9 um (Fig. 1).

(b)

Figure 2. SEM image of the powder’s mixture (a) and distribution of the elements from region marked
in left image (red — titanium, green - nickel, blue — copper) (b).
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From mixture, compacts were formed at room temperature under pressure of 8 MPa. They
were in a shape of cylinder with diameter of 10 mm and 6 mm high. Sintering was carried
out in a horizontal tube furnace under argon atmosphere. Sintering conditions were chosen
in reference to the melting temperature (1264°C). It varied from 850°C to 1100°C and total
sintering time from 7 to 20 hours. After sintering, furnace was slowly cooled down to the

room temperature.
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Figure 3. X-ray diffraction patterns registered for powders mixture (a), alloy sintered at 850°C for 5
hours (b) and at 1100°C for 7 hours (c).
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In order to prove, that after sintering the NiTiCu alloys were obtained, X-ray diffraction
analysis was done for compacts as well as blends. X-ray diffraction pattern were measured
using the X'Pert Pro diffractometer with Cu radiation (Kat and «2) in the 20 range: 20 + 140
degrees. Figure 3a shows X-ray diffraction pattern registered for compact before sintering. It
can be clearly seen that diffraction pattern contains diffraction lines, which belongs to the
pure alloying elements. Separated phases were identified using the ICDD data base PDF-2.
It was proved that powders mixture consisted from Ti, Ni and Cu (card no Ti: 065-3362; card
no Ni: 04-0850 and card no Cu: 04-0836). Moreover, quantitative analysis done using the
Rietveld refinement confirmed that measured chemical composition was comparable to the
nominal one. The main goal of sintering was to produce transformable phase, which can be
described by nominal chemical composition of the alloy as NixsTisoCuzs. For such
composition, in a bulk alloy, the orthorhombic B19 martensite appears. It undergoes
martensitic transformation at temperature above 75°C creating the B2 parent phase (Duerig
at all 1990). X-ray diffraction patterns registered at room temperature showed that
independently on applied sintering conditions, the orthorhombic B19 martensite was found
in all blends. However, sintering took an effect on the phase composition. One has to
remember that mechanism of the alloying, which occurs during sintering is different from
that, in tradition melting. During sintering alloying elements diffuse each one into other.
Thus, from the ternary powder mixture reaction between alloying elements may be
combined. In result of that various phases coming from the systems: Ni-Ti, Cu-Ni as well as
Cu-Ti may be expected (Gupta 2002). Precursor of that is partial mechanical alloying, which
occurred during powders mixing (Fig. 2).

Sintering conditions Fraction of phase [%]
Temperature [°C] Time [h] B19 Ti2(Ni,Cu) NiCu Ti
5 82.7+29 13.7 +0.6 24+0.3 1.2+0.2
850 10 83.9+3.7 16.1+0.6 - -
20 86.1+£2.9 13.9+0.5 - -
950 7 89.7+1.9 10.3+0.3 - -
1100 7 100 - - -

Table 1. Results of quantitative phase analysis done for blends sintered at various conditions

Lower sintering temperature in combination with short sintering time was not enough to
provide a support for diffusion of the alloying elements. In consequence, apart of the B19
martensite also equilibrium phases appeared in sintered blends. Figure 3b shows X-ray
diffraction pattern measured, at room temperature, for the blend sintered at 850°C for 5
hours. Qualitative phase analysis revealed that the blend contained also phases such as:
NiCu (PDF-2 card no 47-1406), Ti2(Ni,Cu) — which has crystallographic structure of the Ti2Ni
phase (PDE-2 card no 05-0687) as well as a solid solution of Ni in Ti (PDF-2 card no 89-3073).
In order to study of phase contribution in sintered blends the Rietveld refinement was done.
Values of reliability factors, which prove goodness of the refinement, were below 8%.
Obtained results were compared in Table 1. Quantitative analysis showed that amount of
the B19 martensite was about 83% in blends sintered at 850°C for 5 hours. Extending of the
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sintering time up to 10 hours was enough for nickel and cooper diffusion. Both phases:
NiCu and pure titanium were not observed. Extending of the sintering temperature resulted
in the limitation of the Tiz(Ni,Cu) phase formation. The best sintering condition was:
temperature 1100°C with sintering time of 7 hours. In the sintered blend only the B19
martensite was identified (Fig. 3c).

Obtained results were confirmed by observation carried out using the JEOL JSM 6480
electron scanning microscope. Observations were done on a circular cross-section of the
cylindrical blends. Figure 4 shows images taken using back scattered electrons. In places,
which varied in a contrast, a chemical composition was determined using energy-dispersive
X-ray analysis (EDX) in the JEOL JSM 6480 microscope. Measurements were done in macro
scale and 50 points were taken for calculation. Calculated ratio of the alloying elements was
in a good correlation with the phases identified with use of X-ray diffraction analysis. SEM
image observed for the blends, sintered at 1100°C for 7 hours, proved that only the B19
martensite was present at the sample (Fig. 4a).
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Figure 4. SEM images observed at a cross-section of blends sintered at 850°C for 5 hours (a) and 1100°C
for 7 hours (b)

Sintering, mainly used for ceramic production, also produces pores. Their amount, size and
distribution strictly depend on sintering condition as well as particle size of the elemental
powders. Dependently on final application of the product, presence of the pores can be
considered as a desired element of the microstructure. For example, in medical application
pores can be considered as wanted ones, in which the collagen fiber finds way to grow-in.
However, their diameter has to be appropriate and varied from 50 to 500 um (Karageorgiou
2005; Itala 2001; Simske 1995). In case of shape memory alloys, pores do not provide a
material, which undergoes the martensitic transformation. For that reason they can be
considered as not desired element of the microstructure. In comparison to a bulk material,
from the same volume of the sintered alloy lower transformation enthalpy can be received
(Yuan 2006). Also, pores form natural barrier for diffusion of alloying elements. It may lead
to inhomogeneity even in the frame of grains of the same phase. In order to overcome such
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inconvenience, sintering time should be extended and/or higher sintering temperature is
required.

To bring more light for this problem in the NixsTisoCuzs alloy, amount of pores was
calculated basing on the SEM images taken over whole cross-section of the sample.

In general, the porosity in alloy sintered at 850°C did not exceed 5% (Fig. 5a). The pores were
randomly distributed and clearly separated (Fig. 4a). However, pore size varied
dependently on the sintering time. The average pore size in the alloy sintered 5 hours was
about 8 um (Fig. 5a). Increase of the sintering time to 20 hours was responsible for increase
of the pore size to 38 um. It is worthy to notice, that calculated values of standard deviation
for pore size, in the alloys sintered for 5 or 10 hours, are very close (Fig. 5a). It means that
relatively short sintering time did not influence on scattering of the pores size. The pores
have similar diameter and were comparable in a shape. Completely different value of
standard deviation was obtained for the alloy sintered for 20 hours. It was +15 pm.
Extending of the sintering time up to 20 hours caused formation of the pores, which varied
in size from about 8 um up to 60 um. In most cases they have irregular shape.

Significant differences in porosity, size of pores and pores distribution can be observed for
samples, which were produced applying higher temperatures (Fig. 4b). Increase of the
sintering temperature up to 950°C or 1100°C caused increase of porosity up to 21% or 27%,
respectively (Fig. 5). However, alloy sintered at 950°C revealed comparable morphology to
one observed in alloy sintered at 850°C for 5 or 10 hours. The pores, with average diameter
of 41 um, possessed similar regular elliptical shape. Increase of the sintering temperature up
to 1100°C caused differences in shape and distribution of pores. Average diameter of pores
increased to 50 pm. Higher value of the standard deviation indicated that they varied in
shape and size. At 1100°C diffusion of alloying elements was more intense. In result of that,
most of the small pores were joined into large one forming their irregular shape (Fig. 4b).
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2.2. Martensitic transformation

In order to show influence of the sintering condition on the course of the martensitic
transformation DSC cooling/heating curves were registered at temperature range between -
100°C and +200°C. Measurements were done using differential scanning calorimeter Perkin
Elmer DSC-7 with cooling/heating rate of 10°C /min. Evolution of the DSC cooling/heating
curves registered for sintered alloys is shown in Figure 6a. The characteristic temperatures
of the martensitic transformation (start Ms, As and finish Ms, At of the forward and reveres
transformation, respectively) were determined using a slope line extension method.
Enthalpy of transformation was calculated from the thermal peak (Fig. 6b).
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Figure 6. DSC cooling/heating curves (a) and parameters of the martensitic transformation (b) for alloy
sintered at various conditions

Generally, all sintered alloys reveal presence of the reversible martensitic transformation.
Thus, the main condition for appearing of shape memory effect is satisfied. However, course
of the martensitic transformation varies dependently on applied sintering conditions. First,
the Ms and Ar temperatures show general tendency for decreasing when the condition for
diffusion of alloying elements improves. In opposition to that, the As and Mr increases. It
takes an effect on thermal ranges of the transformation. Second, the martensitic
transformation occurs as one step or two steps transition.

Let’s discuss firstly change of the chemical composition as a result of the presence of non-
transformable the Ti2(Ni,Cu) phase. It posses the same type of the crystal structure as the
Ti2Ni phase. In the Ti2(Ni,Cu) phase, the ratio of Ni atoms to Cu is as 30:1. The presence of
this phase decreases titanium content in the transformable phase. Also, one have to keep on
mind that the fraction of the Ti2(Ni,Cu) phase decreases from 16% to 0% dependently on
sintering conditions. In consequence, the Ms temperature slightly moved to lower region.
Influence of the chemical composition on the Ms temperature has been known and used as
key feature in designing of shape memory alloy. However, in ternary alloys this problem is
more complex. The thermal behavior of the NiTiCu alloy depends on titanium-nickel ratio
as well as nickel-copper ratio. Hanlon et all (Hanlon 1967) shown, that in the NiTi alloy with
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titanium content around 50-51at% takes a little effect on the Ms temperature. However,
when the titanium content lowers from 50 to 49at% the Ms temperature may decrease from
50°C to -140°C, respectively. In opposition to that increase of copper content, instead of
nickel atoms, causes increase of the Ms temperature. For the B2<>B19 transformation in
NiTiCu bulk, Mobelry and Melton (Moberly and Melton 1990) showed that increase of
copper content from 20 to 25 at% caused increase of the Ms from 48°C to 76°C, respectively.

The presence of the non-transformable phase takes an effect on the transformation enthalpy
(Fig. 6b). Enthalpy of the transformation, at fully transformable bulk alloy, equals about 12
J/g (Hanlon 1967). Presence of non-transformable phases decreases an amount of the phase,
which undergoes the martensitic transformation. In result of that, the transformation
enthalpy decreases.
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Figure 7. Distribution of the alloying elements, in the transformable phase, versus sintering conditions

The thermal behavior of the sintered alloy may also be a consequence of inhomogeneity of
the chemical composition inside of the transformable phase. Figure 7 shows the distribution
of the elements versus sintering conditions. Measurements were done in the transformable
phase. Calculation of the chemical composition was done over 50 points spread on the cross-
section of the sample. It has been clearly seen that a distribution of alloying elements, close
to the nominal composition, was obtained in blends sintered at 1100°C for 7 hours. It was as
follows: Ti - 49.8at.%, Ni - 24.8 at.% and Cu-25.4 at.%. In order to analyze the homogeneity
or inhomogeneity, a standard deviation was marked as a vertical bar. The sintering at
1100°C for 7 hours causes a small deviation from the average content of the alloying
elements and is characterized by relatively low value of the standard deviation. The value of
the standard deviation calculated for sintering temperature 850°C and time 5 hours or 10
significantly increases to 5% for Ni and Cu as well as for Ti up to 4%. High inhomogeneity
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of these samples eliminates them as a shape memory material. Lower values of the standard
deviation (about 3%) were obtained for sintering at 950°C and 10 hours. However, in this
alloy Ti content increased up to 50.6at.%. This was a reason for increase of the Ms
temperatures to 78.6°C. In the sample sintered at 850°C for 20 hours the standard deviation
was about 2%. However, measured chemical composition slightly varied from the nominal
one.
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Figure 8. Thermal ranges of the reversible martensitic transformation versus sintering conditions

The local changes of the chemical and its inhomogeneity took an effect on the course of the
martensitic transformation. For alloy, sintered at 850°C for 5 hours, the DSC curves reveal two
maxima on cooling (at 58.6°C and 69.4°C) as well as two minima on heating (at 65.4°C and
76.8°C). The range of the martensitic transformation (A—Mj) equals 42 degrees (Fig. 8 — green
line). Thermal hysteresis (A+—Ms) is about 5 degrees (Fig. 8 — blue line). Difference calculated
between position of maximum (on cooling) and corresponding minimum (on heating) keeps
comparable value (8°). The range of the thermal peak on cooling (Ms-Ms) as well as heating
(As-Ar) is wide and equaled 38° (Fig. 8 — red and black line, respectively). Measured X-ray
diffraction pattern confirmed that at room temperature the B19 marteniste existed. Taking, all
these facts into consideration, it can be concluded that the parent phase transforms to the B19
orthorhombic marteniste. However, in the thermal region of transformation two thermal
peaks were overlapped. For such thermal behavior, inhomogeneity of chemical composition
may be responsible. Calculated value of the standard deviation (Fig. 7) of measured
composition shows significant inhomogeneity in samples. Regions of transformable phase,
which differ in chemical composition, undergo martensitic transformation at close
temperature, that's why two overlapped peaks were observed.
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Neither elongation of the sintering time up to 10 hours nor rising sintering temperature up
to 950°C did not change course of the transformation — still two overlapped B2<>B19
transformations were observed. A completely different thermal behavior is observed in the
alloys sintered at 850°C for 20 hours as well as 1100°C and 7 hours. Instead of two peaks, one
peak was found on cooling as well as on heating. In case of both sintering conditions the
range of the martensitic transformation (A+~Ms) reduces to 34° (Fig. 8 — green line). Also,
range of the thermal peak on cooling (Ms-Mr) as well as heating (As-Ar) narrows and equals
30° (Fig. 8 — red and black line, respectively). Thermal hysteresis (Af-Ms) slightly differs and
for 850°C/20 hours is about 5.7° and for 1100°C/7 hours is lower and equals 5.1°.
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Figure 9. Comparison of DSC cooling/heating curves registered for alloy sintered at 1100°C for 7 hours

after additional thermal treatment

For both sintered blends irregular shape of the thermal peaks measured on DSC
cooling/heating curves was stated. It also may results in slight differences in chemical
composition of the transformable phase (standard deviation was 2.2% or 1.2%). In order to
improve quality of the alloy sintered at 1100°C/7 hours it was quenched from 900°C and
additionally annealed at 500°C for 24 hours. Influence of thermal treatment on a course of
the martensitic transformation is shown in Figure 9. First, only one thermal peak was

measured during cooling as well as heating. It has symmetrical shape. Second, in

comparison to the as-received sample, quenching moved down transformation

temperatures of about 34 degrees (Fig. 6b). It is a result of quenched-in structural defects.
This effect is better visible in rapidly solidified alloy and will be discussed in next
subchapter. Additional annealing at 500°C for 24 hours restored thermal region of the
reversible martensitic transformation. In consequence, the Ms transformation temperature
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was comparable to that calculated for the as-received sample (Fig. 8a). Summarizing,
additional thermal treatment:

- did not change the chemical composition of the transformable phase: (Ti - 49.8at.%, Ni -
24.9 at.% and Cu-25.3 at.%);

- alloy was stable and did not decompose to equilibrium phases;

- homogeneity of the alloy was improved - calculated standard deviation of the chemical
composition was 0.7%;

- the transformation enthalpy is comparable to that determined for bulk alloy (Fig. 6b) .

In result of that, the thermal range of the transformation as well as thermal width of forward
and reversible transformation reduced to 23 degrees and 11 degrees, respectively (Fig. 8).
However, width of the thermal hysteresis of the transformation increased from 6 (as-
received sample) to 12 degrees. It may be caused by remains of the no-annealed point
defects. Extending of the annealing temperature to 48 hours caused decomposition of the
transformable phase. Again the Ti2(Ni,Cu) phase appeared.

3. Rapid solidification

Technologies for producing alloys in a finite shape directly from the molten state
received a lot of attention. The rapid solidification techniques, realized in melt-spinning
or twin roll casting technique, applied to the shape memory alloys offer not only a
convenient and economical production technology but also possibilities to improve the
alloys” properties as well as to control in a relatively easy way the temperatures of the
reversible martensitic transformation. The increase in the wheel speed causes the grain
refinement and changes their morphology from equiaxial to columnar (Eucken 1990;
Stoobs 1979; Morawiec 2003).

3.1. Melt-spinning

In order to produce melt-spun ribbons, ingots with nominal chemical composition were cast
in an induction furnace. Ingots weighted about 10 g. Casting was carried out in a pre-
evacuated chamber before melting. Melt was ejected with pressure of 0.02 MPa on a rotating
wheel. Increase of cooling rate was realized by increase of wheel speed and/or temperature
of melt. Four ribbons were produced with processing parameters shown in Table 2.

Symbol Melt temp. Wheel speed Thickness Width
[’Cl [m-s] [um] [mm]
MS1 1250 11 83 6,3
MS2 1250 15 64 59
MS3 1250 19 48 2,7
MS4 1350 23 46 5,2

Table 2. Processing parameters and dimension of the ribbons
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Generally, high cooling rate in the melt-spinning technique (10° K/s) causes inhomogeneity
of the microstructure on the surface of the ribbons. It is due to fact that the liquid alloy is
ejected onto fast rotating wheel. Firstly, the side, which has directly contact with rotating
wheel, undergoes solidification. Secondly, until crystallization goes thorough the ribbon, the
cooling rate lowers, and finally, the top surface solidify. This procedure produces two
different surfaces: one what could be called “frozen” metal from the contact side and second
one — top surface.

The combination of the wheel speed (11 m/s) and temperature of melt (1250°C) provided the
lowest rate of cooling. It results in elongation of the time, when the liquid alloy contacts
surface of rotating wheel. It provides enough time for crystallization of columnar grains,
which extends along thickness of the ribbon (Fig. 10a).

Figure 10. SEM images observed at the fracture (a) and on the surface (b) of the ribbons MS2

On the surface of the MS1 ribbon self- accommodating plates of the martensite were
observed (Fig. 10b). Similar images were observed in the MS2 ribbon, which was produced
with higher wheel speed - 15 m/s. X-ray studies confirmed the presence of the B19
martensite. X-ray diffraction patterns registered at room temperature for the MS1 was
identified as belonging to the B19 structure (Fig. 11 — “Ribbon MS1”). In case of the MS2
ribbon, apart from the B19 phase, the B2 parent phase was also identified (Fig. 11 — “Ribbon
MS2”). It is a result of increase of the cooling rate, which caused increased of the structural
defects quenched-in.
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Figure 11. The X-ray diffraction patterns registered at room temperature for melt-spun ribbons

A different microstructure was observed in the MS3 ribbon (Fig. 12). Increase of the wheel
speed to 19m/s, while the temperature of melt was the same (1250°C), did not provide a
sufficiently time for crystallization of columnar grains. At the thickness of the ribbon three
zones were formed (Fig. 12a). First, an amorphous layer, 3-5 um thick, was formed as a
contact side of the ribbon. The second zone, formed during solidification, is the area
consisted of spherical grains with an average diameter of about 5-8 micrometers. Finally, the
zone composed of the columnar grain is formed, which extends to the top surface of the
ribbon. Microstructure of the ribbon is inhomogeneous. Images observed at the fracture,
taken from various part of the ribbon, show the columnar grains with width to 35 pm
extended along whole thickness of the ribbon. At this area, no amorphous phase was
observed. Also in some parts of the ribbon, only small spherical grains were formed along
the thickness (Fig. 12b).
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Figure 12. SEM images observed at the fracture of the MS3 ribbon
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Observation of the contact surface shows that this area is not homogeneous. Among the
amorphous phase two groups of crystalline “islands” were observed (Fig. 13a). They were
randomly distributed and differed in size. Diameter of the “islands” varied from 5 pm to 25
pm. Inside of crystalline areas the martensitic plates were clearly visible. The plates
transforms to the parent phase after heating above Ar After cooling, they reversibly
transforms to the martensite.

X-ray diffraction patterns revealed that the MS3 ribbon consists of three phases: amorphous
(weak broaden line), the B2 and the B19 (Fig. 11 — “Ribbon MS3”). Increase of the melt
temperature to 1350°C and wheel speed to 23 m/s formed almost amorphous ribbon - MS4.
The cooling rate realized with these processing parameters does not provide enough time
for full crystallization during solidification. The contact surface is completely amorphous.
However, at the top surface some crystallized grain can be distinguished (Fig. 13b). The X-
ray diffraction patterns shows two broaden maxima characteristic for the amorphous phase.
Moreover, weak diffraction lines belonging to the B2 parent phase were identified (Fig. 11 —
“Ribbon MS4”).

(b)
Figure 13. SEM image of the contact side of the MS3 ribbons (a) and top surface of the MS4 ribbon (b).

From the point of the shape memory effect and the martensitic transformation presence of
the amorphous phase is not desirable. The martensitic transformation as a coordinated atom
movement at distance proportional to distance to the habit plane occurs only in the
crystalline state. Presence of the amorphous phase increases amount of the transformable
phase in the ribbons. In order to eliminate influence of the amorphous phase and quenched-
in defects on the course of the martensitic transformation crystallization was carried out.
Ribbon was heated up to 600°C, and then cooled to 0°C. Heating and cooling was done,
inside of DSC calorimeter, with rate of 10 °C/min at argon atmosphere. Observed high
temperature peaks correspond to the crystallisation process (Fig. 14). Crystallization of the
amorphous phase starts at 445°C and finishes at 466°C. The value of enthalpy was 6.5 J/g.
For further studies, the MS4 ribbon was used in crystalline state and denoted as “MS4C”.
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Figure 14. DSC heating curve registered for the MS4 ribbon
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Applied casting parameters significantly influenced the course of the martensitic
transformation. Figure 15a shows comparison of the DSC cooling/heating curves registered
for the first cycle of heating-cooling. In order to obtain the full thermal cycle, the samples
were cooled down to 0°C, then heated up to 110°C and again cooled to 0°C. The order and
the shape of the thermal peaks occurring at thermograms proved that the martensitic
transformation is reversible in all ribbons. However, they differ in the transformation
temperatures. The DSC curves measured for the MS1 and MS4C ribbons contain one
thermal peak on both heating and cooling curve, respectively. In comparison to that, the
DSC curves measured for ribbons: MS2 and MS3 revealed a different course. The thermal
peaks measured for the MS2 ribbon show irregular shape, whereas for the MS3 ribbon they
were broadened and split. In result of that, for the MS3 ribbon two maxima at temperatures
33°C and 49°C for the forward martensitic transformation as well as two minima for the

reverse transformation at 42°C and 55°C were found.
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Figure 15. DSC cooling/heating curves measured for the melt-spun ribbons (a) and parameters of the

martensitic transformation (b)
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The combination of the wheel speed and the temperature of melt, applied in the case of the
casting the MS1 ribbon ensured the lowest speed of solidification - similar to the equilibrium
condition. The transformation temperatures, determined from DSC curves, are comparable
to that determined for the MS4C ribbon (Fig. 15b). For alloys with low concentration of
structural defects, the thermal range does not exceed 15 degrees. In the case of the MS1 and
MS4C ribbon the thermal range of the martensitic transformation was 12 and 15°C,
respectively.

Increase of the wheel speed to 15 m/s caused increase of the cooling rate in the MS2 ribbon.
The density of the structural defects increased. Figure 16 shows an example of the image
observed with use of the electron transition microscope. Relatively high density of
dislocations can be distinguished. Dislocations as well as point defects increase local stress,
which has to be overcome when the marteniste plates are formed. It requires additional
overcooling and in consequence, the transformation temperatures moves to lower thermal
region. In case of the MS2 ribbon transformation temperatures were lower of about 20
degrees in comparison that in the MSI1 ribbon. Thermal range of the martensitic
transformation increased to 18°C.

Further increase of the wheel speed to 19m/s caused increase of density of the structural
defects. In comparison to the MS2 ribbon, the Mt and As temperatures decreased of about
8°C whereas the Ar and M increased of about 5°C. The thermal range of the martensitic
transformation increased to 34°C.

e —— -

Figure 16. TEM image of the dislocation structure in the MS2 ribbon
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3.2. Twin roll casting

Twin roll casting technique (TRC) has been known for almost 30 years in aluminum and
iron casting industry (Berg, at all 1995) (Haga 2003). Thin strip, from 10 mm up to 0.5 mm,
can be continuously produced replacing conventional processing techniques, which use an
ingot and additional thermo-mechanical treatment (Goryczka, at all 2005). The main
advantage of TRC is a relatively short processing route which joins casting as well as hot
rolling in one step (Haga 2001). Also, low cost equipment, low energy consumption, space
saving, strips are free of impurities which come from a crucible and surroundings etc.
belong to the most desirable features of TRC technique. In spite of that, also, twin roll
casting has some disadvantages. The main one is poorer mechanical properties of the strip
in comparison to bulk.

Melt Rim Rolle‘rs Ejection Pre-set | Nozzle Thickness|Width
Symbol| temp. material velocity pressure gap hole (um] | [mm]
[°Cl [m-s] [MPa] [pnm] [mm]
T1395 | 1395 Cu-Be-Co 0.6 0.025 100 3.0 296 45
T1400 | 1400 Cu-Be-Co 0.6 0.025 100 3.0 306 45
T1430 | 1430 Cu-Be-Co 0.6 0.025 100 3.0 304 45
T1450 1450 Cu-Be-Co 0.6 0.025 100 3.0 305 45

Table 3. Processing parameters and dimension of the strips

Four strips were produced from a previously cast ingots, with a nominal composition of Ni
25 at.%, Ti 50 at% and Cu 25 at.%. In order to get good quality strips processing parameters
such a rolls velocity, a pre-set gap, an ejection pressure and diameter of nozzle hole were
optimized and remained the same for all castings (Table 3). Casting parameters differs in
solidification temperature, in the range 1395 - 1450°C. Obtained strips were about 40 cm
long and revealed smooth surface without any visible cracks and inclusions.

In twin roll technique ingot is placed to the quartz crucible fixed directly over a gap between
two rolls. After induction melting, the melt is vertically ejected with argon pressure between
two rolls rotated in opposite directions. Thin metal layers solidify on the surface of the rolls
simultaneously, when the remaining liquid is spread from central part of the gap to its outer
side forming the strip (Goryczka, at all 2005). As the crystallization front proceeds from both
rolls the columnar grains are developed. Due to the two-sides solidification an interface
between solidified shells is formed (Fig. 17).

However, final microstructure depends on the cooling rate, which is realized by
combination between solidification temperature and roll velocity, as well as a gap between
rotating rolls. In case of a narrow distance between rolls the strip solidifies over the end-
point and is subjected to hot rolling. If the distance is wider the end-point is placed below
roll’s centre interface consist of pores and discontinuities (Goryczka at all, 2005). The
microstructure of surface observed in the strip T1395, is shown in Figure 18a. General, in the
strip T1395 solidification on wheel surface causes mountain-like ranges continuously
strength along the strip. Each range consists of two zones. First one (A), containing fine
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Begaly X1;980 ““48nm

Figure 17. SEM image of fracture in the strip T1395

grains, is associated with hot rolling. Zone B reveals columnar grains growing
perpendicular to the hot-rolling direction. Also, the highest applied cooling rate, realized in
the strip T1450, causes formation of ranges, however, they consist of separated islands (Fig.
18b). Each island shows presence of zone A and B.

2eky; X208 18680m
(a)
Figure 18. Surface of the strip T1395 (a) and T1450 (b)

Influence of the solidification temperature on the course of the martensitic transformation
was studied using DSC. Figure 19a shows comparison of the DSC cooling/heating curves
measured for the as-cast strips. All DSC curves reveal only one exo- and one endothermal
peak on cooling and heating, respectively. Similarly, to the sintered blends and melt-spun
ribbons, the martensitic transformation occurs in one step. The parent phase transforms to
the B19 orthorhombic martensite. From the DSC measurement the transformation
temperatures were determined and compared in Figure 19b.
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Figure 19. Comparison of the DSC cooling/heating curves (a) and transformation parameters (b) for as-
cast strips.

It can be clearly seen, that increase of solidification temperature affects the transformation
temperatures. According to a general trend, the martensitic transformation temperatures
represented by Ms, My, As and Ar are lower in the strips than in the bulk alloys. Especially,
this effect is enhanced in the melt-spun ribbons, where cooling rate is several times higher
than in the strip. A progressive decrease of reversible and forward martensitic transformation
temperature with respect to the bulk alloys was observed. For example, decrease of the As
temperature reached almost 15 degrees when compare to the results obtained for T1395 and
T1450. This is a typical behavior of the as-quenched alloy. Decrease of martensitic
transformation temperature is caused by increasing numbers of quenched-in vacancies and
stress field surrounded precipitates. Figure 20 shows TEM images of precipitates which were
observed in the strips T1395 and T1430. EDS analysis revealed that chemical formula of
precipitates is Ti2(Ni,Cu), which is non-transformable phase - stated in the sintered blends.

Figure 20. TEM images of precipitates observed in the strips T1395 (a) and T1430 (b)



NizsTisoCuzs Shape Memory Alloy Produced by Nonconventional Techniques 73

Phase identification carried out using electron diffraction pattern proved the Ti2Ni type of
structure for the Ti2(Ni,Cu) phase (Fig. 20b). Moreover, in the strip produced with higher
solidification rate precipitates are surrounded by highly deformed zone (Fig. 20b). It affects
the course of the martensitic transformation. In order to trigger martensitic transformation
some critical energy is required for nucleation. Energy accommodated around vacancies,
dislocation and precipitates decreases driving force of the martensitic transformation. The
stress generated in these zones requires additional energy for triggering the start of the
martensitic transformation. In consequence, further overcooling is required for
transformation continuing. In results of that, the transformation temperatures are moved to
the lower thermal region (Fig. 19b). Also, the range of the martensitic transformation and
the thermal hysteresis increase (Fig. 21). Additional measure of increasing amount of
structural defects and non-transformable phase is degradation of transformation enthalpy.
Figure 21 (magenta line) shows enthalpy dependence on solidification temperature.
Enthalpy determined for forward and reversible transformation reveal similar behavior —
increase of the solidification temperature causes decrease of their value.
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Figure 21. Thermal ranges of the reversible martensitic transformation versus the solidification

temperature

4. Summary

This chapter extends the state of knowledge about the technological possibilities of the
TisoNi2sCuzs shape memory alloy manufacturing. It has been proved that, at the stage of
alloy production, it is possible to control the reversibility, thermal range and thermal region
of the martensitic transformation. Thus, it allows influencing the thermal range of the shape
memory effect. Such methods for the TisoNi»sCuxs alloy manufacture are powders
metallurgy, melt-spinning and twin roll casting.
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The porous TisoNizsCuzs shape memory alloys have been successfully manufactured by
powder technology. However, only a correct combination of sintering temperature and time
leads to a homogeneous alloy. The best sintering condition for the TisoNizsCuzs alloy
demands sintering temperature of 1100°C with the sintering time of 7 hours. Additional
thermal treatment such as quenching and additional annealing extends possibility for
thermal control of the martensitic transformation. Produced alloy reveals a similar
reversible martensitic transformation when compared to dense material. The porosity in
homogenous samples does not exceed 25%.

Rapid solidification techniques, realized by means of melt-spinning as well as twin roll
casting technique, allows producing fully transformable TisoNiz»sCuzs alloy. The advantage of
these techniques, in comparison to traditional casting, is wide possibility for controlling
thermal region of the martensitic transformation. Moreover, thin ribbons or strips can be
produced directly from the melt in thickness varied from 30 pm to 350 um. It allows
avoiding of mechanical treatment needed after traditionally cast alloy. Also, control of the
cooling rate allows for steering of the course of the martensitic transformation.

In melt-spinning technique, the martensitic transformation is sensitive to the wheel speed —
processing parameter. Applying speed from the range of 11 m/s -19m/s enables receiving
TisoNizsCuzs alloy, which transforms in the thermal range from 25°C to 80°C. Increase of the
cooling rate, realized when melt temperatures is higher than 1350 °C and the wheel speed
increases to 23 m/s, leads to obtaining alloy in amorphous state. However, it opens way for
production of nanocrystalline TisoNi2sCuzs shape memory alloy (Ye Xu, 2009).

Application of the twin roll casting technique moves the thermal range of the martensitic
transformation to region between temperatures: 20°C and 55°C.
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1. Introduction

Ferromagnetic shape memory alloys (FSMAs) have been extensively studied as potential
candidates for smart materials. Among FSMAs, Ni2MnGa is the most familiar alloy [1]. It
has a cubic L.21 Heusler structure (space group Fm > n) with the lattice parameter a = 5.825 A
at room temperature, and it orders ferromagnetically at the Curie temperature Tc = 365 K
[2,3]. Upon cooling from room temperature, a martensite transition occurs at the martensite
transition temperature Tm = 200 K. Below Twv, a superstructure forms because of lattice
modulation [4,5]. For the Ni-Mn-Ga Heusler alloys, Tm varies from 200 to 330 K by non-
stoichiometrically changing the concentration of composite elements.

Several studies on Ni-Mn-Ga alloys address the martensite transition and correlation
between magnetism and crystallographic structures [6-18]. Ma et al. studied the
crystallography of Niso«xMn2sGazs-» alloys (x = 2-11) by powder X-ray diffraction and optical
microspectroscopy [7]. In the martensite phase, typical microstructures were observed for x
< 7. The martensite variants exhibit configurations typical of self-accommodation
arrangements. The TEM image of NissMn2sGax indicates that the typical width of a variant
is about 1 gm. The interaction between the magnetism and crystallographic rearrangements
was discussed in Refs. [1,8,17,18]. The memory strain was observed in single crystal
NizMnGa and polycrystalline NisssMn2z.1Gaios [10]. As for the magnetism, the magnetic

© 2013 Sakon et al., licensee InTech. This is an open access chapter distributed under the terms of the
I NTE H Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
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anisotropy constant Ku in martensite phase is 1.17 x 10-° J/m?, which is forth larger than that
in austenite phase (0.27 x 10 J/m?) [1]. Manosa et al. suggested that the martensitic transition
take place in the ferromagnetic phase, and the decrease in magnetization observed at
intermediated fields (0< B <1 T) is due to the strong magnetic anisotropy of the martensite
phase in association with the multi-domain structure of the martensite state [8]. Likhachev et
al. stated that the magnetic driving force responsible for twin boundary motion is practically
equal to the magnetic anisotropy constant Ku [17]. The magnetization results indicate that
the martensite Ni-Mn—Ga alloys have higher magnetocrystalline anisotropy. This is because
lower initial permeability or lower magnetization at low fields than the cubic austenite
phase. Furthermore, the magnetization results indicate that the coercivity and saturation
field at martensite phase are higher than those of the cubic austenite phase [11-15]. Zhu et al.
investigated the lattice constant change Ac/c of -4.8 % by means of X-ray diffraction study
around martensite transition temperature [11]. Chernenko et al. also studied about the
magnetization and the X- ray powder diffractions and clear changes were found at
martensite temperature for both measurements [12]. Murray et al. studied the polycrystalline
Ni-Mn-Ga alloys [18]. The magnetization step at Tm is also observed and this is a reflection
of the magnetic anisotropy in the tetragonal martensite phase. In the martensite phase,
strong magnetic anisotropy exists. Then the magnetization that reflects the percentage of the
magnetic moments parallel to the magnetic field is smaller than that in the austenite phase
where the magnetic anisotropy is not strong in the weak magnetic field. Therefore the
magnetization step is observed at Tm. NMR experiments indicate Mn-Mn indirect exchange
via the faults in Mn-Ga layers interchange caused by excessive Ga [13]. This result indicates
the exchange interaction between Mn-Mn magnetic moments is sensitive with the lattice
transformation. Then the magnetism changes from soft magnet in the austenite phase to
hard magnet in the martensite phase, which is due to higher magnetic anisotropy.

To use Ni-Mn-Ga alloys as advanced materials for actuators, polycrystalline materials are
useful because of their robustness. Moreover, in daily use, magnetic actuators should be
used around room temperature (300 K). Therefore, we selected the Nis2Mn2sGazs alloy,
which shows ferromagnetic transition at the Curie temperature Tc, about 360 K, and the
martensite transformation occurs around 330 K.

The purpose of this study is to investigate the correlation between magnetism and
crystallographic structures as it relates to the martensite transition of Nis2Mni2sFe125Gazs,
Ni2Mno7sCuo2sGa, Ni2MnGaossCuoz and Nis2Mn2sGazs, which undergoes the martensite
transition below Tc [6,7]. Especially, we focused on the physical properties in magnetic fields.
We performed in this study that by using the polycrystalline samples, it is possible to provide
information on the easy axis of the magnetization in the martensite structure with
temperature dependent strain measurements under the constant magnetic fields. In this
paper, thermal strain, permeability, and magnetization measurements were performed for
polycrystalline Nis2Mniz2sFei25Gazs, Ni2Mno7sCuo25Ga, Ni2MnGaossCuoa2 and NiszMn2sGazs in
magnetic fields (B), and magnetic phase diagrams (B-T phase diagram) were constructed.
The results of thermal strain in a magnetic field and magnetic-field-induced strain yield
information about the twin boundary motion in the fields. From the permeability and
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magnetization measurements, the magnetic anisotropy constant Ku can be calculated. The
experimental results were compared with those of other Ni-Mn-Ga single crystalline or
polycrystalline alloys, and correlations between magnetism and martensite transition were
found.

2. Experimental details

The Nis2Mni2sFei25Gaz and NiaMnossCuo2sGa alloys were prepared by the arc melting of
99.9 % pure Ni, 99.99 % pure Mn, and Cu, 99.95 % pure Fe, and 6N pure Ga in an argon
atmosphere. To obtain homogenized samples, the reaction products were sealed in double
evacuated silica tubes, which were annealed at 1123 K for 3 days, and quenched into cold
water. The samples obtained for both alloys were polycrystalline.

The Ni2MnGaossCuoi2 alloy was prepared by the arc melting of 99.99 % pure Ni, 99.99 %
pure Mn, and Cu, and 99.9999 % pure Ga in an argon atmosphere. To obtain the
homogenized sample, the reaction product was sealed in double evacuated silica tubes,
which was annealed at 1123 K for 3 days, and quenched into cold water. The obtained
sample was polycrystalline. From the x-ray powder diffraction, 14M (P2/m) martensitic
structure and D02 tetragonal structure were mixed at 298 K [19]. The lattice parameter of
tetragonal structure is a = 3.8920 A and ¢ = 6.5105 A.

The Nis2Mn25Gazs alloy was prepared by arc melting 99.99% pure Ni, 99.99% pure Mn, and
99.9999% pure Ga in an argon atmosphere. To obtain a homogenized sample, the reaction
product was sealed in double-evacuated silica tubes, and then annealed at 1123 K for 3 days
and quenched in cold water. The obtained sample was polycrystalline. From x-ray powder
diffraction, the 14M (P2/m) martensite structure and the D0: tetragonal structure were
mixed at 298 K. The lattice parameters of the 14M structure were a = 4.2634 A, b=55048 A, ¢
=29.5044 A, and g = 85.863°, and those of the D02 structure were a = 3.8925 A, and ¢ = 6.5117
A. The size of the sample was 2.0 mm x 2.0 mm x 4.0 mm.

The measurements in this study were performed at atmospheric pressure, P = 0.10 MPa.
Thermal strain measurements were performed using strain gauges (Kyowa Dengyo Co.,
Ltd., Chofu, Japan). Electrical resistivity of the strain gauges was measured by the four-
probe method. The relationship between strain, & and deviation of electrical resistivity, 4R,
is given by

, @M

where Ks is the gauge factor (Ks=1.98) and Ro is the electrical resistivity above Tr. The strain
gauge was fixed parallel to the longitudinal axis of the sample.

Thermal strain measurements were performed using a 10 T helium-free cryocooled
superconducting magnet at the High Field Laboratory for Superconducting Materials,
Institute for Materials Research, Tohoku University. The magnetic field was applied along
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the longitudinal axis of the sample. The thermal strain is denoted by the reference strain at
the temperature just above Tw.

Magnetization measurements were performed using a Bitter-type water-cooled pulsed
magnet (inner bore: 26 mm; total length: 200 mm) at Akita University. The magnetic field
was applied along the longitudinal axis of the sample. The values of magnetization were
corrected using the values of spontaneous magnetization for 99.99% pure Ni. The magnetic
permeability measurements were performed in AC fields with the frequency f=73 Hz and
the maximum field Bmax = 0.0050 T using an AC wave generator WF 1945B (NF Co., Ltd.,
Yokohama, Japan) and an audio amp PM17 (Marantz Co. Ltd., Kawasaki, Japan) at Akita
University with the same magnet we used for the magnetization measurement, having the
compensating high homogeneity magnetic field. AC fields were applied along the
longitudinal axis of the sample.

3. Results and discussions
3.1. Nis2Mniz2s5Fe125Gaz and Ni2Mno.7sCuo2sGa

Figure 1 shows the temperature dependence of the linear thermal expansion of
Nis2MnizsFezsGazs in static magnetic fields. When cooling from 310 K (Ferro-A phase), the
alloy shrinks gradually in zero magnetic fields. Small elongation was observed at 288 K.
Then, sudden shrinking occurs below 286 K, which indicates transformation from austenite
phase to martensite phase. We define the martensitic transformation temperature Tm as the
midpoint of the steep decrease in the cooling measurement. The Twm of this alloy is 284 K.
The reason of small elongation at 288 K is considered that L21 and 14M structures coexist
each other. Therefore apertures between L21 and 14M structures were originated and small
expansion occured. As for NizxMni-+Ga alloys, small elongation was observed just above Tm
[21]. As shown in reference 20, the phase below Tum is Ferro-M. When heating from 270 K,
expansion occurs at about Tz = 288 K, which indicates reverse martensitic transformation.
Small elongations just above the temperatures of Tm and Tr were also observed in
polycrystalline Niz«Mni«Ga (0.16 < x <0.20) [21].

Tm and Tr gradually changed with increasing magnetic fields. The strain at Tm and Tr was
about —2.5x 1072 (-0.25 %) and was almost the same as that in magnetic fields. Kikuchi ef al.
performed the x-ray diffraction experiments of Niso:xxMni2sFeizsGazs-x [20]. The x-ray
patterns at room temperature (T = 300 K, austenite phase) for the samples of 0< x < 2.0
were indexed with the L21 Heusler structure. In the x-ray diffraction pattern at room
temperature of the sample with x =2.0, a very weak reflection from a y phase was observed,
where the y phase has a disordered fcc structure. The lattice parameter a of x = 2.0 was found
to be 5.7927 A [22]. On the other hand, for x > 3.0, the martensite phase appeared at room
temperature. The martensitic structure of x = 3.0 was indexed as a monoclinic structure with
14M (7R) structure. The lattice parameters of the sample were determined as a = 4.2495 A, b
=2.7211 A, ¢=29.340 A, and $=93.36" at room temperature.
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Figure 1. Temperature dependences of linear thermal expansion of Nis2Mn12s5Fe125Gazs in static
magnetic fields.

We also estimated the strain of NisaMnisFei25Gazs (x = 2.0) at Tm using the lattice parameter
of x = 2.0 in the austenite phase and that of x = 3.0 in the martensite phase. In the austenite
phase, for the L21 cubic structure, the lattice parameter a was 5.7927 A [22]. The distance
between Mn-Mn atoms was a/ \/E =4.0961 A, and the volume of the unit cell was Va =
(u / 2 )3 = (4.0961)3 = 68.72 A3, Furthermore, the volume Vi in the martensite phase was
estimated and compared with Va in the same area. In the 14M (7R) martensite phase, a =
4.2495 A in the basal plane, is parallel to one of the 4 axis in the L21 structure, and is of the
same unit. The other axis in the martensite phase corresponds to one of the a axis in the L2
structure of the Mn—-Mn ridge in the basal plane (\/E xb) . The c axis is almost normal (5 =
93.36") to the basal plane and the seven Mn—Mn cycles at ¢ =29.340 A. Therefore, the volume,
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Vi=ax (c/7)x (V2 xb) xsin = 4.2495x4.1914 x (1.4142x2.7211)xsin 93.36 = 68.55x0.9983 = 68.43 A )
The linear strain of a polycrystal is one-third of the volume strain [24]. Therefore, we

estimate the linear strainA4 &€ as,

Ae ={( Vu- Va)/ Va }x1/3 = {(68.43-68.72)/68.72}x1/3 = (=0.29/68.72)x1/3 = ~0.14 %. 3)

This estimated value is approximately comparable to the strain value Ae = -0.25 % of
Nis2Mni2s5Fe125Gazs obtained from this experimental study.

Figures 2 (a) and (b) show the temperature dependence of magnetic permeability and linear
thermal expansion of Niz2Mno7sCuo25Ga in zero magnetic fields, respectively. When cooling
from a high temperature, it shrinks and the permeability increases at about Tm = 308 K. The
permeability at austenite phase is very low as compared with that at the martensite phase.
These results indicate that the region above Tm or Tr is Para-A and the region below Tm or Tr
is Ferro-M. When heating from a low temperature, the expansion occurs at about Tr = 316 K,
which indicates reverse martensitic transformation. The strain at Tm or Tr is about 3.0 x 107
(0.30 %). This value is higher than that of Nis2Mni2s5Fe125Gazs. Kataoka et al. studied the x-ray
powder diffraction of Ni2Mni»CuxGaz (0< x < 0.40) [23]. In the vicinity of martensitic
transformation, the strain exhibits complicated behavior; when cooling from 342 K, it
shrinks gradually and rapid shrinking occurs at Tm = 308 K, subsequently, exhibiting
elongation; repetition of small elongation and shrinking was observed between 303 K and
291 K; in addition, it shrinks linearly below 291 K. When heating from 257 K, the repetition
of small elongation and shrinking was observed between 307 K and 311 K. Thereafter, it
shrinks by 9.0 x 10 and exhibits elongation. This sequential phenomenon has been observed
in single crystalline Niz1sMnosiGa [21]. In particular, steep shrinking occurs before elongation
due to reverse martensitic transformation during heating. As for polycrystalline Niz=Mni1+Ga
(0.16 < x < 0.20), the shape of the small elongation or small shrinking due to the large change
of the strain associated with martensitic transformation is broader than that of the single
crystalline alloy. In our study, NizMno7sCuo2sGa showed steep shrinking before elongation
during heating from a low temperature, which is similar to that of single crystalline
Ni21sMnosiGa. It is possible that the Ni2MnozsCuo2sGa crystal is oriented to some extent.

The x-ray diffraction measurement of Ni2Mno7sCuo25Ga indicates that cubic L21 phase and
the 14M phase coexist in the martensite phase. The reason for the repetition of small
elongation and shrinking in Figure. 2 (b) is supposed to be this complex structure.

Figure 3 shows the temperature dependence of the linear thermal expansion of Ni2MnozsCuo2sGa
in static magnetic fields. Ty and Tr gradually changed with increasing magnetic fields.

Next, we compared the two samples. The linear thermal coefficients o of Nisz2Mni2sFe125Gazs
and Ni2Mno75Cuo25Ga in zero magnetic fields obtained in this study are shown in Table 1. In
the austenite phase, o of Niz2Mni2sFe125Gazs is much lower than that of Ni2MnozsCuo25Ga,
which means that Nis2Mni2sFei2sGazs is harder than NizMnozsCuo2sGa. o is higher in the
martensite phase than in the austenite phase of Nis2Mni2s5Fe125Gazs. This is probably due to
the 14M martensitic structure.
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Figure 2. (a). Temperature dependence of the magnetic permeability x of Niz2MnossCuo25Ga in zero
magnetic fields. The magnetic permeability measurement was perforemed in AC fields with f=73 Hz
and Bmax=1.0 mT. Zero means the permeability 4= 0. (b) Temperature dependences of linear thermal
expansion of Ni2Mno7sCuo25Ga .The strain was defined by the difference from the sample length at 340 K.
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Figure 3. Temperature dependences of the linear thermal expansion of Niz2Mno7sCuo.25Ga in static
magnetic fields.

Figure 4 shows the magnetic phase diagram of the thermal expansion of Nisz2Mni2sFe125Gazs
in static magnetic fields. Tm and Tr gradually changed with increasing magnetic fields like
Ni2:xMni-»Ga alloys. The shifts of Tm and Tr in magnetic fields were estimated as dTw/dB =
0.5 K/T and dTr/dB ~ 0.5 K/T, respectively. The shifts of Tm and Tk can be explained by
the difference of the magnetization between austenite phase and martensitic phase.
Afterwards we discuss about the correlation between magnetization and the shift of Tw.

Figure 5 shows the magnetic phase diagram of the thermal expansion of Niz2Mno.75Cuo25Ga in
static magnetic fields. Tm and Tk gradually changed with increasing magnetic fields such as
in the Ni2«Mni1xGa or Nis2Mn12sFei25Gazs alloys. The shifts of Tv and Tr in magnetic fields
were estimated as dTv/dB = 1.2 K/T and dTx/dB ~ 1.1 K/T, respectively. These ratios are
within measurement errors.
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Figure 4. Magnetic phase diagram of Nis2Mni25Fei25Gazs.
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Figure 5. Magnetic phase diagram of NizMno.7sCuo25Ga.
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sample Mwm Ma (Mm -Ma)/ Mm - dTwm/dB(K/T)  remarks
NizMnGa 90 J/uokgT 80 J/pokgT 0.11 0.20 (*2) *1 ref. 2
at 180 K (*1) at220 K (*1) 0.40 £ 0.25 (*3) *2ref. 35
Ferro Ferro *3 ref. 36
Ni2.19Mno.s1Ga 2.0 (au.) (*4) 0 (a.u.) (*4) 1.0 1.0 (*4) *4 ref. 38
at 300 K at 350 K
Ferro Para
Nis2Mni2sFe125Gaz  63.1 J/pokgT — 52.7 J/pokgT 0.16 0.5 ref. 27
at 250 K at 300 K
Ferro Ferro
NizMno7sCuo2sGa  42.4 J/uokgT 0 J/uokgT 1.0 1.2 ref. 27
at 300 K at 307 K
Ferro Para
NizMnGaossCuoi2 ~ 37.3 J/uokgT 0 ]/pokgT 1.0 1.3 ref. 39
at330 K at 340 K
Ferro Para
Nis2Mn2sGazs 42.2 J/uokgT  34.2 J/uckgT 0.19 0.43 this work
at 333 K at 335 K
Ferro Ferro

Table 1. Spontaneous magnetization and dTwm/dB of Niz=:Mni-xGa, Nis2Mni25Fe125Gazs,
NizMno75Cuo.25Ga, Ni2MnGao.ssCuo.12, and Nis2Mn2sGazs. Mm and Ma indicate the spontaneous
magnetizations in martensite phase and austenite phase, respectively. Ferro and Para mean the
ferromagnetic and the paramagnetic phases, respectively.

The magnetic phase diagrams constructed from the thermal expansion measurements of this
study are shown in Figures 4 and 5.

Figure 6 (a) shows the magnetization of Nis2Mniz2sFei25Gaz in a pulsed magnetic field.
Below 250 K in the Ferro-M state, the M-B curves resemble each other, and this is consistent
with the results in reference 7. In the Ferro-A state, the magnetization at 300 K is lower than
that in the Ferro-M state. Figure. 6 (b) shows the high-field magnetization in a pulsed
magnetic field. At 90 K, steep increase in magnetization occurs when magnetic field is
applied. Above 2 T, the magnetization increases gradually. The magnetization at 300 K,
which is above Tm and Tg, is also ferromagnetic. The magnetization above 5 T is almost flat.
This property is quite different from that at T = 90 K. The magnetism of the austenite phase
appears to be similar to a localized ferromagnetic state, because the magnetization value is
constant in high magnetic fields.

Figure 6. (c) shows an Arrott plot, i.e.,, M 2 vs B/M, of the magnetization of Nis2Mni2sFe125Gazs.
The spontaneous magnetizations at 90 K and 250 K in a Ferro-M state are 70.1 J/ukgT and
63.1 J/uokgT, respectively. The spontaneous magnetization at 300 K in a Ferro-A state is 52.7
J/uokgT.
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Figure 6. (a) Magnetization of Nis2Mnizs5Fe125Gazs in a pulsed magnetic field up to 2 T. (b) High field
magnetization of Nisz2Mniz2sFei25Ga2s using a pulsed magnet. (c) Arott plot of the magnetization of
Nis2Mni2s5Fe125Gazs. Fine straight lines are extrapolated lines.

Figures 7 (a) and (b) show the magnetization of Ni2Mno7sCuo25Ga in a pulsed magnetic field.
These measurements were performed after zero-field cooling processes at 323 K in the
austenite phase. Below Twm, the magnetization shows ferromagnetic properties, whereas
above Tw it exhibits paramagnetic properties. This is consistent with the permeability result
shown in Figure. 2. Below Tw, for instance, at 300 K, a steep increase occurred around zero
fields and a spin-flop like behavior was shown below 0.06 T. Usually, magnetic alloys such
as FeCls show spin-flop behavior, and a linear extrapolation line at the canted magnetic
moments phase crosses the origin point of the coordinate axis in the M-B graph. However,
in Figure 7 (a), the M-B graph shows that the linear extrapolation line at the canted magnetic
moments phase did not cross the origin point at 300 K. It is possible that steep increase just
above the zero fields was due to the localized magnetic moments on the Mn atoms, for
example, 3.8-4.2 ;5/Mn atom which was obtained by the neutron scattering experiments of
Niz=Mni»Ga alloys [2, 24-25]. The magnetic moments on Ni atoms are considerably low,
such as 0.2 #/Ni atom for Niz«x Mni-xGa alloys [2, 24-25], and therefore, it is possible that the
Ni moments that were arranged in a canted-like formation get ordered by the mutual
correlations between external magnetic fields and internal magnetic fields due to the Mn
moments.
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Figure 7. 7 (a) Magnetization of Ni2Mno7sCuo25Ga in a pulsed magnetic field up to 3 T. (b) High field

magnetization of Ni2Mno.7sCuo25Ga using a pulsed magnet. (c) Arott plot of the magnetization of
Ni2MnozsCuo.25Ga. Dotted lines at 305 K and 306 K are extrapolated linear lines.

Figure 7 (c) shows the Arrott plot of Ni2MnozsCuo2sGa. The spontaneous magnetization at
300 K in a Ferro-M state is 42.4 J/uokgT. The obtained Tc of the martensite phase is 307 K,
which is almost the same as Tm = 308 K and this is consistent with the x-T phase diagram of
NizMni«CuxGa, which is obtained experimental and theoretical calculations [23].

3.2. Ni2MnGao.ssCuo.12

Figure 8 shows the temperature dependence of magnetic permeability. When heating from
310 K, the signal gradually increased. A slightly peak was observed at 338 K and a sudden
decrease occurred around 342 K. When cooling from a high temperature, the permeability
shows a sharp peak at about 337 K. A dip was observed around 324 K. Figure 9 shows the
linear thermal expansion. When heating from 305 K, slight expansion was observed at zero
magnetic fields. Around 343 K, a sharp expansion was observed. Considering the results of
a previous study [19], this is due to the reverse martensitic transition and Tr = 343 K, which
is defined as the midpoint temperature of the transition. When cooling from 360 K, a sudden
shrinking was observed at 336 K. Considering the lattice structure, the martensitic transition
temperature Tvm is 336 K. When cooling below 336 K, the linear expansion shows a dip and
below 320 K, the value of linear expansion is nearly constant. Mentioned above, the
permeability measurement also shows a dip between 336 K and 320 K. As for the
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permeability of pure Fe, a large peak was observed just below Tc = 1040 K [26]. The half
width of the peak AT is about 100 K and the ratio AT / Tc = 0.095. Meanwhile, the half
width of the peak AT of the permeability of Ni2MnGaossCuo.12 is about 4 K and Tc = 345 K.
Then the ratio AT/ Tc = 0.012, which indicates the increase of the permeability of
NizMnGaossCuo12 occurs within a narrower temperature range than that of pure Fe.
Concerning the permeability and linear expansion results, dips and drastic changes, the
magnetism and the lattice affects one another. The permeability of the austenite phase is
very low as compared with that at the martensite phase. The results of the permeability and
the linear expansion measurements indicate that the region above Twm is a paramagnetic
austenite phase (Para-A) and the region below Twm is a ferromagnetic martensite phase
(Ferro-M).
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Figure 8. Temperature dependence of the magnetic permeability 1 of Ni2MnGao.ssCuo.12 in AC fields

with f=73 Hz and Bmax = 0.0050 T. The origin of the vertical axis is the reference point when the sample
is empty in the pick up coil of the magnetic permeability measurement system.

The contraction at Tm under zero fields is about 1.3 x 10° (0.13 %). As for
Nis2Mni2s5Fe125Gaz and NizMnozsCuo2sGa, the contraction occurs at martensite temperature
[27]. The strain at Tm of polycrystalline Nis2Mni2sFensGazs was estimated as 0.14 %
contraction. This value is almost the same as that of Ni2MnGaossCuo.12. After zero field
measurements of the linear expansion, measurements in a magnetic field were performed
from 3 T to 10 T. With increasing field, Tm and Tr are gradually increased. The shifts of Tm
and Tr around zero magnetic fields were estimated as dTw/dB =1.3 K/T and dTr/dB = 1.5
K/T, as shown in Figure 3. This behavior is the same as that of the NixMni-»Ga
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ferromagnetic alloys. The typical temperature Ti, which was defined as the kink point of the
linear expansion for heating processes in Figure 9, also gradually increases with increasing
fields.
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Figure 9. Temperature dependences of the linear thermal expansion of Ni2MnGao.ssCuo.12, in static
magnetic fields.

A noteworthy fact is that the dip of linear expansion measurements in magnetic fields is
larger than that in zero fields. The variation of the strain between zero fields and non-zero
field was observed for Ni21sMnosiGa [28]. The contraction in magnetic fields was larger than
that in zero fields. The reason is considered that the magnetic moments of Mn and Ni atoms
are aligned parallel to the magnetic field just below Tv and the 14M and/or D022 tetragonal
lattices are rearranged by the magnetic moments. Therefore the rearrangement of these
lattices due to magnetic fields occurred in high magnetic fields.
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Figure 10. Magnetic phase diagram of Ni2MnGao.ssCuo.12. Filled circles indicate the martensitic
transition temperature Tw. Filled triangles indicate reverse martensitic temperature Tr. Crosses indicate
the typical temperature Tt.

Figure 11 (a) shows the magnetization of Ni2MnGaossCuo.12 in a pulsed magnetic field up to
10 T. The unit of the magnetization M, J/uokgT in SI unit system is equal to emu/g in CGS
unit system. The hysteresis of the M-B curve is considerably small. In other magnetic
material, for example GdsGasOw, the magnetocaloric effect was reported [21]. They
performed the magnetization measurements at initial temperature 4.2 K, then the magnetic
contribution to heat capacity is comparable to the lattice heat capacity. In our experiment,
the temperature change of the sample due to the magnetocaloric effect is considered within
1 K. This is due that these experiments were performed around room temperature, then the
lattice heat capacity is much larger than the heating or cooling power by the magnetocaloric
effect. Figure 11 (b) shows the magnetization of Ni2MnGaossCuo.2 in a pulsed magnetic field
up to 2.2 T. The M-B curves with increasing field processes are shown. The M-B curves show
ferromagnetic behavior below 333 K. The prominent decrease of magnetization occurred
between 333 K and 336 K. Figure 12 shows the temperature dependence of the
magnetization M-T at 0.5 T and 1 T, which were obtained by magnetization measurements
in pulsed magnetic fields. A sudden decrease is apparent between 333 K and 336 K for each
field. This temperature region corresponds to the sharp increase of the permeability when
heating from low temperature in Figure 8, and just below Tm, which was obtained by the
linear expansion measurement in Figure 9. The M-T curve shows a shallow depression
between 310 K and 330 K, which corresponds to the dip of the permeability and the linear
expansion results.
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Figure 11. (a). Magnetization of Ni2MnGao.ssCuo.12 in a pulsed magnetic field up to 10 T. (b).
Magnetization of Ni2MnGao.ssCuo.12 in a pulsed magnetic field up to 2.2 T.
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Figure 12. M-B curves of Niz2MnGao.ssCuo.12.
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Figure 13. Arrott plot of the magnetization of Niz2MnGaossCuo.2. Dotted straight lines are extrapolated
lines.
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Figure 13 shows the Arrott plot of NizMnGaossCuo.2. The spontaneous magnetization at 289
Kin a Ferro-M state is 47.1 J/uokgT. The obtained Tc of the martensite phase by Arrott plots
in Figure 13 is 340 K, which is almost the same as Tm = 337 K. This is consistent with the x-T
phase diagram of Ni2MnGai-»Cux, which is obtained in reference 19.

Figure 14 shows the magnetization of Niz2MnGaossCuoi2 in a pulsed high magnetic field up
to 18.6 T. The difference of the magnetization between 333 K and 336 K is clearly seen. In
high magnetic fields, an almost linear increase can be seen for each M-B curve.
Ni2Mno7sCuo2sGa also shows the difference of the magnetization between 302 K and 305 K,
which is little lower than Tc =307 K or Tm = 308 K [27]. It is noticeable that the Arrott plots of
NizMnGaossCuo.2 left a space between 333 K and 336 K, and NizMno7sCuo2sGa also left a
space between 302 K and 303 K. The spontaneous magnetizations of Niz2MnGaossCuo.2 are
33.4 J/uokgT at 333 K and 16.7 J/uokgT at 336K, which was obtained by the Arrott plot shown
in Figure 13. As for Niz2Mno7sCuo25Ga, the spontaneous magnetizations are 40.0 J/uokgT at
302 K and 28.3 J/uokgT at 303 K.
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Figure 14. Magnetization of Ni2MnGaossCuo.12 in a pulsed high magnetic field.

3.3. Nis2Mn2sGazs

Figure 15 shows the temperature dependence of permeability. When heating from 300 K,
permeability increases gradually. As shown in Figure 15, permeability increases above 330 K
and suddenly decreases around 360 K. When cooling from a high temperature, permeability
shows a sudden increase at about 356 K and decreases at 325 K. The sudden changes in



Thermal Strain and Magnetization Studies of the Ferromagnetic Heusler Shape Memory Alloys
Ni2MnGa and the Effect of Selective Substitution in 3d Elements on the Structural and Magnetic Phase

permeability indicate that the ferrromagnetic transition occurs around 358 K. The temperature
dependence of permeability for Nis2Mn2Gazs is similar to that for Niss2Mni2sFe125Gazs, which
shows a transition of a ferromagnetic-martensite (Ferro-M) phase to a ferromagnetic—
austenite (Ferro—A) phase [29]. The step around 330 K (heating process) and 325 K (cooling
process) reflects stronger magnetic anisotropy in the tetragonal martensite phase [8,18].
Polycrystalline NisvsMnzssGaz, NisoMn2sGaz and NiszMnizsFei2sGazs alloys also indicate the
magnetization (or permeability) step at Tm [9,18,27] below the field of 10 mT.
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Figure 15. Temperature dependence of the magnetic permeability x of Nis2Mn2sGazs in AC fields with f
=73 Hz and Bmax = 0.0050 T. The origin of the vertical axis is the reference point when the sample is
empty in the pickup coil of the magnetic permeability measurement system.

Figure 16 (a) shows the linear thermal strain of Nis2Mn2sGaz. Solid lines are the
experimental data and dotted lines are the extrapolated lines. At zero magnetic fields, the
memory strain was observed, as polycrystalline NisssMnzz1Gas [10]. When heating from
300 K, slight strain is observed first at zero magnetic fields. Around 334 K, a sharp strain is
observed. The results of previous studies [6,7] suggest that this is because of the reverse
martensite transition Tr = 334 K, which is defined as the midpoint temperature of the
transition. When cooling from 370 K, a sudden decrease is observed at 328 K. Given the
lattice structure, the martensite transition temperature Twm is 328 K. The permeability at the
Ferro-M phase is very low compared with that at the Ferro-A phase. The results of
permeability and linear strain measurements indicate that the region above Tu is a Ferro-A
phase and that below Twu is a Ferro-M phase. The permeability measurement results indicate
that the ferromagnetic transition from the paramagnetic-austenite (Para-A) phase to the
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Ferro-A phase occurs around 358 K (see Figure 15). On the other hand, the linear strain does
not show noticeable anomaly at the ferromagnetic transition around 358 K.

When cooling from 370 K, the thermal strain shows a peak at 329 K. This may be attributed to
the intermingling of the L21 austenite lattices and the M14 martensite lattices at the martensite
transition. The sequential phenomenon is observed in single crystalline NizisMnosiGa [31]. Zhu
et al. suggests that the small satellite peaks in heat flow plot, which flanks the central peak
indicates the structural transition takes place in multiple steps [11]. The contraction at Twm
under zero fields is about 0.5 x 107 (0.05%). As for other Heusler alloys, Nis2Mni2sFe125Gazs
and NizMno7sCuo25Ga, the contraction occurs at martensite temperature [27]. The strain at Tm
of polycrystalline Nis2Mn125Fe125Gazs was estimated as 0.14% contraction. This value is larger
than that of Nis2Mn2sGazs. After zero field measurements of the linear strain, measurements in

Relative thermal strain

—4x10 °
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Figure 16. (a). Temperature dependence of the linear thermal strain of Nis2Mn25Gaz3 in static magnetic

fields. The dotted lines are the extrapolated lines of the thermal strain. (b). Magnetic field dependence of
the strain at the martensite transition temperature obtained from the thermal strain in Figure. 16 (a).

magnetic fields from 1 T to 10 T were performed. The strain at Tm under the magnetic field of
1T was estimated as 0.10% contraction, which is twice that under zero magnetic field (0.05%).
These results indicate that the magnetic fields influence the structural phase transition. After
these thermal cycles in magnetic fields, the thermal strain in zero fields was 0.05 %
contraction, which is as same as the first cycle in zero fields. Around 358 K, which is the
ferromagnetic transition temperature, no anomaly was observed in the magnetic fields.
Figure 16 (b) shows the magnetic field dependence of the strain at Tm. At zero field, the strain
is 3.6 x 10%. On the other hand, the strain in a magnetic field is about 7.1 x 10, which is
almost twice that in zero field. Ullakko et al. measured the magnetic-field-induced strain of a
NizMnGa single crystal [1]. The strain at Tm in zero field was 2 x 10 This is only a small
fraction compared with the lattice constant change for c-axis from the austenite to martensite
phases, which was Ac/c¢=6.56%. It is proposed that the strain accommodation is occurred by
different twin variant orientations. As shown in Figure. 16 (b), the thermal strain under the
magnetic field of 1 T was 7.2 x 107, indicating the field aligned some of the twin variants.

In the martensite phase, the magnetic moment in the magnetic easy direction was coupled
with the strain along the short c-axis of the martensite variant structure. As a result, under
the applied magnetic field, the variant rearrangement occurs with the assistance of twin
boundary motion, such that the magnetic easy axis is parallel to the applied field. Therefore,
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the total magnetic free energy is minimal. The variant rearrangement results in field
influence on the thermal expansion as shown in Figure 16(b).

Variation in the strain between zero field and non-zero field was observed for Ni21sMnosiGa
and Ni220MnogGa polycrystalline samples [30]. The change in the sample length by means of
the thermal strain measurements at the martensite phase transition was 0.04 % for
Ni2ziosMnosiGa and 0.12 % for NizzoMnosGa. The thermal strain for NizivMnosiGa in the
presence of 1.4 T magnetic field, the change was increased to 0.13 %, which means 3.2 times
increase of the strain. The increase of the strain was 2.6 times (0.31 % strain) for Niz20MnosGa.
The variation in the strain between zero fields and non-zero field was also observed for
NiwsMn273Gaza polycrystalline samples [31]. With increasing measuring magnetic fields, the
difference in the strain increased. Aksoy et al. proposed that the strain increase is due to
increase of the preferred alignment of the short ¢ axis along the applied field, and, high twin
boundary mobility in Ni-Mn-Ga is expected to be the main case of the alignment, although the
martensite variant nucleation with preferred c axis orientation in the external field already just
at the martensite transition temperature is also the influence of the shrinkage [31]. Further they
mentioned that, when a sample was cooled from the austenite down to the martensite phase in
zero fields, no preferred orientation is given to the variant growth during nucleation, whether
the easy axis is a long axis or a short axis. When a magnetic field is applied in the austenite
phase and the sample is cooled down through Twu in the constant field, a preferred growth
direction is provided to the variants. Consequently, the variants with easy axis along the
applied field direction nucleate more and more. If the easy axis is short axis, the sample length
decreases. Then the contraction at Tv is observed in thermal strain measurements.

As for Ni2MnGa single crystal, in zero-field cooling process, strains of nearly 0.02 % have been
observed at Tm = 276 K [1]. The strain at transformation in 1.0 T is 0.145 %, indicating that the
field has aligned some of the twin variants. Now we compare the strain and the magnetization
results of Ni2z«xMnixGa alloys [28]. For the alloys which showed increase of the strain for x =
0.18 and 0.20, the Tm and Tc are almost same temperature. Consequently, the magnetization
change is large. For these composition alloys, clear hysteresis in the magnetization was
observed, which indicates first order magnetic transition. From these results, it is supposed
that the magnetic field influences the orientation of the easy c axis along the magnetic field. As
for Nin2Mn2Gazs, The magnetization change is large at Tm, as shown in Figure 22. The
permeability in Figure 15 shows clear change and hysteresis, which indicates the first order
transition. It is also supposed that the magnetic field influences the orientation of the easy ¢
axis along the magnetic field, and then the variant rearrangement was occurred. Consequently,
the variation in the strain between zero fields and non-zero field was observed.

Figure 17 shows the magnetic-field-induced strain at 300 K (Ferro-M phase) in a static
magnetic field. When increasing the magnetic field from zero fields, a sudden contraction
occurs up to 1 T. Above 1 T, a gradual contraction is observed. When decreasing the magnetic
field from 10 T, a modicum of strain occurs. Below 1 T, a sudden strain is observed. The
magnetic-field-induced strain at 10 T is =100 ppm or —0.010%, which is considerably smaller
than the contraction value at Tm. The sudden contraction between 0 and 1 T when increasing
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the field is supposed to be related to the temperature dependences of the linear strains
between zero fields and above 1 T and below Twm. The variant rearrangement results in a
magnetic-field-induced strain, which is the origin of the magnetostriction shown in Figure 17.
The reason of smallness of the magnetic field induced strain is supposed that; when the
sample is cooled down from the austenite phase to the martensite phase in a constant field,
variant arrangement is occurred and the contraction is occurred, as mentioned above. In zero
fields, cooling from the austenite phase to the martensite phase, the variant arrangement is
fixed. When the magnetic field is applied with constant temperature, the variant
rearrangement is considered to be difficult. Therefore the magnetic field induced strain is
smaller than the strain at Twm. in the linear strain measurements.
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Figure 17. Magnetostriction of Nis2Mn2sGazs at 300 K in a static magnetic field up to 10 T.

The magnetic-field-induced strain of the polycrystalline NisoMn2sGaz alloy was reported by
Murray et al. [18]. They mentioned that the strain in the martensite phase below Twm is an
order of magnitude smaller than that of a single crystal of the stoichiometric compounds [1].
They attributed this to the polycrystalline nature of the material or to the presence of
impurities that impede twin boundary motion. The field-induced strain of NisoMn2sGaz
increases on cooling from the austenite phase, leading to an abrupt increase with the
appearance of the twin variant below Tm. On heating from the martensite phase, an abrupt
increase occurs in the field-induced strain around Tm. They suggest that this is caused by
lattice softening near Tm. As for the thermal strain of Nisz2Mn2sGazs, shown in Figure 16 (a),
peaks appear for both Tm and Tr in zero field and all values of the magnetic field. The peak
at Tr, associated with heating, is larger than that at T, associated with cooling. These peaks
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indicate that the lattice expands abruptly. Dai et al. studied the elastic constants of a
NiosoMno2ssGaozis single crystal using the ultrasonic continuous-wave method [31]. Cu1, Cs3,
Ces, and Cu+ modes were investigated; every mode indicated abrupt softening around Twm.
This lattice softening appears to be affected by the abrupt expansion just above Tm when
cooling from the austenite phase.

Figure 18 shows the magnetic phase diagram of Ni2Mn2sGazs. With increasing field, Tm and
Tr gradually increase. The shifts in Tm and Tk around zero magnetic field are estimated as
dTm/dB =0.46 K/T and dTr/dB = 0.43 K/T, which are similar to those of the Nis2Mni25Fe125Gazs
alloy (dTw/dB = 0.5 K/T) [27]
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Figure 18. Magnetic phase diagram of Nis2Mn2sGazs. Filled squares indicate the martensite transition
temperature Tw. Filled triangles indicate reverse martensite temperature Tk.

Figure 19 shows the magnetization curves of Ni2Mn2sGaz in a pulsed magnetic field up to
2.2 T. The unit of magnetization M is J/uokgT in the SI unit system or emu/g in the CGS unit
system (both having identical numerical values). The M-B curves were measured from low
temperature. The hysteresis of the M—-B curve is considerably small. The magneto caloric
effects in other magnetic materials were also reported; for example, Levitin et al. reported for
GdsGasOnz [32]. They performed magnetization measurements at an initial temperature of
4.2 K, where the magnetic contribution to heat capacity is comparable to the lattice heat
capacity. In our experiment, the temperature change of the sample due to the magneto
caloric effect is considered to be within 1K. This is because these experiments were
performed around room temperature, where the lattice heat capacity is much larger than the
heating or cooling power by the magneto caloric effect.
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Figure 19. Magnetization of Nis2Mn2sGazs in a pulsed magnetic field up to 2.2 T.

The M-B curves show ferromagnetic behavior below 356 K. It is clear that the field
dependence of the magnetization at the Ferro-A phase above Tr = 334 K is different from
that at the Ferro-M phase below Tr. At the Ferro-M phase, magnetization increases with
magnetic fields. On the other hand, at the Ferro—A phase between 334 and 356 K, a sudden
increase in magnetization occurs between 0 and 0.1 T.

Figure 20 shows magnetization in a magnetic field up to 15 T. In high magnetic fields, an
almost linear increase can be seen for each M—B curve. In particular, as for the M—B curve
below 334 K, the high magnetic field susceptibility is quite small.

Figure 21 shows the Arrott plot of Nis2Mn2sGazs. The spontaneous magnetization at 294 K in
a Ferro-M phase is 55.0 J/uokgT. The Curie temperature of the austenite phase Tca
determined by Arrott plots in Figure 21 is 358 K. This is consistent with the x-T phase
diagram of NisonMn2sGazsx [6,7]. In high magnetic fields, an almost linear increase can be
seen for each M-B curve. NizMno7sCuo2sGa also shows the difference in magnetization
between 302 and 305 K, which is somewhat lower than Tc = 307 K or Tm = 308 K [27]. Note
that the Arrott plots of Nim2MnxsGazs left a space between 333 and 335 K, and
NizMnossCuo2sGa left a space between 302 and 303 K. The spontaneous magnetizations of
Nis2Mn2sGazs are 42.2 J/pokgT at 333 K and 34.2 J/uokgT at 335 K, which were obtained by the
Arrott plot shown in Figure 21. As for Ni2Mno75Cuo25Ga, the spontaneous magnetizations
are 40.0 J/uokgT at 302 K and 28.3 J/uokgT at 303 K.
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Figure 20. Magnetization of Nis2Mn25Gazs in a pulsed magnetic field up to 15 T.
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Figure 22 shows the temperature dependence of the magnetization M-T at 0.1, 0.5, and 1 T,
which was obtained by magnetization measurements in pulsed magnetic fields. Open circles
are the spontaneous magnetizations, which was obtained by the Arrott plot method. A
sudden decrease is apparent between 333 and 336 K for each field, and also the spontaneous
magnetization. This temperature region corresponds to the sharp increase in permeability
when heating from low temperature in Figure 15, and just below Tr, which was obtained by
the linear strain measurement in Figure 16 (a).

The M-T curve in Figure 22 can be seen as the combination of two single-phase M-T curves.
One corresponds to the martensite phase, and the other corresponds to the austenite phase.
The obtained Curie temperatures in the martensite phase and the austenite phase are Tcm =
333.5+0.5 K and Tca = 358.0+0.5 K. This is due to the difference of the ferromagnetic
interactions for both structural phases. These analyses of magnetic properties in
Nis1sMn232Gaze9 were also reported in reference 11.

It is well known that the tetragonal martensite Ni-Mn-Ga has higher magnetocrystalline
anisotropy in association with the multi-dominant structure of the martensite phase.
Consequently, lower initial permeability and higher coercivity than the cubic austenite Ni-
Mn-Ga alloys can occur [8,11-13,15]. The martensite transition occurs in the ferromagnetic
phase, and the decrease in magnetization is observed at intermediate fields for 0 <B < 0.5 T,
as shown in Figure 22. This property is also shown by magnetization in many Ni-Mn-Ga
alloys (e.g., NiwsMnzs4Gasi) and Ni-Mn-Sn alloys (e.g., NisoMnssSnis) [8,33,34].
Consequently, at low field, the austenitic Ni-Mn-Ga (with softer ferromagnetism) shows an
abrupt increase in M, while the martensite Ni-Mn—Ga (with harder ferromagnetism) shows
gradual increase in M with the field. On the other hand, the martensite Ni-Mn-Ga (in low-
temperature phase) has higher saturation magnetization (typically, Ms increases with
decreasing temperature) than the austenite Ni-Mn-Ga. As a result, at very high field or
saturation field (>1 T), magnetization of the martensite is higher than that of the austenite, as
shown in Figures 20 and 22. As for other Ni-Mn-Ga alloys, Kim ef al. reported magnetization
in a NizuMnosiGaroz single crystal, which shows a transition from the Ferro—-A phase to
Ferro-M phases with 14M structure [14]. The magnetization curve in Niz14MnossGaro2 at 290
K, just below the martensite transition temperature, sharply bend at the critical field, Bs = 0.6
T, and above 0.6 T, the magnetization slightly increases with increasing fields. On the other
hand, a bend in the magnetization is not clear. We defined the critical field Bs in Nis2Mn2sGazs
as the field where the magnetization Arrott plot was off from the extrapolated linear line,
which is illustrated by the dotted line in Figure 21, and obtained Bs as 0.84 T, which is of the
same order as that in Ni2z1«MnosiGatoe. The magnetization is the same as that in Nis2Mn2sGazs.
The magnetic anisotropy constant Ku in a Ni2MnGa single crystal is 1.17 x 10° J/m? (11.7 x 10°
erg/cm?) in the martensite phase and 2.7 x 10* J/m? (2.7 x 10% erg/cm?®) in the austenite phase
[1], indicating that the magnetic anisotropy is about four times larger in the martensite phase
than that in the austenite phase. The Zeeman energy and/or magnetocrystalline anisotropy
energy that is sufficient to induce motion of the twin boundary is denoted as MsBs/2 = Ku [1].
Kim et al. also mentioned that the magnetocrystalline anisotropy energy is of the order of 10°
J/m3 [14]. The spontaneous magnetization in Ni2Mn2sGazs at 333 K, just below Tk is 42.2
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J/uokgT, which was obtained by the Arrott plot in Figure 22. When using this value as Ms, the
magnetocrystalline anisotropy energy in the martensite phase of Nis2Mn2sGazs is MsBs/2 = Ku
= 1.04 x 10° J/m?3, which is on the same order as that in the martensite phase of Ni2MnGa.
These magnetic properties were also shown for Nisi.oMn232Gazs [11], NiwsMn2saGaza [12],
and NissMn21Gazs [13].
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Figure 22. Temperature dependence of the magnetization of Nis2Mn25Gaz3. Open circles are the
spontaneous magnetizations, which was obtained by the Arrott plot method. Dotted lines are
extrapolated lines of the spontaneous magnetization plots. Tcw and Tca indicate the martensite Curie
temperature and the austenite Curie temperature, respectively.

The relationship between magnetism and Tm in magnetic fields is discussed for Ni2MnGa-
type Heusler alloys. Table 1 shows the spontaneous magnetizations and dTm/dB values of
Ni2xMni2Ga, Nis2Mniz2sFe125Gazs, Ni2Mno.7sCuo025Ga, Ni2MnGao.ssCuo.12, and Nis2Mn2sGazs. As
for Niz=Mni-»Ga alloys, shifts in Tm in magnetic fields were observed by magnetization
measurements [2,26-28]. Tm and Tc of Ni2MnGa (x = 0) are 200 and 360 K, respectively. The
region above Twm is the Ferro—A phase. The sample with x = 0 of Ni2=Mni-»Ga shows phase
transition from the Ferro-A to Ferro-M phases at Tm. The sample with x = 0.19 shows
ferromagnetic transition and martensite transition at Tm. For x = 0, the shift in Twm is
estimated as dTw/dB = 0.2 K/T [35] and for x = 0.19, dTm/dB =1 .0 K/T [36]. The shift in Twm for
x = 0.19 is higher than that for x = 0. These results indicate that the shift in Tu for the alloy
that shows Para—A to Ferro-M phase transition is larger than that for the alloy that shows
Ferro—A to Ferro-M phase transition. The values of dTw/dB are roughly proportional to the
change in spontaneous magnetization, (Mm — Ma)/Mw, as shown in Table 1. This indicates
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that the magnetic moments influence the martensite transition; in other words, the structural
transition and the Twm increase in accordance with the magnetic fields are proportional to the
difference between the magnetization of the austenite phase and that of the martensite
phase. Therefore, it is considered that the alloys, in which Tx and Tc are close to each other,
show a larger shift in Tm in magnetic fields.

Khovailo et al. discussed the correlation between the shifts in Tv for NizeMni»Ga (0 < x <
0.19) using theoretical calculations [37,38]. The experimental values of this shift for Niz«Mni-
xGa (0 < x < 0.19) are in good agreement with the theoretical calculation results. In general, in
a magnetic field, the Gibbs free energy is lowered by the Zeeman energy —4MB that enhances
the motive force of the martensite phase transition. Thus, Tm of the ferromagnetic Heusler
alloys Nis2Mnu2sFe125Gazs, Ni2MnozsCuo25Ga, and Ni2MnGaossCuo.2 in recent studies [27,39,40]
and Ni2Mn2sGazs in this study are considered to have shifted in accordance with the magnetic
fields because high magnetic fields are favorable for ferromagnetic martensite phases.

Chernenko et al. studied the temperature dependence of both the saturation magnetic field
values and the x-ray powder diffraction patterns of Ni-Mn-Ga alloys and analyzed with the
theoretical consideration [12]. The theory proposes that the free energy for ferromagnetic
martensite phase, exposed to an external magnetic field, is expressed as three terms. First
term is the magnetic anisotropy energy. The second and third terms describe the
magnetostatic and the Zeeman energy, respectively. The c/a ratio was expressed as

C/azl_[(HS/Mz;Dl—Dzl o

where Hs indicates the saturation magnetic field. M denotes the absolute value of the
magnetization. D1 and D2 denote the diagonal matrix elements, and ¢ is the dimensionless
magnetoelastic parameter. The linear dependence of the magnetic anisotropy constant on
the tetragonal distortion of the cubic crystal lattice arising in the course of the martensite
transition.

In order to apply this theory to our present work, it is considered that further theoretical
consideration is needed for apply this theory for analyzing the influence between the
martensite variant structure and the magnetic field, which is reflected by the Zeeman term.

4. Conclusions
Nis2Mnui2sFe125Gazs and Ni2Mno.zsCuo2sGa

Thermal expansion, magnetization, and permeability measurements were performed on the
ferromagnetic Heusler alloys Nis2Mni25Fe125Gazs and Ni2Mno.zsCuo2sGa.

1. Thermal expansion

When cooling from austenite phase, steep decrease due to the martensitic transformation
was obtained for both alloys. Tm and Tr increase gradually with increasing magnetic fields.
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The shifts of Tm for NiszMni2sFei25Gazs and NiaMnossCuo2sGa in magnetic fields were
estimated as dTm/dB ~ 0.5 K/T and 1.2 T/K, respectively.

2. Magnetization and permeability

Nis2Mni2sFe12sGaz ---- The M-B curves indicate that the property of the Ferro-M phase is
different from the Ferro-A phase. The Ferro-A phase is considered to be a more localized
ferromagnetic phase as compared with Ferro-M phase.

Ni2Mno7sCuo2sGa ---- The permeability abruptly changes around Tm. The permeability below
Tum is about one-tenth times higher than that above Tm. The Arrott plot of magnetization
indicates that Tc of the martensite phase is 307 K, which is almost the same as Tv =308 K.

3. The values of dTwm/dB are roughly proportional to the change of the spontaneous
magnetization (Mwm -Ma)/Mm. Twm of the ferromagnetic Heusler alloys Nis2Mni2sFe125Gazs
and NizMno7sCuo2sGa in the magnetic field is considered to be shifted in accordance
with the magnetic fields and proportional to the difference between the magnetization
of austenite phase with that of martensite phase.

Ni2MnGao.ssCuo.12

Thermal expansion, permeability, magnetization measurements were performed on the
Heusler alloy Ni2MnGaossCuo.12.

1. Thermal expansion

When cooling from austenite phase, a steep decrease due to the martensitic transition was
obtained. Tm and Tr increase gradually with increasing magnetic fields. The shift of Tm was
estimated as dTvm/dB =1.3 K/T.

2. Magnetization and permeability

The permeability abruptly changes and shows the clear peak around Tm. The permeability
below Twm is about one-tenth than that above Twm. The temperature dependence of the
magnetization also shows a clear decrease around Twm. The Arrott plot of magnetization
indicates that Tc of the martensite phase is 340 K, which is almost the same as Tm = 337 K,
which was obtained by the linear expansion.

3. The values of dTw/dB are roughly proportional to the change of the spontaneous
magnetization (Mwm -Ma)/Mwm in Ni2MnGa type Heusler alloys. Tum of the ferromagnetic
Heusler alloy Ni2MnGaossCuoi2 in the magnetic field is considered to be shifted in
accordance with the magnetic fields and proportional to the difference between the
magnetization of austenite and martensite phase.

Nis2Mn2zsGazs

Thermal strain, permeability, and magnetization measurements were performed on the
Heusler alloy Nis2Mn2sGazs.
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1. Thermal strain: When cooling from the austenite phase, a steep decrease in the thermal
strain is obtained because of the martensite transition. Tv and Tk increase gradually
with increasing magnetic fields. The shifts in Tv and Tk in a magnetic field are
estimated as dTm/dB = 0.46 K/T and dTkr/dB = 0.43 K/T, respectively.

2. Magnetization and permeability: Permeability abruptly changes around Twm and Tk.
Permeability below Twm is about one-third that above Tm. The temperature dependence
of the magnetization also shows a clear discontinuity around Tm. The Arrott plot of
magnetization indicates that Tc is 358 K. The sudden decrease in magnetization at the
temperature of the martensite transition and the M-B curve indicate the magnetism of
the hard Ferro-M phase and the soft Ferro—A phase.

3. The dTw/dB values are roughly proportional to the change in spontaneous
magnetization [(Mm - Ma)/Mwm] in Ni2MnGa-type Heusler alloys. The Tum of the
ferromagnetic Heusler alloy Nis2Mn2sGaz in the magnetic field is considered to be
shifted in accordance with the magnetic fields and proportional to the difference in
magnetization between the austenite and martensite phases.
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1. Introduction

The technological development is one of the reasons why there is a variety of new materials
that can be applied to various situations. This situation enables many materials to be applied
in different areas: engineering, medicine, agriculture, arts, space field, among others. Alloys
with shape memory effect (SME) are materials that exhibit interesting characteristics and
can be applied in various situations.

The SME in Fe-based alloys results from the reverse motion of Shockley partial dislocation
during heating (Otubo, 2002) and (Bergeon et al. 1997). Figure 1 shows a schematic figure of

(2) Deformd state
-
—
\\

(1) Original form (3) Recoverd state

Shape Memory Effect - SME

Figure 1. Shape Memory Effect (Nascimento, 2008).
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SME. The original form of the material is a star, Fig. 1-(1). This star is deformed beyond its
elastic limit, Fig. 1-(2) and the original crystal structure (f.c.c.) is transformed into h.c.p.
structure. During the heating, reversion to the f.c.c. structure occurs and the original shape
is recovered Fig. 1-(3). Reversion to the matrix phase (austenite) is not complete because a
martensite residual amount exists which is not recovered during the heat treatment.
Chemical composition and austenite grain size are important factors that affect the shape
recovery in iron based shape memory alloys.

In this study, structural parameters of stress induced e-martensite were analyzed for Fe-
Mn-Si-Cr-Ni-(Co) different chemical compositions. The material was hot rolled at 1473 K
followed by a heat-treatment at 1323 K for different times to obtain different austenite
grain sizes samples. Two parameters were considered: austenitic grain and training
cycles.

2. Iron shape memory alloys - history

Iron based shape memory alloys have been largely investigated during the last years. The
Shape Memory Effect (SME) is a physical phenomenon which results in recovery of the
original shape through temperature variation after the material has been deformed beyond
its elastic limit. The alloys that exhibit this characteristic are known as Smart Materials - a
group of materials that show reproducible and stable responses, through significant
variations of at least one property, when subjected to external stimuli. Table 1 shows some
of these materials and their properties.

In iron based alloys the SME, is related with the y(f.c.c.) <> g(h.c.p.) nonthermoelastic
martensitic transformation (Bergeon et al. 1997). This effect is the result of the reverse
motion of Shockley partial dislocation during heating. In general, the technological
development was largely responsible for, the emergence of new compositions with SME.
The ferrous alloy was developed as an alternative to NiTi alloys and also the copper base
compositions due to its low cost and properties similar to nitinol alloy.

Fe-Mn-Si alloys began to be studied in the 80s (Sato et al. 1982). The alloying elements Cr,
Ni and Co were subsequently used to improve the properties of shape recovery. Fe-Mn-
Si-Cr-Ni-Co alloys were developed, with several attractive properties and a more
desirable shape recovery making them suitable for various technological applications
(Shiming et al. 1991), (Bergeon et al. 1997), (Kajiwara et al. 1999), (Arruda, 1999). In Brazil
the family of iron-based shape memory alloys has been extensively studied since 1995
(Otubo et al. 1995).

Tab. 2 presents a list of research groups registered in the CNPq (National Counsel of
Technological and Scientific Development) investigating the ferrous alloys with EMF in
Brazil.

Research groups are listed in Tab. 2 to present the several technological applications and
basic studies. In this study we will focus on recovery as a function of the initial
microstructure and training cycles.
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Smart Materials

Properties

polymers

Shape memory alloys and shape memory

Materials in which large deformation can
be induced and recovered through
temperature changes or stress changes.

Magnetic shape memory alloys

Materials that change their shape in
response to significant change in the
magnetic field.

Piezoelectric materials

Materials that produce a voltage when
stress is applied.

Magnetostrictive materials

Materials that exhibit change in shape
under the influence of magnetic field.

pH-sensitive polymers

Materials that change in volume when the
pH of the surrounding medium changes.

Temperature-responsive polymers

Materials which undergo changes upon
temperature.

Halochromic materials

Materials that change their color as a result
of changing acidity.

Chromogenic systems

Materials that change color in response to
electrical, optical or thermal changes.

Ferrofluid

Photomechanical materials

Materials that change shape under
exposure to light.

Self-healing materials

Materials that have the intrinsic ability to
repair damage due to normal usage, thus
expanding the material's lifetime

Dielectric elastomers

Smart material systems which produce
large strains (up to 300%) under the
influence of an external electric field.

Magnetocaloric materials

Compounds that undergo a reversible
change in temperature upon exposure to a
changing magnetic field.

Thermoelectric materials

Materials used to build devices that
convert temperature differences into

electricity and vice-versa.

Table 1. Smart Materials
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Research groups -source: CNPq Identification Iron-based alloy
Development of metallic alloys Fundacao Centro Fe-Mn-Si-(Ni-Cr-Co)
Tecnolégico de Minas Gerais
- CETEC
Development of metallic alloys Universidade Estadual de | Fe-Mn-Si-(Ni-Cr-Co)
for industrial applications Campinas - UNICAMP
Shape memory alloys - Universidade Estadual de | Fe-Mn-Si-Ni-Cr-(Co)
characterization and application | Ponta Grossa— UEPG and NiTi
Shape memory materials Instituto  Tecnoldgico  da | Stainless steel e NiTi
Aeronautica - ITA

Table 2. Research groups of iron shape memory alloy in Brazil (source: CNPq)

3. Structural and mechanical properties

Technological applications of these alloys are directly related to the study of their
mechanical and structural properties. There are several mechanical properties which may be
mentioned. In this study the relationship between the effect of structural parameters on the
mechanical properties and shape recovery will be presented through the analysis of samples
subjected to cycles of training using compression test. Therefore, the results discussed refer
to the reverse transformation of stress induced g-martensite.

3.1. Structural characterizations

As it is known, the SME is directly related to processing and reversing the crystalline
phases. In these materials the following transformations may occur:

g(f.c.c.) < (h.c.p.),;/(f.c.c.) < a’(b.c.c.) and y(f.c.c.)g(h.c.p.) < a’(b.c.c.)

The predominant type of transformation will depend on factors such as chemical
composition and thermomechanical treatment cycles. The o' phase is bec; Shockley partial

dislocations are specific of compact structures f.c.c. and h.c.p. When the fraction of b.c.c.
phase increases, there is a decrease in the fraction of compact structures, thus the recovery
mechanism through partial dislocation Shockley is smaller.

The three types of crystal structure show interesting peculiarities which are discussed
below.

a. Austenitic phase

The austenitic phase in iron based Fe alloys is known as a strong and stable phase.
Crystallographically it presents characteristics similar to commercial stainless steels, AISI
304. It features a cubic crystal structure (f.c.c.) and space group Fm-3m.

b. Martensitic phase

In this study there are two important phases resulting from the martensitic transformation:
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;/(f.c.c.) - g(h.c.p.) - a’(b.c.c.)ory(f.c.c.) - a’(b.c.c.)

The e-martensite-phase is of greater interest because the reversion to austenite results in
SME. Literature data show that the hexagonal structure (h.c.p.) can be mechanically or
thermally induced. In particular in this case priority is given for the stress induced e-
martensite.

The atomic stacking sequence for the f.c.c. phase is ABCABCABC ... and h.c.p. phase is
ABABAB. According to studies on stacking faults, they are necessary in the f.c.c structure in
order to generate the embryos which form the martensitic phase. The overlapping of stacking
faults form an h.c.p. volume and a reversal movement of Shockley partial dislocation occurs.
Figure 2 shows a diagram of the stacking sequence to cubic and hexagonal structures. The
orientation relationship between these phases is shown in Figure 3.

Figure 2. Atomic stacking sequence (ABCABCABC...) for f.c.c. structure with overlapping
every third crystal plane (111) along [111]. Atomic stacking sequence (ABABAB...) for h.c.p.
structure with overlapping crystal planes (0001) alternate along [0001] (Van Vlack, 1998).

The martensite and austenite phases can be identified using different techniques such as X-
ray diffraction (XRD) and optical microscopy. The ferrous alloys, with SME, present a
diffractogram similiar to AISI 304 commercial austenitic steels. Table 3 shows the position of
20 reflections corresponding to the martensite and austenite phases. In this study, the XRD
data were collected between 10 and 100°(26) at room temperature using a Philips
diffractometer (PW1710) with Cu target and a graphite diffracted beam monochromator,
step sizes of 0.02° and 2 seconds counting time.
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Figure 3. Orientation relationship between h.c.p. and f.c.c. phases (Huijun 1999).

Phase (h.k.l.) 26
y-austenite (111) 43.7
Structure: cubic (200) 50.7
Space group: Fm-3m (220) 74.8
(311) 90.8
e-martensite (10.0) 41.0
Structure: hexagonal (10.1) 46.9
Space group: P6s/mmé6 (y = 120°) (10.2) 62.0

Table 3. Identification of austenite and martensite phases.

Figure 4 shows the identification of these phases and the effect of the training cycle on a

sample with grain size 75 pm (4 - ASTM).
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Figure 4. XRD patterns for 1st, 3rd and 6th thermo-mechanical cycles, deformed state, GS =75 um

(Nascimento et al. 2008).
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Figure 4 shows that with the increasing number of training cycles, the volumetric fraction of
the martensitic phase increases. Using Rietveld refinement the quantitative analysis of phases
was estimated considering the integrated intensity of the peaks (10.1), The small shift in the
position 26 of reflection (111)-austenitic phase shows variations in the lattice parameter of the
unit cell this phase. These changes can be analyzed using Rietveld refinement.

In the Rietveld refinement the peak shape, width parameters and background parameters
are considered. All these parameters were refined adopting the iterative least-squares
method through minimization of residual parameter. Two structure types were considered:
(a) cubic symmetry, space group Fm-3m for austenite phase, and (b) hexagonal symmetry,
space group P63/mmc (with y = 120°) for the martensite phase. Lattice parameters
correspond to a similar composition alloy, AISI-304 steel. The thermal parameters (B’s)
initially used for both phases were Boverat = 0.5 and the peak shape function used was the
pseudo-Voigt. Figure 5 presents the experimental and refined X ray diffraction patterns as
well as their difference.

5000 (111 )~,
4000
(10.0) Experimental
©
3 3000
2
2
& 2000
£
1000 Refined
Difference
0 [ A Y gy
T T T T T T T T T T T T T T

40 42 44 46 48 50 52 54
20 (Degree)

Figure 5. Rietveld refinement (GS =75 um), last thermo-mechanical cycle, deformed state (Nascimento
et al. 2008).

The e-martensite lattice parameters for the first cycle were: a: = 2.548(6) A, cc =4.162(2) A.
The ratio c/a found was c/a = 1.633(2). The standard deviations are shown in parenthesis.
Austenitic phase indicated lattice parameters similar to those presented in the literature for
stainless steel (Gauzzi et al. 1999): ay = 3.587(2) A. Lattice parameters for the austenitic phase
presented small variations (< 3%). The discrepancies between the experimental and refined
profiles for all samples are small, indicating that the unit cell dimensions were accurately
determined and that the chosen peak shape function pseudo-Voigt was a good choice for
these samples. The thermal parameters (B’s) presented a variation smaller than 0.5%. These
structural variations are important because they affect the ratio ¢/a and also the reversion to
the cubic austenitic phase (Nascimento et al. 2008).
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Previous studies (Nascimento et al. 2008) show the effect of training cycles on the lattice
parameter of the unit cell in stainless shape memory alloy, Figure 6. We note that for the
sample with smaller grain size (75 pm) the a-parameters decreased with increased training

cycles while the c-parameter increased. These changes affect the SME.

Figure 6. Structural parameters variation for austenite and martensite phases as a function of
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Figure 7 shows the variation of the structural parameters a, ¢, and the ratio a/c as a function
of the initial microstructure. These samples showed a smaller variation of grain size and
consequently lower variation of structural parameters.
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Figure 8. Shape memory effect as a function of ratio c/a.

Another way to identify the phases in alloys with SME is through optical microscopy using
specific etching. The phases are differentiated through color (color etching method) that
should be adapted to each sample (Nascimento et al. 2003). Figure 9 shows some images of
the Fe-Mn-Si-Cr-Ni-Co alloy. In the first image, the austenitic grain boundaries are seen (Fig.
9a). Austenitic grain orientations are observed by different colors. Deformation twins can
also be viewed (Fig. 9b). The coexistence of martensite and austenite phases can be observed
in Fig. 9c. In this case, the darker regions have been identified as the martensitic phase. The
color etching is also very important to verify the presence of the o’-martensite, considered as
detrimental to the shape recovery process. This phase was not identified by X-ray diffraction
because it has a low volumetric fraction (<2%). But, using optical microscopy, the o’-
martensite was identified as spots throughout the sheets of e-martensite, Fig. 9d.
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<) d)

Figure 9. Identification of martensite and austenite phases using color etching: 2.0 g K25:0s + 0.5g
NHsHF:2 + 50 ml H20 (Bueno et al. 2003).

3.2. Mechanical properties

The mechanical properties such as hardness (Vickers hardness and nano hardness) were
analyzed in samples subjected to compression cycles to study the stress induced e-
martensite (Nascimento, 2008). Figure 10 shows the influence of austenite grain size in
Vickers hardness and the nano hardness of the Fe-Mn-Si-Cr-Ni-Co alloy.

The Vickers hardness (Fig-10a) shows the contribution of e-martensite and austenite phases
simultaneously. In this case, the behavior is similar to that of the commercial austenitic steel,
the Vickers hardness decreases as a function of grain size (Nascimento, 2008). Literature
data indicated a linear relationship between the yield stress (c) and the inverse of the square
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root of grain diameter, according to Hall-Petch (Leslie, 1996), (Gladman, 1997). Using
pyramidal indenter geometry it is possible to estimate the hardness (GPa) of these phases
separately, Fig. 10(b) and Fig. 10(c).

The curve of hardness, Fig. 10(c) shows similar behavior to that of the austenite phase curve
Fig. 10(a). But the martensitic phase, Fig. 10(b), shows an increased hardness due to increase
in grain size. This result is explained by the fact that increased grain size makes shape
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Figure 10. a) Hardness (GPa) and Vickers hardness as a function of austenite grain size, recovery state,
b) Hardness (GPa) curve obtained in nanoindentation tests in Fe-Mn-Si-Cr-Ni iron based shape memory
alloy.

125



126 Shape Memory Alloys — Processing, Characterization and Applications

210

] i
200 4
0] W% e-martensite
5 ]
o 180
2 ]
2 170
° 4
[e]
= 160
o ]
8 1504 O
8 - i
140 4 ;
1 y-austenite S
130 4 O

T T T T T T T T T T T T T T T T T
120 130 140 150 160 170 180 190 200
Austenite grain size(um)

Figure 11. Effect of austenite grain size on the elastic modulus (GPa) to e-martensite and
austenite phases.

recovery more difficult. In this case, these samples have a higher volumetric fraction of e-
martensite residual, a phase which was not recovered at each cycle of thermomechanical
treatment (Nascimento et al. 2003). Figure 10d shows the typical curve obtained in the
nanoindentation test. The blue curve is the first training cycle and the red curve is the sixth
cycle, or thermomechanical cycle. For small contact depths, hardness is analyzed on the
surface of the material and for greater contact depths, the values of hardness are obtained in
bulk, approaching conventional austenitic stainless steel.

The variations of the modulus of elasticity for the martensite and austenite phases are
shown in Figure 11. For a commercial stainless steel the modulus of elasticity is around 210
GPa. When we analyze the phases separately, we observed a change in value. This variation
is due to the difference in chemical composition and also alterations in the volumetric
fraction of the phases.

4. Conclusion

The main conclusion of this study refers to the fact that the initial refinement of the
microstructure in iron based alloys affects the performance of shape recovery of these
materials. These changes occur in several aspects: morphology and microstructure of the
phases, structural parameters, mechanical properties and shape memory effect. Changes
in the ratio c/a of martensitic phase affect the reverse motion of partial dislocation that is
also affected by grain size. Samples with larger grain size need to relax the strain by
creating new guidelines facilitating the precipitation of the o’-martensite. Analysis using
the Rietveld refinement are important because they allow better evaluation of the
structural variations.
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1. Introduction

Shape Memory Alloys (SMAs) are a unique class of metal alloys which can be deformed
severely and afterwards recover their original shape after a thermomechanical cycle (shape
memory effect), or a stress cycle within some appropriate temperature regimes
(pseudoelasticity, also sometimes called in the literature superelasticity, not to be confused
with hyperelasticity). The mechanisms of this recovery are either a diffusionless
transformation between the austenite phase (which is a highly ordered phase and is also
called the parent phase) and the martensite phase (which is a less ordered one) or the
reorientation (detwinning) of martensite variants. Detailed exposures to the physics of the
subject may be found in Wayman (1964), Smallman and Bishop (2000) and Bhattacharya
(2003). As is shown in these studies the thermomechanical response of SMAs is extremely
complex, a fact that in conjunction with the continuously increasing use of SMAs in several
innovating applications in many engineering fields results in a greater need for a better
understanding of these materials. For the past decades several constitutive models have
appeared within the literature (e.g., Raniecki et al., 1992; Abeyaratne and Knowles, 1993;
Ivshin and Pence, 1994; Boyd and Lagoudas, 1996; Lubliner and Auricchio, 1996;
Panoskaltsis et al., 2004), which within the context of a geometrical linear theory can capture
several aspects of the experimentally observed response. Nevertheless, the physics of the
problem (e.g., see Smallman and Bishop, 2000), together with some basic results of the
crystallographic theory of martensitic phase transformations (e.g., Ball and James, 1987;
James and Hane, 2000; Abeyaratne et al. 2001), suggest that a geometrically non — linear
approach is more appropriate. Levitas and Preston, (2005) discuss the drawbacks of the
infinitesimal models and they report that finite rotations of the crystal lattice can occur at
small transformation strains (small strains and finite rotations) and can crucially affect the
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phase transformation conditions. Rather recently, several researchers have started to
develop constitutive models for SMAs within the finite deformation regime. The approaches
used for the description of the behavior of these materials are many and almost encompass
all branches of mathematics, physics, material science and continuum mechanics. The
existing models may be roughly classified in the following categories: (a) Constitutive
models based on phase field or Landau — Ginzburg theory, (b) models based on irreversible
thermodynamics and (c) models based on plastic flow theories.

The basic idea of the phase field theory is that out of all complexities of statistical mechanics
one can reduce the behavior of a system undergoing a phase transformation to that of a few
order parameters (i.e., parameters that give a measure of the transformation development),
governed by a free energy function, which depends on stress (or deformation), temperature
and those parameters. A characteristic example of modeling phase transformations by
Landau - Ginsburg theory is provided by Levitas and Preston, 2005.

Also, in the realm of the so — called non equilibrium (or irreversible) thermodynamics
several models have been proposed which are based on the use of a set of thermomechanical
equations describing the kinetics of the martensitic transformations. The constitutive
equations are developed in a non - linear manner on the basis of the laws of
thermodynamics. Depending on whether they utilize the full microscopic deformation or
the phenomenological one, the thermodynamical models may be classified further as
microscopic (e.g., Levitas and Ozsoy, 2009) or macroscopic (e.g., Miiller and Bruhns, 2006).

Another approach, which besides being thermodynamically consistent may also furnish a
concrete micromechanical justification, is through the employment of plastic flow theories.
Recall that the martensite transformation is a diffusionless one during which there is no
interchange on the position of neighboring atoms but atom movements resulting in changes
in the crystal structure (e.g., see Smallman and Bishop, 2000, pp. 278 — 279). Based on this
observation the martensite formation has been explained by a shear mechanism or by a
sequence of two shear mechanisms. The shear mechanism can take place either by twinning
or by sliding, depending on the composition and on the thermodynamical conditions
(Smallman and Bishop, 2000, p. 280). Although in the book of Smallman and Bishop mainly
martensitic transformation in steel is described, the authors discuss efforts for the
development of a general theory of the crystallography of martensitic transformations. The
crystallographic mechanisms of martensite in nickel titanium (NiTi, also known as Nitinol)
are similar, i.e., slip or twinning, as in the alloys described in the book of Smallman and
Bishop. As a result it can be considered that the role played by the different transformation
systems in the martensitic transformations may be suitably parallelized by the role played
by the slip systems in crystal plasticity. Models based on this idea have been proposed
among others by Diani and Parks (1998), Thamburaja and Anand (2000) and Anand and
Gurtin (2003). It should be emphasized that these models are also computationally attractive
because a lot of work has been put recently in the algorithms of crystal plasticity, both in
their purely algorithmic as well as in their mathematical aspects, resulting in the
development of robust algorithms well suited for finite element applications. Accordingly,
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complex constitutive representations may be considered, since their numerical
implementation is no longer intractable, no matter how complex they may be.

An alternative approach, within the context of plastic flow theories, has been proposed by
Lubliner and Auricchio (1996) and Panoskaltsis et al. (2004), who developed three —
dimensional thermomechanical constitutive models based on generalized plasticity theory
in the small deformation regime, and by Panoskaltsis et al. (2011a, 2011b) within finite
strains and rotations.

Generalized plasticity is a general theory of rate — independent inelastic behavior which is
physically motivated by loading — unloading irreversibility and it may be mathematically
founded on set theory and topology (Lubliner 1974, 1984, 1987). Its particular structure
provides the theory with the ability to address “non — standard” cases such as non -
connected elastic domains.

The objective of this work is twofold: First, to extend the previous works of SMAs modeling
based on generalized plasticity, providing a general geometrical framework. This general
framework will in turn constitute a basis for the derivation of constitutive models for
materials undergoing phase transformations and for arbitrary deformations. Second, as an
application, to develop a finite strain model, which can simulate several patterns of the
extremely complex response of SMAs under isothermal and non — isothermal loadings.

This chapter is organized as follows: In section 2, a general multi — surface formulation of
non - isothermal generalized plasticity, capable of describing the multiple and interacting
loading mechanisms which occur during phase transformations (see Panoskaltsis et al.,
2011a, 2011b)) is presented within the context of tensor analysis in Euclidean spaces. The
derivation of the thermomechanical state equations on the basis of the invariance properties of
the local form of the balance of energy equation under some groups of transformations, is attained in
section 3; this is a purely geometrical approach. In particular, the fundamental theorem of
the covariant constitutive theory of non — linear elasticity (see Marsden and Hughes, 1994,
pp. 202 — 203) is revisited and is used in place of the second law of thermodynamics, as a basic
constitutive hypothesis for the subsequent derivation of the SMAs thermomechanical state
equations. Rate constitutive equations are derived as well. Finally, as an application a
specific model is derived within a fully thermomechanical framework in section 4.
Computational aspects and numerical simulations are presented in section 5.

2. Generalized plasticity for phase transformations
2.1. Formulation of the governing equations in the reference configuration

Generalized plasticity is a local internal variable theory of rate — independent behavior,
which is based primarily on loading — unloading irreversibility. As in all internal — variable
type theories, it is assumed that the local thermomechanical state in a body is determined
uniquely by the couple (G, Q) where G — belonging to a space G - stands for the vector of
the controllable state variables and Q — belonging to a space Q - stands for the vector of the

133



134 Shape Memory Alloys — Processing, Characterization and Applications

internal variables, which are related to phase transformations. Following the ideas presented in
the review paper of Naghdi (1990) we follow a material (referential) approach within a strain
— space formulation. Accordingly, G may be identified by (E, T) where E is the referential
(Green — St. Venant) strain tensor and T is the (absolute) temperature. Depending on the
nature of the (material) internal variable vector Q, the theory may, in principle, be formulated
equivalently with respect to the macro —, meso —, or micro — scale structure of the material.

The central concept of generalized plasticity is that of the elastic range, which is defined at
any material state as the region in the strain — temperature space comprising the strains
which can be attained elastically (i.e.,, with no change in the internal variables) from the
current strain — temperature point. It is assumed that the elastic range is a regular set in the
sense that it is the closure of an open set. The boundary of this set is defined as a loading
surface at Q, (see Eisenberg and Phillips, 1971; Lubliner, 1987). In turn, a material state may be
defined as elastic if it is an interior point of its elastic range and inelastic if it is a boundary
point of its elastic range; in the latter case the material state lies on a loading surface. It
should be added that the notion of process is introduced implicitly here. By assuming that
the loading surface is smooth at the current strain - temperature point and by invoking some
basic axioms and results from set theory and topology, Lubliner (1987) showed that the rate
equations for the evolution of the internal variable vector may be written in the form

Q=HL(G,Q)(NG), @)

where <-> stands for the Macauley bracket which is defined as:

x ifx>0
CRi

0 ifx<0,
and H stands for a scalar function of the state variables. Accordingly, the value of H must be
positive at any inelastic state and zero at any elastic one. Finally, L stands for a non - vanishing
(tensorial) function of the state variables associated with the properties of the phase
transformation, N is the outward normal to the loading surface at the current state, while the
colon between two tensors denotes their double contraction operation. Furthermore, the set of
the material states defined as H = H(G,Q) =0, which comprises all the elastic states is called
the elastic domain and its projection on the set defined by Q = const. is defined at the elastic
domain at Q. In general, the elastic domain at Q is a subset of the elastic range (Lubliner, 1987).
The particular case in which the two sets coincide corresponds to classical plasticity and the
boundary of the elastic domain, that is the initial loading surface, constitutes the yield surface (see
Eisenberg and Phillips, 1971; Lubliner, 1987; Panoskaltsis et al., 2008a, 2008b, 2011c).

It is emphasized that Eq. (1) has been derived under the assumption of a smooth loading
surface at the current strain — temperature point, which implies that only one loading
mechanism can be considered. On the other hand, phase transformations include multiple
and sometimes interacting loading mechanisms, which may result in the appearance of a
vertex or a corner at the current strain — temperature point. This fact calls for an appropriate
modification of the rate Equation (1).
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In order to accomplish this goal we assume that the loading surfaces are defined in the state
space by a number — say n — of smooth surfaces, which are defined by expressions of the form

®,(G,Q)=0, i=1,2,.,n. @)

These surfaces can be either disjoint, or intersect in a possibly non — smooth fashion. Each of
these surfaces is associated with a particular transformation mechanism which may be
active at the current strain — temperature point. Then, by assuming that each equation
®,(G,Q)=0 defines an independent (non - redundant) active surface at the current stress
temperature point, and in view of Eq. (1), we can state the rate equations for the evolution of
the internal variables in the following general form

Q=Y HL(G,Q)(N;G), ®)

i=1
where H;, L, and N; are functions of the state variables defined as in Eq. (1) and each set of
them — defined by the index i — refers to the specific transformation associated with the part
of the loading surface defined by @,(G,Q)=0. From Eq. (3) one can deduce directly the
loading — unloading criteria for the proposed formulation as follows: Let us denote by
N, <N the number of loading surfaces that may be active at an inelastic state i.e. H; >0,

and let us denote by |, the set of n_,  indices associated with those surfaces, i.e.

adm
Jadm ={a€{1,2,..n}/H,, > 0}.

Then Eq. (3) implies the following loading — unloading conditions:

If] . =, then Q=0.
IfJ 4., # <, then:
i IfN, :G<0forallae]

iiIfNa:G>Oforat1eastoneae]

adm

then Q=0,
then Q #0.

adm

adm

Hence, if we denote further by n_, <n_, the number of parts for which (ii) holds, and we

act —

set:

Jact =l €J34m /N, :G>0l,

the loading criteria in terms of the sets J_, and ], may be stated as:
If ]y =9 elastic state.
If] gy #Gand], =D
LIEN, : G<Oforalla e Jadm® elastic unloading, (4)
ii. If N, : G =0 for at least one a € Jagm: neutral loading,
If Jyo 29 and], , #D: inelastic loading.
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2.2. Equivalent spatial formulation

The equivalent assessment of the governing equations in the spatial configuration can be
done on the basis of a push — forward operation (e.g., see Marsden and Hughes, 1994, pp. 67
- 68; Stumpf and Hoppe, 1997) to the basic equations. For instance, by performing a push —
forward operation onto Eq. (3) the latter is written in the form

Lyq = zhili(g'q'F)<ri>' )
i1

where F stands for the deformation gradient and g stands for the vector of the controllable
variables in the spatial configuration and is composed by the Almansi strain tensor e —
defined as the push — forward of the Green — St. Venant strain tensor — and the (scalar
invariant) temperature T. Moreover in Eq. (5), q stands for the push forward of the internal
variable vector, and Ly (-) stands for the Lie derivative (e.g., see Marsden and Hughes, 1994,
pp. 93 — 104; Schutz, 1999, pp. 73-79; Stumpf and Hoppe, 1997), defined as the convected
derivative relative to the spatial configuration. Finally, h, stands for the expression of the
scalar invariant functions H, in terms of the spatial variables (e, T, q) and the deformation
gradient F, 1, stands for the push — forward of the tensorial functions L, and 7 denotes the
(scalar invariant) loading rates which are written in the form

0 o
oT

o,
r,=—="Lye+
i de A\

T, (6)

where ¢, is the expression for the loading surface associated with the index i, in terms of the

spatial variables. The (spatial) loading — unloading criteria flow naturally from Eq. (5) as:

Ifjun=9: elastic state.

Ifj 4, #Q andj,, =D
i.lfr,<0forall @ ej,g,: elastic unloading, (7)
ii. If r, = 0 for at least one & €, 4..: neutral loading,

If jymp D andj,, #D: inelastic loading,

where the sets j,,. and j,, are now defined in terms of the spatial variables as,
Jadm = {x €{1,2,..,n}/h, >0} and j,, ={x €] 4, /T, > O}

adm

2.3. Description of rate effects

Rather recent experimental results (see, Nemat — Nasser et al., 2005a, 2005b) on a NiTi shape
memory alloy, show that some of the phase transformations depend on the rate of loading.
Such a behavior can be accommodated by the (geometrical) framework developed here, by
noting that generalized plasticity can be combined consistently with a rate — dependent
(viscoplastic) theory. In this case the rate equations for the internal variables may be written
in the form
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Q=3 HL(G,Q)(NG)+ M(G,Q) @®)
i=1

where the M;'s stand for additional functions of the state variables enforcing the rate —
dependent properties of the transformation defined by the part of the loading surface
associated with the index i. The crucial advantage of this approach lies on the compatibility
of the two theories, in the sense that neither viscoplasticity, nor generalized plasticity
employs the concept of the yield surface as its basic ingredient.

2.4. Transformation induced plasticity

From a further study of the experimental results of Nemat — Nasser et al. (2005a, 2005b) (see
also Delville et al., 2011) it is observed that after a stress cycle within the appropriate limits
for pseudo-elastic behavior permanent deformations appear, a fact which implies that a
yielding behavior appears within the martensitic transformations.

Such a response can be described within our framework by introducing m additional
(plastic) loading surfaces, which control the yielding characteristics of the material. These
are assumed to be given by expressions of the form

G(G,Q,P)=0, i=1,2,.., m, ©)

where P is an additional internal variable vector, which stands for the description of plastic
phenomena within the material. In turn, the rate equations for the evolution of the plastic
variables within the generalized plasticity context — which includes classical plasticity as a
special case (see Lubliner, 1987; Panoskaltsis et al., 2008a, 2011c) — may be stated as

P- iKiTi (G.QP)(R;:G), (10)
i=1

where the functions K;, T, and R, have an identical meaning with the functions H;, L, and
N, which appear in Eq. (3). The constitutive modeling of plasticity phenomena within the
martensitic transformations is nowadays a very active area of research. Recent contributions
include the phenomenological models by Hallberg et al. (2007, 2010) and Christ and Reese
(2009).

A further observation of Egs. (9) and (10) and their comparison with the basic Egs. (2) and
(3) reveal that both sets of equations show exactly the same qualitative characteristics.
Accordingly, it is concluded that from a geometrical standpoint the phase transformation
loading surfaces are indistinguishable from the plastic loading surfaces, which means that
the internal variable vector P may be absorbed in Q so that the basic equations can
simulate both phase transformation and plasticity phenomena in a unified format. This
implies that plastic yielding can be understood within the proposed framework as a phase
transition.
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3. The invariant energy balance equation and the thermomechanical state
equations

The concept of invariance plays a fundamental role in several branches of mechanics and
physics. In particular, within the context of continuum mechanics the invariance properties
of the balance of energy equation, under some groups of transformations, may be
systematically used in order to derive the conservation laws, the balance laws and/or to
determine some restrictions imposed on the equations describing the material constitutive
response (e.g., Ericksen, 1961; Green and Rivlin, 1964; Marsden and Hughes, 1994, pp. 163 —
167, 200 — 203; Yavari et al., 2006; Panoskaltsis et al., 2011c). For instance, Marsden and
Hughes (1994, pp. 202 — 203) by studying the invariant properties of the local form of the
material balance of energy equation, under the action of arbitrary spatial diffeomorphisms,
determined the thermomechanical state equations for a non — linear elastic material. The
basic objective of this section is to revisit the approach given in Marsden and Hughes (1994,
pp. 202 — 203), within the context of the Euclidean space used herein and to show how this
can used as a basic constitutive hypothesis in place of the second law of thermodynamics for the
derivation of the constitutive response of the SMA material in question.

3.1. Revisiting Marsden and Hughes’ theorem

Unlike the original approach of Marsden and Hughes where manifold spaces are used and
the invariance of the local form of the material balance of energy equation is examined
under the action of arbitrary spatial diffeomorphisms, which include also a temperature
rescaling, we examine the invariance properties of the local form of the spatial balance of
energy equation under the action of the same kind of transformations, within the context of
a Euclidean space. Within this framework the basic axioms of Marsden and Hughes (1994,
pp- 202 — 203) may be modified as follows:

Axiom 1 (Local energy balance or first law of thermodynamics): For a spatial point with
coordinates x;,x,,x;, and a given elastic thermomechanical process (e, T) the balance of
energy holds

pe+divh=0:Lye+ pr, (11)

where ¢ is the energy density, p is the spatial mass density, ¢ is the Cauchy stress tensor,
h is the heat flux vector per unit of surface of the spatial configuration, r is the heat supply
per unit mass and a superimposed dot indicates material time derivative. By introducing the
Helmbholtz free energy function y, obtained by the following Legendre transformation

v =e—-nT,

where 77 is the specific entropy, the local form of the energy balance can be written in the
form

oy +37T+nT)+divh=0: Lye+ pr. (12)



Mechanics of Shape Memory Alloy Materials — Constitutive Modeling and Numerical Implications

Axiom 2 (Invariance of Helmholtz free energy): We denote by S the ambient space, by ¢ the
deformation mapping, by g the space of the control variables and by f the set of the cs
scalar fields all expressed in the spatial configuration. Next we assume the existence of a
map v : (S,g,R") — f such that for any diffeomorphism which includes also a temperature
rescaling, that is: (£,6): (S,R*) —(S,R"), the following expression holds:

(e, T)=p(Ed,5,e,0T,0),

where (-), denotes the push — forward operation.

Axiom 3 (Invariance of the energy balance): For curves &:S—S and J,(x)e R*, ¢t' =& 08,
T,/=6,T, and by assuming that p, ¥ and 7 are transformed as scalars, the heat flux vector
is transformed as h/=6&.h, and the “apparent heat supply” due to entropy production,

r' =T/n,, is transformed as # - Ty, = 6,(r, = T,7,) the balance of energy holds, that is

P +0'T +5T)+divh' =o' Lye' + o7 (13)

Then the basic theorem of Marsden and Hughes (Theorem 3.6 p. 203), takes in our case the
form:

Theorem 1: Under axioms 1, 2 and 3 the thermomechanical state equations for the Cauchy
stress tensor and the entropy density are given as:

oy oy
O=p—, N=—">.
e 1T ar (14)

Proof: The proof relies crucially, as in the case examined by Marsden and Hughes, on the

%3

evaluation of Eq. (13) at time f,, when F,‘tzto =1 (identity), WZE , and §(=t0 =1,
t=t,
u= % where u is the velocity of & at t,. Then, since at t = to‘ > v'=w+v, T'=uT+T, the

t=t,

time derivative of the Helmholtz free energy yields:

. oy oy
! =y +—:L e+——(ul), 15
, Ve Iw 6T( ) (15)

v

t=t

in which Ly () stands for the autonomous Lie derivative (e.g., see Marsden and Hughes,
1994, pp. 96 - 98; Yavari et al., 2006). Furthermore it holds that

. '
o':L,e

o, =0:Le+o:le (16)

o

since (see Marsden and Hughes, 1994, p. 98)
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L,.,e=e+L,  e=e+Le+L e=Le+L_e.

In light of Egs. (15) and (16) and the transformation formulae for the heat flux vector and the
“apparent heat supply” due to entropy production, Eq. (13) at ¢ =£, can be written as:

. oy oy
+p—:L e+ p——(ul)+
PV +p we+ p——(uT)

+pnT+pn(uT)+divh=0: (Lye + L e)+ p(r - T1).

(17)

Subtracting Eq. (12) from Eq. (17) gives the identity

0 0
pa—‘{e] :Loe+ pa—i}/(uT)ﬂor](uT) -0:L,e=0, (18)

or

v

(p e

0
~0):Lye+(p S +pn)(uT) =0, (19)
from which and by noting that L,e and u can be arbitrarily specified, the
thermomechanical state Equations (14) follow. By performing a pull — back operation to Egs.
(14) the following relations are derived

ov o

S = p—; - 7
Pref OE n oT (20)

where S stands for the second Piola — Kirchhoff stress tensor, p,, for the material mass
density and ¥ for the expression of the Helmholtz free energy in the material
configuration. It is concluded that Eqgs. (20) are identical to the thermomechanical state
equations of Marsden and Hughes (1994, p. 203). Thus, we can state the following
proposition:

Proposition 1: The invariance of the local form of the balance of energy equation under the
superposition of arbitrary spatial diffeomorphisms, which also include a temperature
rescaling, gives identical results with respect to the thermomechanical state equations,
irrespectively of whether the energy balance equation is considered in its material or its
spatial form.

3.2. Thermomechanical state equations for a SMA material

Building on the previous developments we will derive the thermomechanical state
equations for a shape memory material with internal variables, which obeys the rate Equations
(5). The development relies crucially on establishing a new set of axioms which will
incorporate the presence of the internal variables and their evolution in the course of the
phase transformations. We proceed as follows:
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Axiom 1: Since the internal variables are not involved explicitly in the balance laws, for a
process which is either elastic or inelastic (j,q,, # @ and j, # &) axiom 1 remains unaltered,

that is Eq. (12) holds.
Axiom 2 is modified as follows:

Axiom 2: In addition to the adopted notation, we denote by g4 the space of the internal
variables in the spatial configuration and we assume the existence of a map

1/5:(5, 2,4,R") > fsuch that for any diffeomorphism which includes also a temperature
rescaling, that is: (€,0): (S,R*)—(S,R"), the following expression holds:

(8,0, T,q)=p(E 4,6T E.e,q(E.e,5T), 5).

Axiom 3: In addition to the energy invariance axiom it is assumed that under the application
of the diffeomorphism (§,9): (S,R") = (S,R"), loading surfaces are transformed as scalars,
thatis ¢;(¢,e,T,q)=¢;(&°¢,6T,&.e,q(¢.e,6T),6).

In this case, as in the previous one, the derivation procedure is the following;:
We evaluate Eq. (13) at time t;,, when F,‘H =1 (identity) and o ‘H =1 with w and u being
o o

the velocities of £ and & at f,. Then

7, —yHZZ’ L, e+ (uT)+ % :Lq. 1)

The critical step is the evaluation of the loading rates at t =t;, which yields

= , ve '
Oe 6T 22)

Accordingly, the rate equation for the internal variables evaluated at time ¢ =1, yields

— zhirlir(er,r-[u/ q!,FI)rir —
o t=t (23)
@ op; & 0. 0.
=3 [hl.(e, T,qF)(—2:Le+ 2T+ Y[kl (e, T,qF)[—t: L e +—t(uT)],
Z[ ,q,F)( a7 D) i;[11( QB Lyet ()]

Lyvq’ t=t

which in view of the rate Equations (5), reads

n oo. o.
Lyd = Y0 T a B Lye + L)) 24)
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Upon substitution of Eq. (24), Eq. (21) takes the form

-1

i =L e+—(uT)+a"’ Zh (e,T,q,F)[%:Lwe+%(uT)]. (25)
e

=t oe aq i=1

Now, by working in a similar manner as in the previous (i.e., the elastic) case, in light of Eq.
(25) the basic Eq. (13) evaluated at t =t, yields

op, o,

. oy oy oW &
+p—:L e+p—(uT)+p——: > hl(e,T,q,F L e+ ul)]+
P+ P i buet por(uTyeps i D (e T B iy + o (uT)] 26)
+pnT+pn(uT)+divh=0: (Lye + L e) + p(r = T7);
from which by subtracting the balance of energy Eq. (12) we can derive the identity
op.
pa—w L e+pa— uT)+p Zh (e, T,q,F) (p‘]:Lwe+
Oe oT Oe
a (27)
a"’ Zh (e,T,q,F) T](uT)+p77(uT)(I L,e=0,
or equivalently
o0p.
a"’ a"’ Zh (e T4 B> 14! STokLe
(28)

op.
—+— hl(e,T,q,F ‘+ T)=0,
p[aT 2q ;-1 (e, T,q ) nl(uT)=

from which and by noting that L e and u can be specified arbitrarily, we arrive at the

expressions:

o,

o= p[zl i % : Zhili(e,T,q,F) eV
: (29)

oy Oy o9,
= hl.(e,T,q,F)—
n=-"lr+ 2 le ieT.qF—

Therefore, unlike the classical elastic case, for the SMA material considered, the invariance
of the local form of the energy balance under superposed spatial diffeomorphisms does not
yield the standard thermomechanical state equations unless a further assumption is made,
namely that an unloading process from an inelastic state (i.e., a process withj, , #& and
Jact =) is quasi-reversible, which means that in such a process both the mechanical and the
thermal dissipations, defined as

Loy o9, oy & 00,
l” Zh (e T,q ) HLye) dtherm:—a—W:Zhili(e,T,q,F) N CD)

mech
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vanish. If this is the case, the classical thermomechanical state equations (Egs. (14)) can be
derived, as in the classical elastic case, directly from Egs. (29). Thus, we can state the
following theorem:

Theorem 2: For the rate — independent SMA material with internal variables whose
evolution in the course of martensitic transformations is described by the rate equations (5),
(or equivalently by Egs. (3)), the invariance of the spatial local balance of energy equation
under superimposed diffeomorphisms, which also include a temperature rescaling, does not
yield the standard thermomechanical state equations, unless further assumptions are made.

It is interesting to note that in the classical theory of thermodynamics with internal variables
Lubliner (1974, 1987) has arrived at a similar result by working entirely in the reference
configuration and on the basis of the second law of thermodynamics expressed in the form of the
Clausius — Plank inequality, which is a stronger (i.e., less general) form of the Clausius -
Duhem inequality since it ignores dissipation due to heat conduction. In order to obtain the
standard thermomechanical state equations, Lubliner modifies further the Clausius — Planck
inequality, by assuming that it holds as an equality for elastic unloading and neutral loading.
It is remarkable to note that by working with the covariance axiom we do not have to ignore
dissipation due to heat conduction. Also, in comparing the two approaches we note that
while in the second law of thermodynamics we focus on all processes, in the covariance axiom we
focus on all transformations of a given process (Marsden and Hughes, 1994, p. 201).

4. A constitutive model

Up to now, the proposed formulation was presented largely in an abstract manner by
leaving the kinematics of the problem and the number and the nature of the internal
variables unspecified. The basic objective of this section is the introduction of a material
model that will help make the application of the generalized plasticity concept in modeling
phase transformations clearer. The model is based on a geometrically linear model proposed
earlier within a stress space formulation by Panoskaltsis and co-workers (Panoskaltsis et al.,
2004, Ramanathan et al., 2002) and which has been extensively used in several applications
of engineering interesting (e.g., see Freed et al., 2008; Videnic et al., 2008; Freed and Aboudi,
2008; Freed and Banks — Sills, 2007).

There are two fundamental assumptions underlying the new model which is developed
here. The first consists of the additive decomposition of the material strain tensor E into
elastic E® and inelastic (transformation induced) E™r parts, i.e.,

E=E°+E™. (31)

Such a decomposition has its origins in the work of Green and Naghdi (1965). The second
fundamental assumption is that the response of the material is isotropic. Accordingly, it is
assumed that it can be described in terms of a single scalar internal variable Z, which, as it is
common within the literature (e.g., Boyd and Lagoudas, 1996; Lubliner and Auricchio, 1996;
Panoskaltsis et al., 2004; Miiller and Bruhns, 2006, Thamburaja, 2010), is identified by the
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fraction of a single (favorably oriented) martensite variant. In turn, and in view of Eq. (31),
the internal variable vector is assumed to be composed by the transformation strain tensor
E™" and the martensite fraction Z.

By noting that the martensitic transformations to be considered are accompanied by
variations of the elastic properties of the SMA material and in view of the additive
decomposition of strain (Eq. (31)), the Helmholtz free energy can be additively decomposed
in elastic and inelastic (transformation) parts, as follows

Y=Y _(E-E™(2),T,2)+¥ . (ZT). (32)

It is emphasized that this is not the conventional decomposition of the free energy function
performed within the classical inelastic theories (e.g., plasticity, viscoelasticity,
viscoplasticity), since the elastic part ¥, depends on the internal variable Z. In this sense
the decomposition (32) resembles the decompositions employed within the
thermomechanical treatment of damage (see Panoskaltsis et al., 2004). The elastic part of the
Helmbholtz free energy is assumed to be given as

¥ (E-E™ (Z),T,Z)=U(E ~E™(2), Z) +0(T)+ M(E —E" (Z),Z,T), (33)

where the terms U, ® and M will be defined next. U is the mechanical part of ¥, and is
assumed to be given by a similar expression to the stored energy function of a St. Venant —
Kirchhoff material (e.g., see Holzapfel, 2000, pp. 250 — 251), that is

U(E —ETf(Z),z) {H[E-E™(2) + w(Z)H[(E-ET™(2)P, (34)

_M2)

2
where 4 and x are Lame’ type of parameters (A>0, 4 >0) and fr denotes the trace
operator. These parameters are assumed to be dependent on the martensite fraction of the
SMA, according to the following (power) law

AZ)= 2+ Z g =) H(Z) = pip + Z™(ttyg — 1), (35)

where 4, , u, are the Lame’ type of parameters when the material is fully austenite, 4,,,
iy are these when the material is fully martensite and n and m are two additional model
parameters. For the particular case n = m = 1 the rule of mixtures, which has been used
extensively within the literature (e.g., Anand and Gurtin, 2003; Hallberg et al., 2007) is
derived.

For the thermal part of the stored energy function, that is for the functions @(T) and
M (E —E™ (Z)) we consider the following expressions:

T
O(T)=c[(T-T,) —Tln(Tj],

0
M (E _E" (Z),Z,T) = [3A(Z) + 24 Z)] (T~ Ty H{E—E™(Z)],

(36)
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where T, is the reference temperature, ¢ is the specific heat and ¢, the linear expansion
coefficient, which may be assumed varying within the phase transformations according to
expressions analogous to those given in Eq. (35).

Finally, the transformation part of the Helmholtz free energy is given as
Y1, = ~Tnp(2) +ur, (Z), (37)

where 71,.(Z) and up,(Z) stand for the configurational entropy and the configurational

internal energy and for which we assume two expressions justified in the work of Miiller
and Bruhns (2006) (see also the thermomechanical theory of Raniecki et al., 1992; Raniecki
and Lexcellent, 1998), namely

Noe(Z)=sg™ + ZAs" - Z2(1-2)3,,

. (38)
up (Z)=uy™ + ZAu" - Z(1-2)i,,
where S;A . As, EY u;A, Au’ and u, are the model thermal parameters.

Then in light of the first of Egs. (20) the second Piola — Kirchhoff stress tensor, after extensive
calculations, is found to be

S = Atr(E—E™)1+2u(E-E™) - (34+2u) e, (T - Ty)1, (39)
where the dependence of the involved quantities on Z has been dropped for convenience.

The loading surfaces are assumed to be given in the stress — space as a two parameter family
of von - Mises type of surfaces, that is

F(S,T)= |DEVS| - CT- R =0, (40)

where H denotes the Euclidean norm, DEV(.) stands for the deviatoric part of the stress

tensor in the reference configuration and C and R are parameters. On substituting from
Eq. (39) into Eq. (40) the equivalent expression for the loading surfaces in the strain — space
may be derived as

®(E, E™,T) =24 |DEV(E-E™)| — CT -R=0. (41)

For the evolution of the transformation strain we assume a normality rule in the strain —
space which is given as

. )
2B =g 72— 42
H L 2E (42)

where & is a material constant, which is defined as the maximum inelastic strain (e.g.,
Boyd and Lagoudas, 1996, Lubliner and Auricchio, 1996; Panoskaltsis et al., 2004;
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Ramanathan et al., 2002), which is attained in the case of one — dimensional unloading in
simple tension when the material is fully martensite.

The rate equation for the evolution of the martensite fraction Z, is determined on the basis of
the geometrical framework described in section 2 as follows:
For the austenite to martensite transformation (A - M) we consider the ®,,-loading

surfaces as:
®,,(E, E™,T) =24 |DEV(E-E™)| — Cp T~ Ry =0, (43)

where C,, is a material parameter which can be determined by means of the well — known

(e.g., see Lubliner and Auricchio, 1996; Panoskaltsis et al., 2004; Ramanathan et al., 2002;
Christ and Reese, 2009) critical stress — temperature phase diagram for the SMAs
transformation. Moreover we consider

@y (E, E™,T) =24 ‘DEV(E —E™)| + Ry =0,

@, (E, E™,T) =2 ‘DEV —E™ &
ms(E, B T) =2 (E-E™)

+ RMs = 0'
where

Rye = = Opge =C(T=My), Ry = — 0y —Cp(T— M),

where the parameters M; and M, stand for the martensite finish and martensite start
temperatures respectively, and o, and o,,, are two additional parameters which may be
determined from experimental results. Since @, is related to the finish values and ®,, to
the starting values of the A —M transformation, the loading surfaces ®,; =0 and
@y =0 may be considered as the boundaries of the set of all states for which the A - M

transformation can be active. Then the constant H, = Hy; (see Eq. (3)) may be defined as

<_(I)qu)Ms>

- . (45)
M ‘(I)qu)Ms‘

For the function L, =L,, several choices are possible (see Panoskaltsis et al., 2004). In this

work, we use a linear expression (see Lickachev and Koval, 1992), which within the present

strain — space formulation may be written in the form

1-Z

Ly (E E*, T, Z)= - ——— =
ml ) Dy — 248 (1-2Z)

(46)

In view of Egs. (45) and (46) the rate equation for the evolution of the martensite fraction of
the material during the A — M transformation may be written in the form



Mechanics of Shape Memory Alloy Materials — Constitutive Modeling and Numerical Implications
-0, D —

:_< wrPus) 1-Z (L), 47)

‘q)qu)Ms‘ Py — 216 (1-2)

where Ly, =L, stands for the loading rate in the material description, that is

.. 0D . 0Dy, .
Ly=Ny:G=—"MM:E+—MT. 48
MoTM OE T (48)

Similarly, for the inverse M — A transformation we define the ®, —loading surfaces as

follows
@, (E, E™,T) =2u ‘DEV(E—ET’) - C,T- R, =0, (49)
@, (E, E™,T) =2 ‘DEV(E ~E™) +R,, =0, o)
®, (E, E™,T) 2u ‘DEV(E ~E™)|+R,, =0,
where
Ry = -0, —Ca(T=Ay), Ry, =-0,,~-Co(T-A),

and the parameters C, ,A;, A,,0,; and 0,, are material parameters, all related to the

M — A transformation. By applying analogous to the A —M transformation case
arguments, we derive the rate equation for the evolution of Z for the M — A transformation

as
_0a®) 7 (Ly) (51)
\cDAchAS\ D +2u Z
where
. b, . D, .
Ly=N,:G=—("AE+-AT)= -L,. (52)

OE or

As a result, the final form for the rate equation for the evolution of the internal variable Z
(see Eq. (3)) takes the form

_ <’©Mf‘sz> 1-Z <*®Af‘I’As> V4

-- (1) L)
| O Pyge| Py — 2026, (1-2) (@7 D | Ppg+2usZ

The thermomechanical coupling phenomena, which occur during the martensitic

transformations may be studied on the basis of the energy balance equation. It should be

mentioned here that with the aid of the fundamental concept of energy it is possible to relate

different physical phenomena to one another, as well as to evaluate their relative
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significance in a given process in mechanics and more generally in physics (Lubliner, 2008,
p. 44). This will be accomplished as follows:

The energy balance Eq. (12) can be written in a material setting as
Prot(¥+7T+1T)+ DIVH=S:E+ p R, (54)

where DIV(.) is the divergence operator, H is the heat flux vector and R is the heat supply

per unit mass, all expressed in the material description. By taking the time derivative of the
Helmbholtz free energy function and inserting it in Eq. (54) we obtain
oY BT oY ., oY

ST £Z+ T+p, 1 T+p, i T+DIVH = p R+S:E. (55)

oY -
—:E+
P, ref( OE
This equation in turn, upon substitution of the thermomechanical state Eqgs. (20), yields

ETr oY -
pref(aETr +EZ)+pref77T+DIVH PR (56)

The time derivative of the entropy density is determined by the second of Egs. (20) as

2 2 2
p=-tY g OV gm 0¥, g (57)
OTOE OTOE™™ oToz or?

Upon definition of the specific heat ¢ as

=Yy (58)

and upon substitution of Eqgs. (57) and (58) into Eq. (56), the latter yields the temperature
evolution equation as

2 2
M gy —Z) (a Yoge OV gy 6°—\PZ)T+(R—LDIVH) (59)

cT=—~ : E+ :
OET™ 0z JOTOE OTOE™ oToZ

ref

If we now define the heating due to thermoelastic effects as

2 2
Qe:T(a\yE oY ETr)

:E+ :
OTOE 8T6ETr (60)
and the inelastic (transformation) contribution to heating as
: o e OF. . O*W o A
Qry = :E —Z) +T——Z=Dp +T——7Z, (61)

OETT oToZ oToZ



Mechanics of Shape Memory Alloy Materials — Constitutive Modeling and Numerical Implications

a?T]r ET +Z—‘;Z) is the inelastic dissipation due to phase transformations, the

temperature evolution equation takes the following, remarkably simple, form (see also
Rosakis et al., 2000)

where Dy, =—(

T=Q,+0p+R - LDIVH). (62)

ref
This expression has the obvious advantage of decoupling the elastic and inelastic

contributions to material heating and is well suited for computational use.

It is noted that in an adiabatic process, that is in a process with R———DIVH =0,
pref

Eq. (62) takes the form

T=Q, +Qr,, (63)

from which and by assuming that the temperature evolution due to structural heating H,,
2 2 2

a\P:]'E+ o :ETr+alP

OTOE OTOE™™ oToZ

negligible in comparison to that due to inelastic dissipation Dy,, the temperature evolution

defined as H, =—( Z)T (e.g., see Simo and Miehe, 1992), is

equation takes the following simple form
T =Dy, (64)

Finally, as a constitutive law for the heat flux vector we assume the standard Fourier’s law
(e.g., Simo and Miehe, 1992; Miiller and Bruhns, 2006):

H = —kGRADT. (65)

5. Computational aspects and numerical simulations

As a final step we examine the ability of our model in simulating qualitatively several
patterns of the extremely complex behavior of SMAs under simple states of straining.
Isothermal and non — isothermal problems are considered.

5.1. Isothermal problems

Focusing our attention first in the isothermal case we note that when the total strain tensor E
is known, the rate equations for the evolution of the internal variables (Eqs. (42) and (53))
and the mechanical state (thermoelastic stress-strain law) equation (Eq. (39)) together with
the appropriate initial and boundary conditions form a system of three equations in the

three unknowns ET*, Z and S. The numerical solution of this system of equations and
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accordingly the numerical implementation of the proposed model relies crucially on the
general loading — unloading criteria (see Eq. (4)), which can be expressed in a remarkably
simple form, based on the following observation:

As it has been mentioned the A —M transformation is active when L,; >0, while the
inverse transformation is active when L, >0. Since we always have Ly, =-L,, itis clear

that only one phase transformation can be active at a given time of interest. Then we can
treat the two phase transformations as two different inelastic processes and replace the
general loading — unloading criteria by the following decoupled ones:

A — M Transformation:

-0, D
IfHy = M =0: elastic state,
‘(DMf(DMs‘
If Hy, = EOuPre) e
‘ Mf Ms‘
i If L <0: elastic unloading,
ii. If Ly,=0: neutral loading,
iii. If Ly >0: inelastic loading.
M — A Transformation:
-, D
IfH, = M =0: elastic state,
‘CDAf(DAs‘
If Hy, = @) ) hen
‘ Af As‘
i. IfL,<0: elastic unloading,
ii. If L,=0: neutral loading,
iii. If L, >0: inelastic loading.

Then the governing equations, along with the aforementioned loading — unloading criteria,
can be solved by a time discretization scheme based on backward Euler. The resulting
system of the discretized equations is solved by means of a three step predictor - corrector
algorithm, the steps of which are dictated by the time discrete loading - unloading criteria.
Algorithmic details regarding the enforcement of the time discrete loading — unloading
criteria and the solution of the system, within the framework of large deformation
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generalized plasticity in the case of a single loading surface, can be found in Panoskaltsis et
al. (2008a, b).

To this end it is emphasized that predictor — corrector algorithms work well in case of
domains which are connected. The commonly used predictor — corrector algorithms for
elastoplasticity employ an elastic predictor and an inelastic corrector. The most important
assumption is that the solution is unique for a particular set of values of the state variables.
The predictor step freezes the plastic flow and checks for an elastic solution. The yield
criterion then is checked and if it is satisfied the elastic solution is acceptable, otherwise the
inelastic corrector is activated. In the cases of elastic — plastic analysis there exists a set of
consistency conditions the enforcement of which “returns” the (wrong) elastic solution onto
the exact solution point on the evolving yield surface. However, in the case of disconnected
elastic zones separated by inelastic zones the predictor — corrector algorithm is very
sensitive on the strain step used, while going from an inelastic zone to an elastic one.

This is the case of SMAs, which have a transformation (inelastic) zone separating the fully
martensite and fully austenite zones (being treated as elastic zones). During forward or
reverse transformation, the predictor strain step is very important as we near the elastic —
plastic (i.e. transformation) boundary. If the predicted solution lies within the
transformation zone (i.e., outside the elastic range) the corrector step is activated and the
resulting set of non -linear equations are solved. However, as we approach the end of the
transformation zone and therefore the boundary between the inelastic and the elastic zones, the
predictor could predict an elastic solution, which the algorithm accepts as a valid one, but which
is within the next elastic zone, achieved without the transformation being fully complete (i.e.,
achieved while the state is still inelastic) and is therefore an unacceptable solution. This
would cause errors in the minimization process and results in jumps in the solution and
kinks in the stress strain curve. This problem is resolved here by making the strain step very
small and by checking the limits of the transformation.

The first problem we study is a standard problem within the context of finite inelasticity and
is that of finite shear, defined as

X=X +rX,, %,=X,, x3=Xj,

where X, X,,X, are the material coordinates and y is the shearing parameter. For this

problem the model parameters are set equal to those reported in the work of Boyd and
Lagoudas (1994), that is:

Ay =9,486.95 MPa, pu, =4,887.22 MPa, 4, =21,892.97 MPa, u, =11,278.20 MPa,
M, =5°C, M, = 23°C, A= 29°C, A; =51°C, C,, =11.3 MPa/°C, C, =4.5 MPa/°C,
OpMe=OMs =0 A =0 as=0 MPa, & =0.0635.

All numerical tests that performed start with the specimen in the parent (austenite) phase,
(Z=0).
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The first simulation demonstrates the pseudoelastic phenomena within the SMA material. In
this case the temperature is held constant at some value above A; . The purpose is to study a
complete stress — induced transformation cycle. The results for this finite shear problem are
shown for constant material stiffness (1=4, =21,892.97 MPa, i = u, =11,278.20 MPa), as
well for a linear (n = m = 1) and a power (n = m = 5) type of stiffness variation in Figures 1, 2
and 3. On loading, the material initially remains austenite (elastic region and straight shear
stress — strain curve). As loading is continuing and the shear strain attains the value at
which the material point crosses the initial loading surface for the A — M transformation
(®y;s =0), the transformation starts (inelasticity and curvilinear shear stress — strain curve;
coexistence of the two phases). If the loading continues and the strain crosses the final
loading surface for the A —M transformation (®,; =0), the material is completely
transformed into martensite and on further loading since the state of the material is elastic
the shear stress — strain diagram is straight. Then, during unloading, the material is fully
martensite (elastic region and straight shear stress — strain curve) until the strain crosses the
initial loading surface (®,,=0) of theM — A transformation, which is subsequently
activated (phase coexistence, inelasticity and curvilinear shear stress — strain curve). On
further unloading and when the strain meets the last boundary surface for the M — A

transformation (®,; =0), the material becomes fully austenite and on further unloading the
stress — strain curve is straight going back to zero, which means that no permanent
deformation exists and the austenite is completely recovered. This is expected as the
martensite phase is not stable at a temperature above A, at zero stress level.
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Figure 1. Finite shear. Isothermal one — dimensional behavior under monotonic loading. Shear stress
S,, vs. shear strain .
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Figure 2. Finite Shear. Isothermal one — dimensional behavior under monotonic loading. Normal stress

S,; vs. shear strain y.

450

4001
350

]
=]

a1
=

Normal Stress S,, (MPa)
= . (] (=] LFS]
= (=]
= =

50

T T T T T T T

Constant Stilfnesé pi=l i

: . : : :
0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16
Shear Strain y

Figure 3. Finite Shear. Isothermal one —~dimensional behavior under monotonic loading. Normal stress

S,, vs. shear strain y.
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Next, the model is tested under multiple shear stress cycles, by subjecting it to partial
unloading (incomplete M — A transformation) and partial reloading (incomplete A -»M
transformation). The results for linear stiffness variation are illustrated in Figure 4. A series
of loops appears inside the complete loading — unloading cycle. These loops exhibit slight
ratcheting which stabilizes in a few cycles. The response of the model is absolutely compatible
with that described by other investigators (e.g., see Ivshin and Pence, 1994; Lubliner and
Auricchio, 1996). In view of Figure 4 and since the dissipated energy can be estimated by
the area of the S;, —y loop, the dissipated energy in the case of partial unloading and

reloading is the area of the loop times the number of the loops. This explains the
important property of the high internal damping of SMA materials. (For a discussion of
the relation between areas of stress-strain diagrams and dissipated energy see Lubliner
and Panoskaltsis, 1992.)

The ability of the model to simulate phase transformations and the corresponding stiffness
variations under cyclic loading is demonstrated further by three additional tests. The first
one illustrates the case of partial loading with complete unloading, the second the case of partial
unloading with complete loading and the third the case of a series of partial loading and partial
unloading. The results are shown in Figures 5, 6 and 7 respectively.
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Figure 4. Finite Shear. Pseudoelasticity with partial loading and unloading. Shear stress S,, vs. shear

strain y.
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Figure 5. Finite Shear. Partial loading followed by complete unloading. Shear stress S,, vs. shear strain
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Figure 6. Finite Shear. Partial unloading followed by complete loading. Shear stress S;, vs. shear strain
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Figure 7. Finite Shear. Series of partial loading and partial unloading. Shear stress Si2 vs. shear strain Y.

5.2. Non - Isothermal problems

In this section we examine the ability of the model in predicting pseudoelastic phenomena
under non — isothermal conditions. In general, the numerical treatment of the coupled
thermomechanical problems is performed on the basis of a split of the governing equations
(equations of motion, constitutive equations, energy balance equation and the appropriate
boundary conditions) into their mechanical and thermal parts. Most popular among the
several computational schemes which have been proposed within the literature is the
isothermal split proposed in the work of Simo and Miehe (1992). However, this rather straight
forward numerical scheme has the disadvantage of not being unconditionally stable. An
alternative time integration algorithm relies on the so-called adiabatic split (see Armero and
Simo, 1993). In this approach, the problem is divided in a mechanical phase during which
the entropy is held constant, followed by a thermal phase in which the configuration is held
constant, leading to an unconditionally stable algorithm.

Nevertheless, since our objective is to discuss the proposed framework in its simplest setting,
we consider two rather simple problems, namely a simple shear and a plane strain problem,
where the equations of motion and the (mechanical) boundary conditions are trivially
satisfied. Accordingly, within our simulations, a simultaneous solution of the remaining governing
equations, namely the constitutive equations and the balance of energy equation, is performed.

First, an adiabatic test in finite simple shear is considered. We assume that due to the
dynamic rates resulting in adiabatic response, heat exchanges due to conduction, convection
and radiation can be neglected in comparison to the temperature changes induced by
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inelastic (transformation) dissipation, which leads to thermomechanical processes that can
be considered as homogeneous. The elastic constants, the mass density and the thermal
parameters used in this simulation are those considered in the work of Miiller and Bruhns
(2006), that is:

A=A, =25,541.80 MPa, = u, =13,157.90 MPa,
Pros = 6.45x107 k/m mm?, o, =8.8x107°1/° K, c=837.36 J/kg.K
Au" =16800.0 J/kg, As* = 64.50 J/kgK, 11, = 4264.5 J/kg, 5, =11.5 J/kgK,

while the other parameters are set equal to those used in the isothermal problems studied
before. The shear stress — strain curves predicted by the model, for both adiabatic and
isothermal cases, are shown in Figure 8. It is observed that the stress — strain curves have
similar qualitative characteristics with the adiabatic and the isothermal curves of a perfect
gas in a pressure — volume diagram, with the adiabatic stress curve being above the
corresponding isothermal one. This fact has to be attributed to material heating due to
inelastic dissipation during the A — M transformation, which shifts the stress — strain curve
upwards. Moreover, due to the higher stress attained during the A —»M transformation,
the initial loading surface for the inverse transformation (®,, =0) is triggered at a higher
stress level, a fact which results in a corresponding higher stress — strain unloading curve.
The corresponding temperature — shear strain curve for the adiabatic specimen is shown in
Figure 9 (for constant stiffness). Consistently with the experimentally observed adiabatic
response of a SMA material, the model predicts heating of the material during the forward
A - M transformation and cooling during the inverse M — A transformation.
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Figure 8. Finite Shear. Adiabatic and isothermal one — dimensional behavior under monotonic loading.
Shear stress S,, vs. shear strain y.
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Next, we study a plane strain model, that of the biaxial extension of a material block. The
straining occurs along X, and X, axes while the block is assumed to be fixed along the X,
direction. This problem is defined as

X, =1+0)X,, x, =(1+w)X,, x;=X;,

where A and w are the straining parameters.

The isothermal stress — displacement curves for the limiting cases @ =0 (restrained tension)

and =1 (biaxial tension) for three different material temperatures (T, =60°C>A,,

A>T, =45°C>A,, A, >T;=25°C) are shown in Figures 10, 11, 12 and 13. By referring to
these figures for T,>A;, we easily verify the ability of the model in predicting

pseudoelastic phenomena in two dimensions.

The isothermal tests for A; >T;>A_ and A, >T; are conducted in order to show the ability

of the model in predicting the shape memory effect. In the first of them, upon loading the
A —> M transformation is activated, but since the temperature is less than the temperature
required for the complete reverse transformation at zero stress, upon unloading the two
phases coexist and permanent deformations appear. However, these deformations are
recovered after increasing the temperature. In the second test the temperature initially is
kept constant at a value less than the austenite start temperature at zero stress. As a result, at
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the end of the stress cycle the material is completely in the martensite phase and large
permanent deformation appears. Nevertheless, like in the previous test, this deformation
may be eliminated upon heating. For these new non — isothermal (i.e. heating) problems we
assume thermal boundary conditions corresponding to convective heat exchange between
the specimen and the surrounding medium on the free faces (with area A ) of the specimen.
In this case the normal heat flux is given by Newton’s law of cooling (e.g., see Simo and
Miehe, 1992) as: H, = hA(T,_ —T,), with I being the constant convection coefficient, which

is chosen as h=17.510" N/mm°K, and T, is the surrounding medium temperature. By

assuming that the size of the tested material is small, the contribution to the material heating
due to heat conduction can be neglected, so that the temperature evolution equation (see Eq.
(62)) can be written in the form

L ) 1
ct=Q, +Qp, ——H,.

ref

The results of these tests are illustrated in Figures 14 and 15, where the elongation along X,

axis is plotted versus the surrounding medium temperature. The slight increase of the
elongation of the SMA material due to the (elastic) thermal expansion occurring prior to the
activation of the M — A transformation, for initial temperature T <A_, is noteworthy

(Figure 15).
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6. Concluding remarks

335

In this chapter we developed a geometrical framework for the establishment of constitutive

models for materials undergoing phase transformations and in particular for shape memory

alloys. The proposed framework has the following characteristics:

i.  Itis quite general for the derivation of the kinetic equations governing the transformation

behavior and it can describe multiple and interacting loading mechanisms.

ii. It formulates general loading — unloading criteria, in both their material and spatial

settings, that can be systematically employed for the numerical implementation of the

derived constitutive models.
iii. It can describe rate effects.
iv. It can model non-isothermal conditions.

v. It can model transformation induced plasticity by considering it as an additional phase

transformation.

vi. It employs the invariance of the spatial balance of energy equation under the

superposition of arbitrary spatial diffeomorphisms — that is spatial transformations

which can change the Euclidean metric — as a basic constitutive hypothesis, in place of

the second law of thermodynamics.
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As an application a specific three — dimensional thermomechanical constitutive model for
SMA materials is derived. The model can simulate several patterns — under isothermal and
non-isothermal conditions — of the extremely complex behavior of these materials such as:

The pseudoelastic behavior observed under monotonic loading.
The pseudoelastic behavior observed under several cyclic loadings.
The stiffness variations occurring during phase transformations.
The shape memory effect.

a0 oo

Additionally, the basic differences between the classical return mapping algorithms and the
one used here for the case of not connected regions, have been outlined.
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Chapter 7

Determination of Elastic and Dissipative
Energy Contributions to Martensitic Phase
Transformation in Shape Memory Alloys

Dezso L. Beke, Lajos Dardczi and Tarek Y. Elrasasi
Additional information is available at the end of the chapter
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1. Introduction

There is a long standing debate in the literature on shape memory alloys that while the
contribution of the dissipative energy, D, to the austenite/martensite, A/M, (or reverse)
transformation can be directly obtained from the experimental data (hysteresis loop,
Differential Scanning Calorimeter, DSC, curves), the contributions from the elastic, E, and
the chemical free energy, AG; can not be separated. The temperature dependence of
AG=AH-TAS is described by AG=(T-T.,)AS, where T=AS/AH is the equilibrium
transformation temperature (at which the chemical free energies of the two phases equals,
i.e. AG=0) as well as 4H and 4S are the chemical enthalpy and entropy change of the phase
transformation (they are negative for A to M transformation), respectively. The
experimentally determined quantities (DSC or hysteresis curves) usually contain a
combination of the chemical, elastic and dissipative terms in such a way [1] that always the
sum of E and AG. can be calculated and thus for their separation one would need the
knowledge of A4S and T, (see also below in details). While the direct determination of AS is
possible (e.g. from the measured DSC curves) the determination of To is rather difficult: it
has been shown and experimentally illustrated that the simple expression proposed by Tong
and Waynman [2]: Te=(Ms+Af)/2 (where Ms and As are the martensite start and austenite
finish temperatures) can not be valid in general. Indeed Salzbrenner and Cohen [1] have
been nicely illustrated that T, can be calculated from the above relation only in those cases
when the elastic energy contributions to Ms and Ar can be neglected.

In this review we will summarize our model [3-8] for the thermal hysteresis loops, &&(T) (at
constant other driving fields such as uniaxial stress, o, magnetic field, B, or pressure, p) in
terms of To, and the derivatives dAS/d&=4s, cE/dE=e and éD/Jé=d, where £ is the martensite

© 2013 Beke et al., licensee InTech. This is an open access chapter distributed under the terms of the
I NTE H Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
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transformed (volume) fraction. (In the following quantities given by small letters denote the
quantity belonging to unit volume fraction.) Similar relations for example for the strain,
&~&), versus o (or e.g. magnetization, Am(~&), versus B) hysteresis loops can be derived,
where instead of 4s, ' (or Am') appears. Here &" is the transformation strain (and Am' is the
change of magnetization) of phase transformation. The results obtained from the application
of this model to our experimental data measured in single and polycrystalline CuAINi
alloys will be summarized too.

2. Description of the model

Our model is in fact a local equilibrium formalism and based on the thermoelastic balance
(see e.g. [9,10] and [11]) offering a simple form of the elastic and dissipative energy
contributions to the start and finish parameters [3-8]. The tofal change of the Gibbs free
energy versus the transformed martensite fraction (if the hydrostatic pressure and the
magnetic field are zero), for the A/M transformation (denoted by ¢), can be written in the
form [3,8]:

O(AG*) /0 =0(AG.Y + E + D)/ 0¢ = Ag.' + e'(¢) +d*(¢) = 0. 1)

where
Ag¥ =Au’ —TAs* —oVe™, @)

with As Esm-sa(= -As (<0)), and V is the molar volume. Similar expression holds for the M/A
transformation (with upper index T):

Ag" =au" —TAs" oV, 3)

The elastic energy accumulates as well as releases during the processes down and up just
because the formation of different variants of the martensite phase usually is accompanied
by a development of an elastic energy field (due to the transformation strain). It is usually
supposed that Ea*=- Ea’>0. The dissipative energy is always positive in both directions.

In thermoelastic transformations the elastic term plays a determining role. For example at a
given under-cooling, when the elastic term will be equal to the chemical one, for the further
growth of the martensite an additional under-cooling is required. Thus if the sample is
further cooled the M phase will grow further, while if the sample is heated it will become
smaller. Indeed in thermoelastic materials it was observed that once a particle formed and
reached a certain size its growth was stopped and increased or decreased as the temperature
was decreased or raised. This is the thermoelastic behaviour (the thermal and elastic terms are
balanced).

In principle, one more additional term, proportional to the entropy production, should be
considered, but it can be supposed [12] that for thermoelastic transformations all the energy
losses are mechanical works, which are dissipated without entropy production, i.e. the
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dissipation is mainly energy relaxation in the form of elastic waves. Indeed acoustic waves
were detected as acoustic emissions during the transformation. Thus in the following the
term proportional to the entropy production will be neglected. Furthermore, usually there is
one more additional term in AG: this is the nucleation energy related to the formation of the
interfaces between the nucleus of the new phase and the parent material. However, since
this term, similarly to the dissipative energy, is positive in both directions and thus it is
difficult to separate from D, it can be considered to be included in the dissipative term.

According to the definitions of the equilibrium transformation temperature and stress

T,(0)=Au* /As* = Au" / AsT, )

[

[

o,(0)=au* [ Ve (T=0)=nu" Ve (T=0), 5)
respectively.

Age ! if the external hydrostatic pressure, p, and magnetic field, B, are also not zero, can have
the general form as:

Agci = Aut —TAs® —sVe™ + pAvL —BAm'™, (6)

where Av /is the volume change of the phase transformation.

It is plausible to assume that Au{ As” and Av are independent of £ ie. AU, AV and 4S
linearly depends on the transformed fraction. On the other hand the terms containing &” and
Am' in general have tensor character and, as a consequence, even if one considers uniaxial
loading condition, leading to scalar terms in (2), the field dependence of these quantities is
related to the change of the variant/domain distribution in the martensite phase with
increasing field parameters. Thus at zero o (or B) values thermally oriented multi-variant
martensite structure (or multi-variant magnetic domain structure) forms in thermal
hysteresis, while at high enough values of o (or B) a well oriented array i.e. a single variant
(or single domain structure) develops. For the description of this, the volume fraction of the
stress induced (single) variant martensite structure, 1, can be introduced [8]: 7=Vim,/Vim,
(Vmu=Vmr+Vm, and &EVM/V, with V=Vu+Va, where Vi and Va are the volume of the martensite
and austenite phases, respectively and Vur and Vi, denotes the volume of the thermally as
well as the stress induced martensite variants, respectively). The concept of introduction of
this parameter was based e.g. on works of [11, 13-15]. Accordingly, e.g. & is maximal for
n=1, and &" i =1)=¢" Toax in single crystalline sample, while it can be close to zero for 7=0. In
the following only the case of simultaneous action of temperature and uniaxial stress will be
treated (extension to more general cases is very plausible).

Thus, in (2) and (3) & depends on 7. Since 1 depends on T and o, gt

or ¢ at fixed ¢ or T, respectively.

can also depend on T

From (1) with (2):
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Au¥ —TAs oV +e* +d* =0. @)

For fixed o parameter(s) from (6) and using also (4) for Au (for both up and down
processes);

T'()=T,(0) —oVe"™

T'(¢)=T,(0) —oVe

(0)/ As* + (e (Q) +d () ] As* = T (o) +(e"(£) +d"(£)) ] As* @)

8)
@) /as" +@ Q) +d" )/ as" = T()+E ()+d /s’ (b)

't

Here To(o) is the same for both directions, since &As%=grTIAsT ( g"¢=—a"r, as well as As*=As”

and in our case &0 and As¢<0).

The inverses of (8a) and (8b), i.e. the &( TJ') and &( TT) functions, are the down and up
braches of the thermal hysteresis loops at fixed c. Furthermore, the temperature at which
(8a) is equal to zero at &=0 as well as &=1 is the martensite start (Ms) and finish (M)
temperature, respectively. Similar definitions hold for the austenite start and finish
temperatures, As and Ar, respectively (see eq. (8b)). Figure 1 illustrates the shape of the
hysteresis curves for the following schematic cases: a) both d(&) and e(§) are zero; b) e(£)=0
and d(&)=0, but d(&) is constant; c) d(&) is constant and e(§) linearly depends on &. It can be
seen that in a) the transformation takes place at To, in both directions, in b) there is already a
hysteresis, but the &(T¢) and &(T?) branches are vertical. For the case of c) the hysteresis
curve is tilted, reflecting the & dependence of e.

&1 §
1 foor—— (==
o) I L | —
To T T T

a) b) c)

Figure 1. Thermal hysteresis loops schematically, see also the text.

Similarly as above but for fixed temperature(s), and now inserting Au from (5),

(&) =0, (0)Ve" (0,)/ VT (T) = Tas" [V (T) +( Q)+ )/ VE™ (T)= (@)
0,(T) +("(©)+d (€)1 Ve"(T) ©
o) 2o, (0)Ve" (o) Ve (T) —Tas’ Ve (T) + (") +d NIV ()= )

o,(T) +"()+d" ¢y ve" (T).

Here again oo(T) is the same taking also into account that elo)ler(T)= e(au)/Veri(T),
because the magnitude of the transformation strain is the same for the up and down
branches of the loop at fixed T.
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It can be seen from relations (8) and (9) that, in the case of the simultaneous action of
temperature and wuniaxial stress only, the stress dependence of the equilibrium
transformation temperature, as well as the temperature dependence of the equilibrium
transformation stress, introducing the notation AS=AS¢:-AS f( <0), can be given as

T(0)= T,(0) +oVe"(0)/(-As), (10)
and

o,(T)=0,(0)e"(c,)/ " (T) = Tas/Ve"(T) = [T,(0)-T]as/ve"(T), (1)
respectivelty. It can be seen that (10) and (11) are the well known Clausius-Clapeyron
relations and they are linear only if (o) as well as &(T) are constant. It will be illustrated
below that in most of the cases this is not fulfilled.

Now taking the assumptions usual in the treatment of thermoelastic transformations, i.e.
assuming that the magnitudes of elastic and dissipative energies and their derivatives are
the same in both A/M and M/A transformations; e( §)=e¢( &=-e it &) as well as d( §)=d¢( &=d it 8,
(8a) and (8b) can be rewritten as

T'({)= T,(0)~[e($) +d()]/ (~4s) (a)

R (12)
TNE) = T(0) +[d(&) - e(O)/ (~As). (b)
Thus
TN) ~T () =2d(¢) /(~4s) (13)
and
TN +TH(E) = 2T (o) —2¢(¢) / (~2s) (14)

Furthermore, for the branches of the & o) hysteresis loops

' (¢) =0, (T) +[O)+dN/VE"(T) (@)
and o

o'(0) =0, (T) — [() — e/ VE(T). ()
Thus
o*(¢) —oT(¢) = 2d(¢)/ Ve (T) (16)

and

o*(¢) +07(§)=20,(T) +2e(¢)/ Ve (T). (17)

171



172 Shape Memory Alloys — Processing, Characterization and Applications

It can be seen from egs. (12)-(17) that, as it was mentioned in the introduction, while the
dissipative term can be directly calculated from the hysteretic loops, the elastic and chemical
terms appear in sums on the right hand sides of (14) and (17). It is worth noting that the
integrals of (13) as well as (16), as it is expected, are nothing else that the area of the thermal
and mechanical hystersis loops, respectively.

Nevertheless, relations (10)-(17) allow the determination of the dissipative and elastic
energy contributions as the function of ¢ at different fixed values of o as well as T from the
thermal and stress induced hystersis loops, respectively. Thus even the ¢ and T dependence
of E and D can be calculated by integrating the e(£) and d(&) functions between &=0 and &=1.
It should be noted that the elastic energy contribution can be determined only exclusive the
term To(0) if its value is not known. The values of As can be obtained from DSC
measurements (see also below) and the &"(T) and (o) values can be read out from the g(c)
and &(T) hystersis loops, respectively. Thus e.g. the stress or temperature dependence of the
elastic energy contribution can be determined, since To(0) appears only in the intercept of
the e(c) and e(T) or E(c) and E(T) functions.

From relations (12) and (15) expressions for the start and finish temperatures as well as
stresses can be simply obtained at £&~0 and at &1I:

M(o)= T,(0)- [d,+ e,]/[-As]
M(o)= T,(0)- [d, + e, ]/[-As]

18
Ag(0)= T(0)+ [d,- ¢, ]/[-As] {s)
A(0)= T, (0)+ [d, - e |/[-As]
and
oys(T)=0,(T)-[d, + e, ]/[-Ve"]
oy (T) =0, (T)~[d, + ¢ ]/[-Ve"] (19)

oue(T)=0,(T)+ [do— eo]/[—Vstr]
)=0,(T)+ [dl— el]/[—Vgtr].

Here in principle the do,d1,e0 and er can also be o or T-dependent: in this case e.g. the stress
dependence of the start and finish temperatures can be different from the stress dependence
of To. It can be seen from relations (18) that the simple expression proposed by Tong and
Waynman [2] for To as Te=(Ms+Af)/2 can be valid only if e, is zero. Indeed Salzbrenner and
Cohen [1] illustrated that To can be calculated only in those cases when the elastic energy
contributions to Ms and Ar can be neglected. In their paper the phase transformation was
driven by a slowly moving temperature gradient in a single crystalline sample, which
resulted in slow motion of only one interface across the specimen (single-interface
transformation). This way the elastic energy could easily relax by the formation of the surface
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relief at the moving (single) phase-boundary. In general experiments for the determination of
hystersis loops, where typically many interfaces move simultaneously and the elastic fields of
the different nuclei overlap, this separation is not possible. However, as we have shown in [5],
and as it will be illustrated below, in single crystalline samples under relatively slow heating
(cooling) rates, from the analysis of the different shapes of the hystersis curves at low and high
stress levels To can be determined experimentally as the function of o

Finally it is worth summarizing what kind of information can be obtained from the analysis
of results obtained by differential scanning calorimeter, DSC. The heats of transformation
measurable during both transitions are given by

Q' =llAu* + e(¢) + d({)dL (20)
and

Q" =[[-Aut - e(¢) + d(£)de. (21)

It is worth noting that the heat measured is negative if the system evolves it: thus e.g. the
first term in (20) has a correct sign, because it is negative (Auc¢<0). Similarly the dissipative
and elastic tems should be positive for cooling (the system absorbs these energies): indeed
e(&), d(£)>0, while for heating e(&)*=-e(&) =e(&) and d(&)’=d(H=d().

Now, using the notations JAuc'=AU«(<0), [d(£)dé=D(>0), e(£)dé= E (>0)

Q' =AU + E+D 22)

and

Q"= —AU,-E+D.

(23)
(In obtaining (22) and (23) it was used that Aucis independent of &) Consequently
Q"- Q"= —2AU_+ 2E (24)
and
Q'+Q"= 2. 25)

It is important to keep in mind that the last equations are strictly valid only if after a cycle
the system has come back to the same thermodynamic state, i.e. it does not evolve from cycle to
cycle. Furthermore, it can be shown [12] that these are only valid if the heat capacities of the
two phases are equal to each other: cazcm, which was the case in our samples (see also
below).The DSC curves also offer the determination of 4s. Indeed from the Q versus T
curves, taking the integrals of the I/T curves by Ql or Q? between Ms and M, as well as
between As and As, respectively, one gets the As” as well as As” values. If, again, the cazcm
condition fulfils, then A= As f[12].
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Finally, it is possible, by using the DSC curve [I6], to obtain the volume fraction of the
martensite, &, as a function of temperature (both for cooling and heating) as the ratio of the
partial and full area of the corresponding curve (Awmst and Awmsmi, respectively: see also
Figure 2):

My |
/ fd—. (26)
M

Similar relation holds for the & (T') curve (obviously in this case the above integrals run
between As and T as well as As and As, respectively). The denominator is just the entropy of
this transformation.

0.75 1

wr 05 -

0.25 -

380 420

T[K]

Figure 2. DSC curve measured at zero stress (a) and the & (T) hystersis curve (b): the dashed area (on
the cooling down curve in a)) can be transformed to the nominator of equation (26); see also the text and
[17].

3. Analysis of experimental data
3.1. Stress and temperature dependence of the transformation strain

As it was mentioned in the previous section it is generally expected that the
transformation strain depends on the martensite variant structure developed. Since for
thermal hystersis loops this structure can vary from the randomly oriented structure to a
well oriented single variant structure with increasing uniaxial stress, &” should increase
with o. Figure 3b shows this function for single crystalline CuAl(11.5wt%)Ni(5.0wt%)
alloy (the applied stress was parallel to the [110] direction), as determined from the
saturation values of the &~T loops shown in Figure 3a [18]. In this alloy (i.e. at this
composition) the p (austenite) to p’(18R, martensite) transformation takes place. Figure 4a
shows the temperature dependence of &7, in the same alloy, as determined form the o~¢
loops shown in Figure 4b [18]. It can be seen that &" increases with increasing temperature
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and saturates at the same maximal value which is obtained from the & versus o plot and
is approximately equal to the maximal possible transformation strain, &"max, corresponding
to the estimated value for the case when a single crystal fully transforms to the most
preferably oriented martensite [19].

178 MPa
110 MPa

€ (%)

© AN W A OO N
tr o,
£ (%)

= N W A~ OO O N

— 221 MPa

11 MP:

'
=Y

o

300 340 380 420 460 500 0 40 80 120 160 200
T [K] o (Mpa)

a) b)
Figure 3. a) Thermal hystersis loops (& versus T curves) at four different uniaxial stress levels, b)

Transformation strain as function of stress (& is the maximal of value of ¢in a) for f/f’ transformation
in single crystalline CuAl(11.5wt%)Ni(5.0wt%) alloy [18].

240 4
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a) b)

Figure 4. a) o versus ¢ curves at four different temperatures, b) transformation strain as the function of
the temperature (read out from curves like shown in a) in single crystalline CuAl(11.5wt%)Ni(5.0wt%)
alloy for f/f’ transformation [18].

Figure 5 shows the stress dependence of the transformation strain for the B to orthorhombic
Y(2H) phase transformation obtained in CuAl(17.9w%)Ni(2.6 w%) single crystalline alloy in
[5]. It can be seen that it has S shape dependence with a saturation value of 0.075. It is
interesting that in this case & has a finite (remanent) value even at 6=0.
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Figure 5. Stress dependence of & in CuAl(17.9w%)Ni(2.6 w%) single crystalline alloy for 4y
transformation [5].

As it was analyzed in detail in [19], from the above curves the 7 dependence of & can be
constructed using the relation introduced in [8]:

el = er+ (&,—&p)n, (27)

where er and ¢, are the transformation strains when fully thermally induced multi variant
structure forms (77=0), as well as when the martensite consists of a fully ordered array of
stress preferred variants (single variant state, 77=1), respectively. Thus & can be very small or
even close to zero for the formation of the thermally induced (randomly oriented)
martensite variants (usually there is a small resultant (remanent) strain in single crystalline
samples). On the other hand during the formation of stress induced martensite a single
variant structure can form (7=1) i.e. &=g"mn=¢, On the basis of the experimental curves
shown in Figure 3b, 4b and 5 as was well as of relation (27) it can be concluded that a fully
ordered single variant martensite structure develops above 140 MPa for the f/y phase
transformation, while for the f/f transformation 7 is about 80% already for 28 MPa and
then gradually increases up to 100% in the 40 - 178 MPa interval. As regards the temperature
dependence of7, it can be seen from Figure 4a that (according to eq. (27) er=0 and £,=0.061) 7
monotonously increases from about 10% up to 100% between 350 and 430 K.

Thus it can be concluded that the transformation strain depends both on the uniaxial stress
and on the temperature and this dependence is related to the change of the martensite
variant distribution with increasing field parameters. Then it is plausible to expect that the
Clausius-Clapeyron type relations (see eqs. (10) and (11)) should also be non linear.
Furthermore, the elastic and dissipative energy contributions should also be influenced by
the martensite variant distribution. These points will be discussed in detail in the following
sections.
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3.2. Stress dependence of the equilibrium transformation temperature

In reference [5] we have investigated the thermal hysteresis loops in CuAl(17.9w%)Ni(2.6

w%) single crystalline alloy at different uniaxial stresses (applied along the [110]a axis). Very

interesting shapes were obtained (see Figure 6): the &~T loops had vertical parts, indicating

that at these parts there were no elastic energy contributions (see also Figure 1c), allowing

the determination of T, from the start and finish temperatures (see also egs. (18)) either

using the Tong-Waymann formula, Toe=(Ms+Ay)/2, (see the curve at 171.5 MPa in Figure 6) or

To= (Ms+As)/2 (see e.g. the curve at 42.4 MPa in Figure 6). Thus it was possible (using also
relation (10) and the value of the entropy, 4s=-1.169-105)Km-, determined also in [5] and the
stress dependence of &” shown in Figure 5) to determine the stress dependence of T, as it is

shown in Figure 7. It can be seen that this is indeed not a linear function.
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Figure 6. Thermal hystersis loops at different stress levels in CuAl(17.9w%)Ni(2.6 w%) single

crystalline alloy [5].
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Figure 7. Stress dependence of Toin in CuAl(17.9w%)Ni(2.6w%) single crystalline alloy [5].
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Figure 8. Stress dependence of Toin single crystalline CuAl(11.5wt%)Ni(5.0wt%) alloy [18].

Figure 8 shows the stress dependence of To for the f/f transformation. In this case the
determination of absolute values of T, was not possible, but the Tuo(o) — To(0) difference could
be calculated using the measured As value and the &(o) curve (Figure 3b). It can be seen that
this function can be approximated by a straight line in the entire stress interval. But, as it is
illustrated in the insert of this figure, if we plot this function only at low stresses then an S-
shape dependence appears. Thus it can be concluded, in contrast to the very frequently used
approximation in the literature [9,20,21] about linear Calusius-Clapeyron relations, that the
o dependent & usually leads to nonlinear dependence [18,19]. Of course in special cases, i.e.
when the dependence of &' in the investigated range is week, or the stress interval wide
enough to have many points belonging to the saturation value of &' a linear fit with an
effective slope can be made, like in Figure 8. The slope of this straight line is 0.90 K/MPa,
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which corresponds to an effective constant & value in equation (10) equal to 0.065 (As=-
7.2x10%/Km [18]), which is a bit larger that £7s=0.061 [18,19].

Closing this section Figure 9 shows the stress dependence of the transformation strain in
polycrystalline Cu-20at%Al-2.2at%Ni-0.5%B alloy [6,22] for B/p’ transformation. It can be
seen that here &ris zero. Indeed, quite frequently in polycrystalline samples (see also [14,15])
er is zero or close to zero and it can also happen that the saturation can not be reached in the
o interval investigated (as it is the case here as well).
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Figure 9. '"(c) function for f/f transformation in polycrystalline samples [6, 22].

3.3. Dependence of the derivatives of the elastic and dissipative energy
contributions on the martensite volume fraction

As it was pointed out in Section 2 equations (13), (14) and (16), (17) offer the possibility to
calculate the dependence of d and the 2To(o) -2e(&)/(-As) terms (or the e term directly if To is
known) on the transformed martensite volume fraction. In the «case of
CuAl(17.9w%)Ni(2.6w%) single crystalline alloy we could determine both the equilibrium
transformation temperature and the entropy thus Figure 10 shows the d(&) as well as the e(¢$)
function, respectively for 171.5 MPa (high stress limit). It can be seen that indeed the elastic
energy contributions is zero up to about &=0.37 and then significantly increases with
increasing & (see also Figure 6) indicating that there is an elastic energy accumulation in this
stage. Furthermore, since we have different shapes of the hysteresis loops at low and high
stress limits (see also Figures 6), Figure 11 shows the e(¢) function at 42.4 MPa for the
cooling down process. It is worth mentioning that a detailed analysis (see [5]) shows that the
unusual shape of the loop at this stress level indicated (see Figure 12 which shows the
inverse of the T(&) loop obtained at 42.4 MPa: the sums and differences of the cooling and
heating branches give the £ dependence of the elastic and dissipative terms, respectively)
that the elastic energy accumulation was practically zero up to about £=0.63 during cooling
and again zero for heating but, surprisingly now from &1 down to &0.37.
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Figure 10. Derivative of the dissipative (left) and elastic energy (right) contributions versus

transformed fraction in CuAl(17.9w%)Ni(2.6w%) single crystalline alloy for f/y transformation at 171.5
MPa (high stress limit) [5].
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Figure 11. Derivative of the elastic energy versus the transformed fraction in CuAl(17.9w%)Ni(2.6w%)
single crystalline alloy for B/y transformation at 42.4 MPa (low stress limit) for cooling down (left) and
heating up (right; in obtaining this curve a mirror transformation was made i.e. -e T(&=0)=e*((&1) and -

e/(&0.37)=¢* ((£20.63)) [5].

Figure 12.

42.4 MPa
60
40+ - — e ——
- . L L L B e
201
TI°C] R e,
04
20 .
00 02 04 06 08 10

S
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The above behaviour can be understood as follows [5]: under high stress levels the stress
will prefer the nucleation of special variant(s), which can freely grow without the
accumulation of elastic energy at the beginning and during cooling the relaxation of the
stress starts from &1 and after a certain value the elastic contribution will be zero. This is
what was usually observed in martensitic transformations and can be described as ““the first
plate of martensite to form during cooling is usually the last plate of martensite to revert on
heating” [1]. Thus in this case obviously after & >§c¢ the elastic fields of the growing
martensite variants will overlap (or in addition to the single growing variant, new nuclei can
also form) and accumulation of the elastic energy takes place. On heating the reverse
phenomenon (i.e. first the last martensite plates start to revert and the relaxation of the
stored elastic energy between &1 and {=¢‘,‘c¢ takes place) can be observed. On the other hand
curves at low stress levels showed different features. Indeed the multiple interface
transformation takes place in the form as described above only in bulk samples and as
stated in [1] “for other shapes of the same crystal (say, thin discs) the reverse transformation
may nucleate competitively at separate places”. Indeed in [5] the samples had a form of rod
with a relatively small cross-section. In this case there are no preferred martensite variants
(if the stress level is too low and is in the order of magnitude of the internal random stress
field) and the first martensite nuclei can appear at easy nucleation places (e.g. tips, edges).
Nevertheless, at the beginning (around M) of cooling down, there is no change in the elastic
energy (i.e. e is approximately zero) up to a certain value of g‘f (either because the
transformation takes place in a single interface mode, or because the elastic fields of the
formed nuclei does not overlap yet). Obviously, for §>§c¢ the elastic fields of the martensites
formed start to overlap and accumulation of the elastic energy takes place. Thus this
forward part of the transformation is very similar to that observed at high tensile stresses.
In the reverse process the heating up branch of the hysteresis curve indicates that the first
austenite particles may nucleate competitively at easy nucleation places (where the first
martensite nuclei were formed during cooling) and thus at As the change in the elastic
energy can be negligible. Indeed, as optical microscopic observations confirmed [5], the
formation of surface relief at low stress level (at aboutc=0) in the backward
transformation usually started at places where the formation of the first martensite plates
occurred (and not at places where their formation finished). Thus Figure 11 (on the right)
shows the e($) for the heating up branch, but by using a mirror transformation (for the
details see [5]).

Figure 13 shows the d(&)=d N&E)=d &) as well as the ef E)=e Y£)=-e ?5) functions in single
crystalline samples for f/f’ transformations [18], respectively. Since in this case we were not
able to determine T, the elastic energy derivative contains also the constant term 2To(c)As
(see eq.(14)).

In Figure 14 the d(&)=d H&)=d 1&) as well as the e &)=e YE)=—€ ?5) functions are shown for
polycrystalline Cu-20at%Al-2.2at%Ni-0.5%B alloy (#/f transformation) [22]. Here again the
elastic energy derivative contains the constant 2To(5)As term.
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Figure 13. Dissipative (left) and elastic (right) energy terms versus the transformed martensite fraction
for B/ transformation in single crystalline samples [18], respectively. On the right only the difference
of equations (6) are shown because To(c) is not known (see also the text).
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Figure 14. Elastic (left) and dissipative (right) energy terms versus & at different stress levels in
polycrystalline Cu-20at%Al-2.2at%Ni-0.5%B alloy forff/’ transformation [22].

3.4. Stress and temperature dependence of the elastic and dissipative terms

We have seen that the relations presented in Section 2 allow calculating the stress as well as
temperature dependence of the derivatives of the elastic or dissipative energies, at a fixed &
value, or their integrals, i.e. the E and D quantities, from the £~T, as well as from the {~o
loops, respectively. Let us see these functions for the there alloys investigated.

In the single crystalline CuAl(17.9w%)Ni(2.6w%) samples (f/y transformation) the dissipative
energy contributions were calculated from the parallel parts of the loops (see Figure 6),
using that d is independent of £ here. These values can be seen in Figure 15 as the function
of the applied stress [5, 22]. It shows a slight maximum at around 90 MPa, i.e. there are
increasing and decreasing tendencies in the low and the high stress range, respectively.
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Figure 16 shows the full dissipated energy and stored elastic energy in martensitic state as
the function of applied stress. It can be seen that the dissipative energy slightly decreases
while the elastic one increases with increasing stress. This is similar to the behaviour
observed in NiTi single crystals in [23].
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Figure 15. Stress dependence of the derivative of the dissipative energy calculated form the £intervals
of the thermals loops where the two branches were parallel to each other [5,22] in single crystalline
CuAl(17.9w%)Ni(2.6w %) samples (f/y transformation.
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Figure 16. Stress dependence of the integral values of the dissipative and elastic energies [5,22] in single
crystalline CuAl(17.9w%)Ni(2.6w%) samples (f/y transformation).

In single crystalline CuAl(11.5wt%)Ni(5.0wt%) alloys (BB transformation) the stress
dependence of e and d quantities at fixed values of & (at &1 and &0, denoted by indexes 1
and 0, respectively) is shown in Figure 17, while Figure 18 illustrates the temperature
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dependence of them. Furthermore in Figure 19 and 20 the total dissipative and elastic
energies are shown as the function of o as well as T. It can be seen from Figure 17 that,
although the scatter of points is rather high, the di (i=1, 0) terms can have a maximum at
around 60 MPa, while their average value at the low and high stress values is 7 J/mol [18].
On the other hand the elastic energy term has definite stress dependence with the slopes -
0.25 and -014 J/molMPa for e, and ei, respectively. Furthermore, both the elastic and
dissipative terms have linear temperature dependence (Figure 18) with the following
slopes: o/ T=-0.50]/molK, 1/JI=-0.18]/molK, and Alo/dl'=di1/ST=-0.028]/molK [18, 24].
Thus it is not surprising that in Figure 19 the dissipative energy D has a maximum at
about 60 MPa and the elastic energy, E, has linear stress dependence (decreases with
increasing stress), while in Figure 20 the D versus T function is almost constant and E has
a negative slope too.
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Figure 17. Stress dependence of the of the derivatives of the dissipative (left) and elastic (right) energies
at &1 and &0 in single crystalline CuAl(11.5wt%)Ni(5.0wt%) alloys (f/f transformation) [18].
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Figure 18. Temperature dependence of the of the derivatives of the dissipative (left) and elastic (right)
energies at &1 and &0 in single crystalline CuAl(11.5wt%)Ni(5.0wt%) alloys (4/f transformation) [18,
24].
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Figure 19. Total dissipative (left) and elastic (right) energies as the function of stress in single crystalline
CuAl(11.5wt%)Ni(5.0wt%) alloys (#/f’ transformation) [18].
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Figure 20. Total dissipative (left) and elastic (right) energies as the function of temperature in single
crystalline CuAl(11.5wt%)Ni(5.0wt%) alloys (4§’ transformation) [18].

The values obtained for the do and d:i (and D) quantities are almost the same values in both
sets, but their value is lower for the o ~ & loops by a factor of 3. Nevertheless, the average
value on the diversus o plots at low and high stresses (~7]/mol) is close to 4 J/mol obtained
from the di(T) functions. Furthermore, since at higher temperatures higher stress is necessary
to start the transformation, it is also plausible that the negative slope of the second part on
Figure 17 should correspond to a negative slope on the di(T) functions. Indeed there is a
slight decreasing tendency with increasing T on Figure 18. Unfortunately, the accuracy of
our present results does not allow a deeper and proper analysis of the field dependence of
the dissipative terms. In addition, the details of the transformation (and thus the magnitude
of di) can be different for stress and temperature induced transformations as well as can also
depend on the prehistory of the samples (not investigated here).
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In polycrystalline Cu-20at%Al-2.2at%Ni-0.5%B samples (/" transformation) [3,22] Figures
21 and 22 show the stress dependence of the di, ei as well as D and E quantities,

respectively.
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Figure 21. Stress dependence of the of the derivatives of the dissipative (left) and elastic (right) energies
at &1 and &0 in polycrystalline Cu-20at%Al-2.2at%Ni-0.5%B samples (f/f transformation) [3, 22].
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Figure 22. Stress dependence of the dissipative (left) and elastic (right) energies at &1 and &0 in
polycrystalline Cu-20at%Al-2.2at%Ni-0.5%B samples (f/f transformation) [3, 22].

Closing this subsection it is worth mentioning two more aspects. One is the self-consistency
of our analysis. The dots at c=0 in Figures 19 and 22 show the values calculated from the
DSC curves, according to the relations (24) and (25). Thus e.g. Q¢+Q? =2D=25]/mol (Q¢=—
331.6 J/mol, Q¢= 357.6 J/mol [18]) in Figure 19. It can be seen that these dots fit self-
consistently within the experimental errors to the other dots calculated from the
independent (hysteresis loops) measurement. The another point is related to the
connection between the stress and temperature dependence of &7(i.e. the change of the
martensite variant structure) and the stress and temperature dependence of the
characteristic parameters of the hysteresis loops in single crystalline samples. Although
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this point will be analyzed in detail in the next subsection too, it is worth summarizing
some qualitative correlations: i) as it can be seen from Figure 5 as well as Figures 15 and
16 the E and D quantities change in the same stress interval where &’ for the fly
transformation, ii) a very similar relation can be observed between & (Figure 3b) and d as
well as D for f/f transformation (Figures 17 and 19).

3.5. Stress and temperature dependence of the start and finish temperatures and
stresses, respectively

3.5.1. Stress dependence of the start and finish temperatures

It is worth investigating whether the commonly used assumption in the literature (see e.g.
[9, 25, 26]) that the slopes of the start and finish temperatures and the slope of the Tu(o) are
approximately the same or not. From the relations, presented in Section 2, it is clear that i)
strictly even the linear o dependence of T» is not fulfilled in general (see e.g. Figure 3b which
illustrates that &" is not constant), ii) the o dependence of the elastic and dissipative terms (e;
di, i= 0,1) as compared to the To(o) function, can also give a contribution to the stress
dependence of the start and finish temperatures (see relations (18)). Such an analysis was
carried out for the results obtained in single crystalline CuAl(11.5wt%)Ni(5.0wt%) alloys
(f/p transformation) in [18] and will be summarized here. As we have already seen in
Figure 8 the To(0)-To(0) function can be approximated by a straight line, neglecting the
small deviations in the interval between 0 and 50 MPa. In fact this slight S-shape part up
to 50 MPa is the consequence of the stress dependence of ¢'(see the insert in Figure 8). The
straight, line fitted in the whole stress range, gives the slope 0.39 +0.05 K/MPa. At the
same time the slopes of Ms and Aras well as Ms, and As (as shown in Figure 23, on the left)
are almost the same: 0.59 as well as 0.50 K/MPa, respectively. Thus these differ from the
one obtained for the slope of To(o). It should be decided whether this difference comes
from the stress dependence of di or ei parameters or from both. As it can be seen in Figure
17, although the di function indicates a maximum at around 60 MPa, from the point of
view of the slope of this function in the whole stress interval, one can assume that within
the scatter of the measured points they are independent of the stress. On the other hand
the e, and e: parameters have a linear stress dependence with the slopes (see also above) -
0.25 and -014 J/molMPa for e, and ei, respectively. Dividing these by the value of 4s
=-1.26 J/Kmol [18]) the elastic energy contribution to the slope of the start and finish
temperatures (see relations (18)) will be - 0.20 and - 0.11K/MPa, respectively. Thus the
differences in the slopes of the start and finish temperatures and the equilibrium
transformation temperature are caused by the stress dependence of the derivative of the
elastic energy contribution.

Finally it is worth mentioning that since both the stress dependence of To(c) and the elastic
terms can be relatively well fited by straight lines, it is not surprising that in the literature
frequently a linear relation is found for the stress dependence of the start and finish
temperatures.
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Figure 23. Stress dependence of the start and finish temperatures (left) and temperature dependence of
the start and finish stresses (right) in single crystalline CuAl(11.5wt%)Ni(5.0wt%) alloys (4/5
transformation) [18].

3.5.2. Temperature dependence of the start and finish stresses [24]

In many papers about the relations between the start/finish stresses and the test
temperature, T, in martensitic transformations of shape memory alloys it is assumed that
e.g. the temperature dependence is the same as that of the os(T) function (ov is the
equilibrium transformation stain). As we have seen the linearity of this (or the To( o) relation)
Clausius-Clapeyron-type relation would be fulfilled only if the transformation strain, &,
would be constant. Furthermore, it was illustrated in the previous section that relations
between the start and finish temperatures versus stresses can contain stress dependent
elastic and dissipative energy contributions. Thus even if these relations are approximately
linear their slopes can be different from each other and from the slope of the To(o) function.
The situation is very similar when one considers the o(T) as well as temperature
dependence of the start and finish stresses.

In practice oms and oas are the most important parameters in thermomechanical treatments.
Let us consider isothermal uniaxial loading tests carried out at temperatures T>As. In this
case oms means the critical stress for the formation of stress induced martensite variants. In
order to get expression for oms(T) let us take the first relations of (18) (at c=0) and (19) and
make the use of (11) [24]:

s (T)=~(As/ Ve (o, (T)[ T~ M, (0)] +[1 / Vg”(chs)J[dO(O'MS) re,(on)]-
~[d,(0)+¢,(0)][1/ V" (o, (T)]

Note that in the relations used in obtaining (28) the transformation strain and the
transformed fraction derivatives of the dissipative and elastic terms were considered stress

(28)



Determination of Elastic and Dissipative
Energy Contributions to Martensitic Phase Transformation in Shape Memory Alloys

dependent. It can be seen that relation (28) will have the form usually found in the literature
(see e.g. [10,27]) only if the sum of the last two second terms is zero and, even in this case, it
will have a linear temperature dependence only if &(os(T)) is constant. Similar relations can
be obtained for the other start and finish stresses. In the case of omr the sum of di and e:
appears and in the second term they should be taken at om, while for oarand oxs the er~do as
well as er-d1 differences will be present. For example;

04 (T) =85/ V& (o, (T[T = A,(0)]+] 1/ V&" (0 4)lles(04) - dy(5,) | -
~[e(0)-a, (0)1/ Ve (o, (T) |1
One can recognize from (28) or (29) that interestingly if the contributions from the elastic

and dissipative contributions are neglected the slopes of all start and finish stresses versus
temperature have the same value (or have the same curvature).

(29)

Now the analysis of the experimental data obtained in single crystalline
CuAl(11.5wt%)Ni(5.0wt%) alloys (f/f transformation) resulted in the following results [24].
First it is interesting to recognize a correlation between the stress and temperature dependence
of &": it can be seen from Figure 4a that e.g. at 373 K the martensite start stress is about 30 MPa
and on the curve shown in Figure 3b this leads to about 4% &" value, which is approximately
the same as was observed at this temperature ((see Figure 4b). Thus the transformation strain has
indirect temperature dependence and it is the result of its o-dependence. It is easy to understand the
above indirect temperature dependence: since in expression (2) the elastic and thermal terms
play equivalent roles with opposite sings in the thermoelastic balance [8,9] at higher
temperatures higher stress is necessary to start the transformation and the martensite structure
formed will be more oriented at this higher temperature: 77 and thus &" will be larger.

Next, let us see whether the slopes of the start and finish stresses versus temperature are the
same or not. It can be seen in Figure 23 (on the right) that the functions can be approximated
by straight lines and Table 1 contains their slopes. However, while the slopes of owms(T) and
oa(T) as well as omi(T) and cas(T) are the same the slopes of these two groups differ from
each other more than the estimated error (about 0.05 MPa/K [18]).

In (28) and (29) both do and d: terms has a very moderate temperature dependence with the
same slopes of (Figure 18) -0.028]/molK (leading to a small contribution to the slope of the
temperature dependence of the start/finish temperatures as -0.064MPa/K) while e.(oms(T))
depends on temperature (see Figure 23: 0eo/0T=-0.50 J/molK, de1/0T=-0.18 J/molK [18, 24]).
Furthermore the &(ow(T)) and &"(oms(T)) functions should be considered in the temperature
interval 373-425K (Figures 23 and 4b) i.e., as an average value, one can take
&"(ou(T))=e"(oms(T))20.055. Thus the terms containing 1/Ve" will be approximately constant
1/Ver = 2.3x10° mol/m® (a bit larger than the value belonging to &"ma: 2.1x10° mol/m3,
V=7.9x10*m3/mol [18]).

Thus, one can estimate the contributions of the 1st, 2nd and 3rd terms in (28) and (29) to the
slope of oms and oas vs. T functions (Table 1). The slope of the third term is 0
(e(oo(T))ze"(oms(T))=const.) and from the second term the elastic term gives determining
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contribution to the slope. This also explains why the slopes of oms and oar as well as omr and ons
are similar, because they contain the different temperature derivatives of e and ej,

respectively.
Experimental vales [18] omsvs. T |omrvs. T |oarvs. T |ousvs. T
Slope in MPa/K 1.6 2.0 1.5 2.2

Estimated " Eq. (11 Isttermin |2nd term |2nd term in|3rd term in (28) or
stimated (parts) 4 DV 28) and (29) |in 28), e [(29) e (29) do=d;

Slope in MPa/K 2:59 2.83 -1.15 -0.41 -0.06

Estimated (whole) omsvs. T |omrvs. T |oarvs. T |casvs. T

Slope in MPa/K 1,6 2.3 1.7 2.5

Table 1. Experimental and estimated values of the slopes of the start and finish stresses versus T [24].

It can be seen from Table 1 that taking all the contributions into account the agreement
between the estimated and experimental values is very good.

Finally a comment, similar to that given at the end of Section 2.5.1., can be made here too:
since both the ow(T) and the temperature dependence of the elastic terms (giving the
determining contribution to the T dependence) can be well approximated by straight lines,
the linear relations between the start and finish stresses and the test temperature can be
frequently linear.

3.6. Effect of cycling

After the illustration of the usefulness of the above model in the calculation of the elastic
and dissipative energy contributions from hysteresis loops of thermal and mechanical
cycling in this section the results on the effect of number of the above cycles on the energy
contributions will be summarized.

In [17] the effect of thermal and mechanical cycling on f/f phase transformation in
CuAl(11.5W%)Ni(5.0W%) single crystalline shape memory alloy was studied. The o~¢ and
&-T hysteresis loops were investigated after different numbers of thermal and mechanical
cycles. The o~¢loops were determined at fixed temperature (373 K) and the &-T loop under
zero stress was calculated from the DSC curves measured.
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Figure 24 (left) shows the & -T loops, calculated from the DSC curves, after different
numbers of cycles, N, and the N dependence of the start and finish temperatures (right).
Figure 25 illustrates the N dependence of the start and finish stresses, while in Figures 26
and 27 the N dependence of the calculated dissipative and elastic energies are shown as
calculated form the thermal and mechanical cycling.
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Figure 24. & -T'loops (left), calculated from the DSC curves, after different numbers of cycles, N, in
CuAl(11.5W%)Ni(5.0W%) single crystalline alloy and the N dependence of the start and finish
temperatures (right) [17].

——Ns
120 s
)
i~ m-lﬁiﬂr"'f' &g m g
= o
o =
= i
o \kB B
30 1 Ty X
1 1] T T T T 1
0 2 4 6 8 10 1 3 5 7 9 11
£ [%] N
a) b)

Figure 25. o ~ gloops (left) after different numbers of cycles, N, and the N dependence of the start and
finish stresses in CuAl(11.5W%)Ni(5.0W%) single crystalline alloy (right) [17].
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Figure 26. Cycle number dependence of the total elastic energy (left) and the total dissipative energy
(right) for thermal cycles (¢ obtained from the &T loops, Ibbtained from the heats of transformation) in
CuAl(11.5W%)Ni(5.0W%) single crystalline alloy (right) [17].
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Figure 27. Cycle number dependence of the total elastic energy (left) and the total dissipative energy
(right) for mechanical cycles in CuAl(11.5W%)Ni(5.0W %) single crystalline alloy (right) [17].

From the results presented in Figures 24-27 the following conclusions can be drawn [17]:

i.  Both the thermal and mechanical cycling causes some changes in the hysteresis loops:
after a fast shift in the first few cycles the stress-strain and strain-temperature response
stabilize.

ii. In thermal cycling the elastic energy, E, as well as the dissipative energy, D (per one
cycle), increases as well as decreases, respectively with increasing number of cycles,
while in mechanical cycling there is an opposite tendency. These changes are inevitably
related to the change in the martensite variant structure during cycling.

iii. In thermal cycling, where self-accommodated martensite variant structure develops,
with increasing numbers of N, due to some “learning process in nucleation of similar
variants” at different places, the marensite variant structure stabilizes and interestingly
in this process E increases (by about 2.5%) and D decreases (by about 50 %).
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In mechanical cycling it is expected that the learning process can lead to an increased
number of nucleation of preferentially oriented (according to the direction of the
applied uniaxial stress) martensite variants. This decreased E and increased D by about
1 % and 6% respectively.

In general there are two energy dissipative processes [23]: the first is related to the
frictional interfacial motion, while the second is due to the dissipation of the stored
elastic energy when the coherency strains at the martensite/austenite interface relax.
Assuming the first contribution independent of N, the increase/decrease of E can be
accompanied by a decrease/increase in D, but for a deeper understanding detailed
microscopic investigation of the variant structure and the interfaces, similarly as e.g.
was done in [23], is necessary.

4. Conclusions

The analysis of extended experimental data obtained in poly- and single crystalline Cu

based alloys provided the following main conclusions:

1.

It has been illustrated that the transformation strain, &, depends on both the uniaxial
stress and temperature in measurements carried out in single crystalline samples at
different constant stress and temperature values, respectively. In both functions the
saturation values were the same corresponding to the maximal possible transformation
strain, &"max, estimated for the case when a single crystal fully transforms to the most
preferably oriented martensite. This behaviour was interpreted by the change of the
martensite variant structure as the function of the parameter, n, the volume fraction of
the stress induced (single) variant martensite structure. In the &” = er+ (&, — &r) iy relation
er and ¢, are the transformation strains when fully thermally induced multi variant
structure forms (7=0), as well as when the martensite consists of a fully ordered array of
stress preferred variants (single variant state, 7=1), respectively. It has been illustrated
that er can be either zero or can have a finite value (remanent strain) depending on the
details of the variant structure (and thus on the prehistory of the sample).

The stress and temperature dependence of &’(or 7) is reflected in deviations from the
Clausius-Clapeyron-type relations. Indeed it was demonstrated that the equilibrium
transformation temperature, To, was not a linear function of the stress in single
crystalline alloys.

Using relations for the &~T and o~¢ (¢~&) loops (& is the transformed martensite volume
fraction) the & dependence of the & derivatives of the elastic and dissipative energies,
(e(&) and d(&)) could be determined. The integrals of these functions gave the elastic, E,
and dissipative, D, energies per on cycle. Thus it was also possible to determine their
dependence on the stress and temperature. Note that the o or T dependence of the
elastic energy can be calculated only exclusive of a constant term containing the
product of the entropy and T(o=0) (see eqgs. (10), (13) and (16)). In the
CuAl(17.9w%)Ni(2.6w%) single crystalline alloy, by the analysis of the peculiar shapes
of the &~T loops even the determination of the equilibrium transformation temperature
and its o dependence was possible. It was also demonstrated that our procedure is self-
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consistent since e.g. at zero stress the D and E quantities were also calculated from
independent measurements (DSC curves) and the results were in very good agreement
with those values obtained form the integrals of the e(&) and d(¢) functions.

4. It was shown that the stress and temperature dependence of &"(or 7) is also reflected in
the shape of the D(o), D(T), E(c) and E(T) functions, since these terms should be
plausibly dependent on the martensite variant structure developed.

5. It was illustrated that both the stress dependence of the start and finish temperatures as
well as the temperature dependence of the start and finish stresses in general can be
approximated by straight lines. This is due to the facts that the To(o), oo(T) functions, in
a wider interval of their variables, can be linear as well as the elastic energy
contributions (giving dominating contributions to the o or T dependence) can also be
fitted by a linear functions. On the other hand, the slopes of the start and finish
parameters as well as the slopes of the To(o) or ow(T) can be definitely different from
each other.

It was shown that the number of thermal and mechanical cycling, N, has effected the values
of E and D: in thermal cycling E increased, while D decreased with N. During mechanical
cycling an opposite effect was observed.
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1. Introduction

The study and development of new materials have been used to forge new technology.
Shape memory alloys (SMA'’s) have been cataloged as new materials which applications are
in fields like the construction industry where these materials have been used as mechanical
elements of damping; in medicine, SMA’s have been used for biomechanical prosthesis in
order to correct the position of bones and also to make surgical instruments. In these
applications, because of their mechanical behavior, SMA’s can substitute more efficiently,
conventional materials. To get a better understanding of SMA’s, new investigations are
needed.

In recent years, the scientific and technologic community has been interested in the study of
“exotic materials” like shape memory alloys (SMA’s). Shape memory alloys are materials
that can recover their original shape, after being elastically or pseudo-plastically deformed,
by increasing their temperature; all these associated to a martensitic transformation [1,2].
The martensitic transformation is defined as a first-order displacive process, where a body
center cubic parent phase (austenitic phase) transforms by a shearing mechanism into a
monoclinic or orthorhombic martensitic phase [1]. The shape memory effects are useful in
replacing conventional materials and developing new applications in science and industry.
The SMA’s present some associated effects like single, double shape memory effects and
superelastic effect. All these effects are well known and they have been reported in literature
for several authors [3-7].

The superelastic effect is one of the reasons that have encourage a continuous effort to
understand, predict and explode the shape memory behavior of these materials. Since the
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CuAlBe system appeared in 1982; it is considered one of the first studies that were done in
Cu-Al-Be shape memory alloys by Higuchi et al. These works studied the influence of the
thermal stability of Cu-Al-Be alloy which had a nearly eutectoid composition; Higuchi et al.
observed small changes in the temperatures of transformation and also realized that the
austenite phase was not decomposed up to 300 °C. With the thermal cycling also were
observed the displacement variations; this was confirmed with a coil with a constant load;
increasing the coil temperature, small displacement were register; thus the two way shape
memory effect was reported in Cu-Al-Be [8,9].

After a while other interesting works concerning with this alloy were developed. Belkahla
et al. reported the elaboration and characterization of a low temperature of the Cu-Al-Be
shape memory alloy; obviously this work was based in Higuchi’s research. The main
contributions of this work were the quasi-binary Cu-Al phase diagram with the addition of
0.47 wt.% of beryllium and the Ms analytical expression, as a function of elements
composition, to determine the critical temperature that indicates the start of the martensitic
transformation. This study confirmed that the addition of small concentration of beryllium
Cu-Al system decreased the eutectoidal temperature around 50 °C. In addition to the
temperature decrement, a new ternary domain was observed; here the phase a, 3 and 2
are present [10].

Jurado et al. were concerned about the order-disorder phase transition in Cu-Al-Be system
alloys; in this case the studied ally was close to the eutectic composition. The main
contribution of Jurado et al. was to reveal the effect of beryllium atom on the ordering
behavior of the Cu-Al based alloys. Nowadays the X-Ray diffraction measurements reported
by Jurado et al. are very useful to identify the involved phases in this system [11].

If order-disorder behavior takes place in CuAlBe system, it is obvious that this material can
exhibit different mechanical response. The difference in mechanical behavior is due to the
high anisotropy of this material. As a matter of fact, the Cu-Al-Be system presents three
kinds of anisotropy. The first type is due to the austenitic phase and it is known as an
inherent anisotropy. The second type is known as transformational anisotropy; this depends
on the applied stress level or even the test temperature, preferential crystal orientation due
to manufacturing process of the material. The last kind anisotropy is related with the
mixture of austenite and martensite phases; the proportions of both phases, in the alloy, will
change the mechanical response of this material. In order to clarify the mechanical response
of this material some studies on the thermomechanical behavior has been done in
monocrystals of Cu-Al-Be. These studies were able to determine the metastable phase stress
vs. temperature diagram (o-T). With this diagram is possible to get the critical stress or
transformation stress value if the martensite phase is induced by stress [12].

Siredey and Eberhardt presented other interesting result, on the fatigue behavior of Cu-Al-
Be monocrystals. A model to explain the fatigue mechanism was proposed. This model was
based on the assumption that there are different zones where the martensite phase gets
reordering or other diffusional phenomena, which vary the expected behavior inside the
material; so the Ms temperature can change locally and it will modify the global behavior of
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the material [13]. As it was previously mentioned the X-ray and differential screw
calorimetric studies represent a suitable way to characterize shape memory materials. Balo
et al. used these techniques to show the influence of heat treatments and beryllium content
for this alloy. In this study can be observed the indexed X-ray pattern for martensite phase
in addition the lattice parameters for 18R martensite were reported too [14,15].

All previous research has motivated the improvement of the Cu-Al-Be system in order to
spread its application in different industry branches. One aspect to improve in this system is
the mechanical properties that depend on the alloy’s microstructure. In other words the
involved phases and grain size have to be customized. In order to modify the mechanical
response of Cu-A-Be system several grain refiners have been used. Ultrasonic and
mechanical tensile testing has proved the influence of those refiners by different authors
[16,17].

More specific studies, to understand the mechanical behavior of SMA, were done using non-
conventional techniques to mimic the martensitic transformation in the superelastic regime
for both monocrystal and polycrystal CuAlBe undergoing tension [18-20]. As a result,
scientists have proposed transformation criterions, constitutive equations and also new tools
to be familiar with the involve mechanisms during the martensitic transformation [21-26].
As it can be notice, considerable efforts have been done to understand the complex behavior
of SMA’s; mainly, because of their properties will eventually lead to replace conventional
materials with these alloys.

Although there are several works trying to explain the mechanical behavior of SMA’s
nobody has studied the stress-induced martensitic transformation and its granular
interaction in 2D-confined polycrystalline sample of CuAlBe undergoing 3-point bending by
Digital Image Correlation. That is why the objective of this work is based on getting a
practical methodology to understand the micro and macromechanical behavior of poly and
monocrystalline Cu-Al 11.2 wt.%-Be 0.6 wt% , Cu-Al 11.2 wt.%-Be 0.5 wt% (respectively)
undergoing a stress-induced martensitic transformation by a 3-point bending using digital
image correlation.

Taking in to account the good thermal stability, excellent shape memory properties,
temperature transformation wide ranges, damping capacity and low cost of production, the
Cu-Al-Be system has become in a excellent alternative to take advantage of the shape
memory effects; that is why several works will be conducted to get a full understanding on
the Cu-Al-Be properties.

2. Experimental details

The experimental section describes the elaboration and characterization of the material. The
first part of this section is focused in the elaboration and structural characterization of the
material. The second part is dedicated to the mechanical arrangement that makes possible
the simultaneous state of stress (tension and compression) in the sample.
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2.1. Material

As it was previously mentioned, the composition was Cu-Al 11.2 wt%-Be 0.6 wt%, and Cu-
Al 11.2 wt.%-Be 0.5 wt% which is close to the eutectoidal composition [10]. An induction
furnace (Leybold-Heraeus) was employed to elaborate the alloy by a melting process; this
furnace has a controlled atmosphere and in our case argon gas was used. From the castings,
suitable slices were cut and then hot rolled to obtain thin sheets. The length, width and
thickness of the sheets were 280, 57 and 0.7-0.9 millimeters, respectively. These dimensions
were reached after a 191 % hot-rolled (800 °C) deformation process. The hot-rolled process
was carried out in an oven (Sola Basic-Lindberg model 847) and a roll machine (Fenn Amca
International). Subsequently, the sheets were subjected to a heat treatment, called
betatization, to reveal the shape memory effects; the sheets were heated at 750 °C during 15
minutes and then water-quenched to 95 °C during 20 minutes [24]. Then the samples were
studied by X-ray diffraction (Bruker AXS modelo D8 Advance) in order to detect the phases
involved in the alloy; finally Critical transformation temperatures were obtained by DSC
2910 Modulated de TA Instrument. After this, the sheets were cut in rectangular samples
according to the beam theory.

2.2. Three-Point bending test

Bending tests were carried out on a servohydraulic loading device (MTS 858 MiniBionix
axial). To acquire images an optical microscope was coupled to a CCD camera. The modular
microscope works as an infinity-corrected compound microscope with magnifications of 2X.
To control the MiniBionix MTS a 407 MTS controller was used while data and images
acquisition were acquired by a National Instruments PXI-1002 chassis and PXI-boards (6281,
8331 and 1402) connected to a PC. White light illumination (150 W quartz halogen light
source) was used to observe the microestructural behavior of the SMA under bending (see
Fig. 1).
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Figure 1. Experimental setup

In order to have a better understanding of CuAlBe mechanical behavior under bending a
single-crystal of CuAlBe was also studied under the same conditions. Hence it was possible
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to compare the mechanical behavior of monocrystalline and polycrystalline samples under
bending. From the image sequence were determine the displacement vector fields at the
region of interest, using digital image correlation, associated to bending test for both cases.

With the series of images acquired during the bending test, displacement vector fields were
calculated from pairs of images. The Willert and Gharib algorithm [27] was used to calculate
the displacement field ux(xx, yx) and vx(xx, yx), where u and v represent the displacements of
an analysis object or region of interest in the x and y directions respectively [28, 29]. The x
and y represent the position coordinates of the analysis object in every image; subindex k
indicates the corresponding object, which is defined as a 64x64 pixels subregion of interest.
Hence was possible to observe the mechanical behavior in tension and compression by grain
simultaneously.

3. Results
3.1. X-ray diffraction

The x-ray spectra are shown in Figure 2. Here it can be observed the all the present phases in
the monocrystalline and polycrystalline samples corresponds to those reported phases for
this material (Austenite  and Martensitep’, y2) [11]. It is obvious that the monocrystal
presents only a peak that corresponds to (440) direction; while the hot-rolled polycrystalline
sample presents a preferential orientation in (111) and (220) directions; this confirms the
existence of global crystallographic texture in the polycrystalline sample.

This result also confirmed the possibility to get the direct transformation by stress
(Austenitic-Martensitic); in other words the superelastic effect in this alloy will be observed
when the stress-induced martensitic transformation appears during the mechanical test. The
P phase or austenite phase is a supercell DOs wich lattice has a higher order of symmetry
than ° martensite phase; this martensite is also known as 18R martensite. The lattice
correspondence between martensite and austenite was reported by Zhu et al [30]. In this
transformation more than one martensite variant can be induced from one austenite. In
addition it has to be pointed out than martensite variants have identical crystal lattice but
they can appear in different orientation. The relationship of microstructures is essential to
get a better understanding of the mechanical response of this smart material. Once the x-ray
analysis confirmed the existence of monocrystalline and polycrystalline samples, the
differential screw calorimetric studies were done.

3.2. Differential screw calorimetric analysis

The transformation temperatures Ms, My, As, As, and the difference Ms-My, Ar-As are
considered as critical factors in characterizing shape memory behavior. There is a strong
dependence between transformation temperatures and the alloy’s composition and its
processing, this is based on microstructural defects, degree of order in the parent phase, and
grain size of the parent phase. The mentioned factors can modify the transformation
temperatures by several degrees. When the martensitic transformation takes place,
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Figure 2. X-ray spectra for mono and polycrystalline samples of CuAlBe shape memory alloy

numerous physical properties are modified. During the transformation, a latent heat
associated with the transformation is absorbed or released based on the transformation
direction. The forward, austenite- to-martensite (A-M) transformation is accompanied by the
release of heat corresponding to a change in the transformation enthalpy (exothermic phase
transformation). The reverse, martensite-to-austenite (M-A) transformation is an
endothermic phase transformation accompanied by absorption of thermal energy. For a
given temperature, the amount of heat is proportional to the volume fraction of the
transformed material. The two phases also have different resistance due to their different
crystallographic structures, so the phase transformation is associated with a change in the
electrical resistivity [31].

Figure 3 shows the DSC curves for both kind of samples mono and polycrystal. In this figure
can be realized those discontinuities in the heat flow vs. temperature curve which
corresponds to exothermic reaction during the direct transformation (Austenite to
Martensite phase change); additionally the inverse transformation (Martesnite to Austenite
phase change) is located in the peak that reveals an endothermic reaction. These peaks show
the four critical temperatures of transformation in these smart materials. The temperatures
were labeled in figure 3 as follows: Ms corresponds to the beginning of the martensitic
transformation; My indicates the end of martensitic transformation. In the same way As and
Arindicate the start and the end of the inverse transformation. All these temperatures were
determined at 10% and 90% of the peak’s areas that defines each transformation; they were
found using the Universal Analysis 2000 software of TA Instrument. The critical
temperatures were summarized in table 1.
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Temperatures (°C) Monocrystal Hot-rolled Polycrystal
M 0 -69
My -18 -82
As -8 -81
Af 5 -66

Table 1. Critical temperatures of transformation of CuAlBe system.

After X-ray analysis and DSC studies, the samples were prepared to observe the
microstructure of the mono and polycrystalline samples under bending.
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Figure 3. Calorimetric analysis to determine the four critical temperatures that defines the shape
memory effect in the CuAlBe alloy. a) Monocrystal Sample and b) Hot-rolled Polycrystal Sample

Monocrystalline and polycrystalline samples of CuAlBe were tested in 3-point bending.
According to the experimental setup showed in Figure 1, the samples were focused with the
optical microscope coupled to the CCD camera at the center of the sample (//2); where [
represents the support span. In order to observe the stress-induced martensitic
transformation through the regions of interest, the samples were previously polished and
chemically etched to reveal the microstructure of each sample (Figure 4). All tested
specimens were metallographically prepared and chemically etched with a solution of ferric
chloride (2g FeCls + 95 ml Ethanol + 2ml HCl) before the mechanical test.

Figure 4. Microstructural details of CuAlBe samples in austenitic phase: a) Monocrystal and b) Polycrystal
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The Figure 4(a) shows the monocrystal; here it is evident that there are not any grain
boundaries while Figure 4(b) shows four grains in a serial arrangement. These two images
were taken at the same loading conditions. It is clear that the polycrystal is a little bit thinner
than the monocrystal. The thicknesses were 0.9 and 0.7 mm for monocrystal and polycrystal
respectively.

3.3. Mechanical behavior under 3-point bending

From the 3-point bending test, the force vs. neutral axis displacement curves for monocrystal
and polycrystal were obtained (Figure. 5). In the case of monocrystal is observed the typical
reversible hysteretic loop with a second slope close to cero. The polycrystal showed the
same reversible hysteretic loop but the second slope was higher than monocrystal’'s second
slope; as it was expected. This is due to the transformational deformation that is directly
associated to stress-induced martensitic transformation, which depends on the applied force
direction and the crystals orientations. Now taking in to account the Ms temperature for
monocrystal and polycrystal and the equation of Claussius Clappeyron o, = 1.97MPa(T —
M;) which relates the Ms with the critical transformation stress oc, this transformation stress
can be easily calculated considering that T corresponds to the test temperature 20°C;
furthermore the critical stresses were around 175 and 40 MPa for polycrystal and
monocrystal respectively. This last result is good agreement with the stress transformation
values for label B and E in the stress vs. neutral axis displacement curve for both samples.
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Figure 5. Force vs. Neutral axis displacement curves obtained from 3-point bending arrangement

The Figure 5 shows six labels that indicate the associated images in both cases monocrystal
and polycrystal samples; the monocrystal images correspond from letter A to C and
polycrystal from D to F. This six labels match with the images presented in Figure 6. These
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are labeled with the same letters for each case. As it can be observed, the images from A to C
showed the austenitic phase (Figure 6A), the beginning of martensitic transformation
(Figure 6B) and almost a total martensitic state for the monocrystal under bending (Figure
6C). The polycrystalline sample showed the austenitic phase in all grains (Figure 6D), then
the martensitic plates appear in tension and some martensitic plates in compression almost
simultaneously (Figure 6E); finally the image (Figure 6F) shows the central region plenty of
martensitic plates. It has to be pointed out, that the martensitic plates in the monocrystal
sample grow first up in compression and subsequently in tension; in the polycrystalline case
happened the opposite.
Austenite

AMers

Early zones

Figure 6. Mono and polycrystalline samples of CuAlBe under 3 point bending: a. Monocrystalline
austenitic phase; b. Beginning of the martensitic transformation; c. Almost a total martensitic state for
the monocrystal under bending; d. Austenitic phase in the polycrystal; e. Growth of the martensite
plates in tension and compression; f. Several variants of martensite appear in the same grain

Another interesting observation was about the martensitic variants that grew up in both
cases. The monocrystalline sample showed two variants according to the established angles
respect to the horizontal line. In tension appeared a variant with two equivalent directions;
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at left hand this variant was around 45° and at right hand 48°. In compression the stress-
induced martensitic plates showed just a single direction that it was around 35° (Figure 7a).
In this case should have appeared two variants close to 45% nevertheless, a single variant
grew up; it may due to the interaction with the fulcrum.

Figure 7. Stress-Induced martensitic variants: a) Monocrystal and b) Polycrystal

The Figure 7b shows the polycrystalline case. Here the central grains showed several
martensitic variants; the first grain marked in blue showed one martensitic variant around
46° in tension but in compression the same grain showed two variants the first one was
around 27° and the second one was around 26° that were different to those in tension; the
compression variants are almost perpendicular each other; the grain marked in green is
located at the center of the support span. So it is obvious that there are more martensitic
plates in this region.

The martensitic plates are in several directions, all of them are close to -45° or 45%
nevertheless, there are a couple of variants that appeared in those directions that have less
probability to exist according to the applied force direction and the direction of the early
plates of martensite. These variants where located at 89? and 21°. It has to be pointed out
that these variants appear in the same grain, which has a fixed crystalline orientation. So
why do several variants of martensitic plates exist in the same grain? A possible answer is
the granular interaction due to the martensitic transformation for the polycrystalline sample.
It is clear that in the present work the crystalline orientation of the samples was not
measured; however it is possible to infer the growth variants which have more chance to
appear, if crystal orientations are guessed.

To identify these variants was used the list of habit planes and directions of Cu-Al-Be
system reported by Kaouache et al.[21]. In addition to this list, it was used the procedure
proposed by Bucheit et al. to get the surface transformation in single crystals [32]. Using the
previous information, the plane stress transformational diagrams for typical crystalline
orientations of the Cu-Al-Be in the austenitic phase were calculated in this work. The
diagrams present irregular polygonal regions making evident the material anisotropy
(Figure 8). This shows the existence of specific variants according to the state of stress (in
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typical cases like: tension-tension, tension-compression and compression- compression),
habit plane and crystal orientation.

The plane stress transformational diagrams are located among [001], [011] and [-111]
directions. It has to be noticed that these diagrams show significant differences between
each other according to those guessed crystalline orientations; this means that there will be
asymmetry and anisotropy between tension and compression in this material. This result
agrees with the images that show the stress-induced martensitic transformation under 3-
point bending (Figure 6).
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Figure 8. Plane stress transformational diagrams for typical crystalline directions of the Cu-Al-Be beta
phase associated to different crystalline orientations represented in a stereographic projection.
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From Figure 8 were selected four cases where several martensite variants can appear in
tension and/or compression under the same applied force direction. The variants were
identified according to the calculation proposed by Buccheit et al. for each martensitic
variant taking in to account the guessed orientation. In general the diagrams present
different variants with the same possibility to appear in accordance with the current state of
stress; however, in this case the simple tension and compression cases are shown. These
cases are shown in Figure 9; the mentioned variants present exactly the same trace in each
circumstance. Here it is shown that several variants can appear because the Schmid Factor is
equal for each variant; furthermore they have the same chance to grow up in the crystal. It is
important to say that each variant present different mark on the observation surface as it is
shown Figure 7.

[0, -1, 0] |1, 0, 0]

10, 0.71, 0.71]
-6 =4 6
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Figure 9. Plane stress transformational diagrams of CuAlBe and the Growth of several martensitic
variants in a crystal with a fixed crystal orientation under the the same applied force direction. A) this
figure shows the growth of 12 possible variants and figure b), c) and d) show four possible variants.

In order to observe the contribution of several martensitic variants to the micromechanical
behavior of CuAlBe, digital image correlation was used get the displacement vector fields at
different state of stress. The displacement vector fields are showed in Figure 10. Here it can
be observed the curvature of the beam under bending.
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Figure 10. Displacement vector fields of samples under 3-point bending: a) Monocrystal and b)
Polycrystal.

From these displacement vector fields it is possible to observe that a moment (M) is acting in
the both sides of the samples. In the polycrystalline case this effect is more evident. Isolating
the rotation in “xy” plane and the “y” displacements was obtained the displacements in the
“x” direction. These fields were completely overlapped on the corresponding images; they
are showed in Figure 11. Here it is possible to observe that the samples are under tension
and compression simultaneously.

Figure 11. Overlapped displacement vector fields on CuAlBe Sample Undergoing 3 point bending: a)
Martensitic variants in Monocrystal under tension and compression; b) Martensitic variants in a
polycrystal. Martensitic reorientation phenomena is observed.



210 Shape Memory Alloys — Processing, Characterization and Applications

In both cases, the parts subjected to tension shows the expected “x” displacements;
nevertheless, the region under compression for the monocrystal did not present the
expected displacement vector field. This is due to the growth of a single variant. On the
other hand, the region in compression of the polycrystal showed the expected displacement
vector field showing compression. In all cases can be observed that the samples of CuAlBe
present non-homogeneous behavior but this methodology was able to detect these small
contributions in displacement caused by different martensitic variants.

4. Conclusions

This practical methodology was able to observe the micro and macromechanical behavior of
Cu-Al 11.2 wt.%-Be 0.6 wt% polycrystal and Cu-Al 11.2 wt.%-Be 0.5 wt% monocrystal shape
memory alloy undergoing a stress-induced martensitic transformation by a 3-point bending.
The evolution of the martensitic transformation was registered by the CCD and was
detected the non-symmetric behavior in tension and compression for both cases mono and
polycrystalline samples. The overlapped displacement vector fields show the non-
homogenous behavior of monocrystalline and polycrystalline samples of these alloys. This
methodology was also able to detect the granular interaction in 2D confined grains; this may
due to the interaction between the growth of martensite plates that modified the local state
of stress in the grain and their neighbors. It is evident that there is a re-orientation effect of
the martensitic phase while the load increases. This interaction provokes the apparition of
several martensitic variants in different directions; this was in good agreement with the
stress transformation diagrams for CuAlBe alloy.
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1. Introduction

Shape memory alloy (SMA for short) is a new kind of inter-metallic compound, which can
“remember” its original size or shape. Since it was discovered that nickel-titanium showed
shape memory effect (SME for short) in 1963, this metal had been being applied in many
fields, such as aerospace technology, medical science, automotive industry, et al. At the
same time, many constitutive models were developed to simulate its mechanical
characteristics, yet there is not a satisfactory result because of its complicated microscopic
mechanism.

In the recent twenty years, SMA composites were studied, and the matrix was almost
polymer or fiber reinforced resin. During the recent ten years, researches on applying SMA
in concrete structures were carried out, but yet limited in laboratory.

In this chapter, the constitutive characteristics of NiTi SMA and its application in practical
concrete structures were investigated. Firstly, the transformation characters of the NiTi SMA
adopted in this study were obtained through a differential scanning calorimeter (DSC)
analysis technology, and then the properties of NiTi SMA during uncompleted
transformation process and the effects of plastic deformation on the transformation were
studied. The uniaxial tension, SME, and the constrained recovery process of NiTi SMA were
examined through an improved 10KN universal material testing machine, effects of the
constraint conditions, the maximum tension deformation and the initial phase of SMA on
the constrained recovery process were compared and investigated.

To simulate the characteristics of NiTi SMA more effectively, a new constitutive model
derived from the internal variable approach was constructed based on the DSC and the
uniaxial tension experimental results, a new simple kinetics equation was presented, and the
plastic deformation was considered in the constitutive equation.

© 2013 Li et al., licensee InTech. This is an open access chapter distributed under the terms of the Creative
Commons Attribution License (http:/creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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As the application of SMA in practical concrete structures, a new concept for designing a
smart concrete bridge in a freeway was presented against the overload problem in the
transport field, and SMA was firstly applied in controlling the deformation of a concrete
beam bridge, performances of the concrete beams and the concrete bridge with embedded
SMA were examined through a sophisticated test program.

2. One-dimensional constitutive model of sma with an empirical kinetics
equation

The characteristics of NiTi SMA were examined through sophisticated testing program, and
the constitutive model of NiTi SMA with an empirical kinetics equation was investigated.
Firstly, the transformation characters of the NiTi SMA were obtained through a differential
scanning calorimetry (DSC) analysis technology, and the properties during incomplete and
discontinuous transformation process and the effects of plastic deformation on the
transformation were studied. The uniaxial tension, SME and constrained recovery process of
NiTi SMA were examined through an improved 10KN universal material testing machine.
Experimental results indicated that the phase transformation characters and the mechanical
properties could be affected by the loading process considerably, and the plastic
deformation should be taken into account. To simulate the characteristics of NiTi SMA more
effectively, a one-dimensional constitutive model derived from the internal variable
approach with the consideration of the plastic deformation was constructed based on the
DSC and the uniaxial tension experimental results, in which a new simple empirical kinetics
equation was presented, and the transformation temperature parameters were redefined
according to the DSC experimental evidence. Comparison between the numerical and
experimental results indicated that this constitutive model could simulate the phase
transformation characters, the uniaxial tension, SME and the constrained recovery behavior
of NiTi SMA well.

2.1. Background

Since the Shape Memory Effect (SME for short) was observed in Cu-Zn alloy (Greninger &
Mooradian, 1938), and in NiTi alloy (Buehler, Gilfrich, & Wiley, 1963), SMA (especially NiTi
alloy) has been widely used as intelligent material for its particular characteristics, such as
large load capacity, high recovery strain up to 8%, excellent fatigue performance, variable
elastic modulus with phase transformation, and especially the two main interesting
properties, SME and Pseudo-elasticity (PE) due to the diffusionless martensitic
transformation, as discussed elsewhere (Delaey et al., 1974; Krishnan et al., 1974; Warlimont
et al., 1974; Funakubo, 1987; Otsuka & Wayman, 1998).

To simulate these specific properties, many constitutive laws have been proposed, such as
the phenomenological models (Tanaka & Nagaki, 1982; Tanaka, 1986; Liang, 1990; Brinson,
1993; Zhu et al., 2002), micromechanics models (Sun & Hwang, 1993a, 1993b), 3D model for
polycrystalline SMA based on microplane theory (Brocca, Brinson, & Bazant, 2002), etc.
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Among them, phenomenological models based on the internal variable method were the
most popular used in the practical engineering. The mechanical constitutive equation was
derived from the principles of thermodynamics, martensite fraction as an internal variable
was used to represent the stage of the transformation, and an empirical kinetics equation
was proposed to describe this transformation governed by temperature and stress. The
major difference of these models was its specific kinetics equation.

The first phenomenological model was derived by Tanaka and Nagaki (1982) from the first
and second laws of thermodynamics and can be written as

oD
o=p,—=ol¢,T, 1
P, =o(eT.e) (1)
where o, p,, ®, £, T and & represent the second Piola-Kirchhoff stress, the density,
Helmbholtz free energy, Green strain, temperature and the martensite fraction, respectively.

Equation (1) can be written by differential calculus as

= 6—65+ a—O-T do

P +£§:D5+®T+Q§ @)

2 2
where D = pOZ—? is the modulus of the SMA materials, © = poaa—;; is related to the
& &

. . PR .
thermal coefficient of expansion, and Q= poﬁ can be regarded as the “transformation
&

tensor”.

The relationship between the martensite fraction, the temperature and the stress is
expressed by an exponential kinetics equation as

é‘MﬁA:exp[aA(T—As)-kbAa] 3)

for the transformation from martensite to austenite, and

Sasm zlfexp[aM (T7M5)+bMGJ @)

for the transformation from austenite to martensite, where aa, am, ba, bm are the material
constants related to the transformation temperature, As and M:; are the start temperatures of
austenite transformation and the martensite transformation, respectively.

Liang (1990) simplified the constitutive model based on Equation (2), material functions
were assumed to be constants, and the constitutive relation can be written as

o-0,=D(c-5)+Q(£-&)+0(T-T) (5)
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where the subscript “0” indicates the initial conditions of the materials. Martensite fraction,
as a function of stress and temperature during transformation, is represented by an
empirically based cosine models as

Evion :%Cos[aA(T—AS)+bAO']+% (6)

for the transformation from martensite to austenite, and

1+¢,
2

1-&,
Eam = 5 cos[aM(T—Mf)+bMO']+ 7)
for the transformation from austenite to martensite, where & is the initial martensite
fraction, aa, am, ba, bu are the material constants, As is the start temperature of austenite
transformation, My is the finish temperature of martensite transformation.

Brinson (1993) redefined the martensite fraction based on the micromechanics of SMA
material as

=& ter ®)

where & represents the fraction of the stress-induced martensite (or single-crystal
martensite) and &, denotes the fraction of the temperature-induced martensite with

multiple variants.

Young’s modulus was assumed to be non-constant from the experimental evidence as

D(£,&T)=D(&)=D,+£(Dy -D,) )
where Da and Du are the Young’s moduli of austenite and martensite.

The transformation tensor was also redefined as

Q(¢)=2(4)+(5-%)2 (&) (10)

Because of these improvements, phenomenological models based on the internal variable
method could simulate the characteristics of SMA well, such as SME and PE, and have been
used in some commercial program for its simple form. Whereas, DSC experiment indicated
that there were no apparent transformation start and finish temperatures. And additionally,
for the SMA materials used as actuators in practical engineering, not only the stress but also
the thermo load determined the transformation process simultaneously, especially the latter.
In this section, constitutive model was presented to simulate the characteristics of SMA
materials for its practical utilization based on the former effort and the thermal and
mechanical experiments. Transformation temperature parameters were redefined, a new
simple empirical kinetics equation was presented, and a mechanical equation was
developed to describe its mechanical character more directly.
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2.2. Experiments and results
2.2.1. Thermodynamics experiment
2.2.1.1. Complete transformation

The Ti-49.5 wt % Ni in this research (binary, straight annealed) was one-way SMA. Its
transformation property can be achieved through a DSC apparatus (type: Mettler Toledo
DSCB821 e), as shown in Fig. 1, the four transformation temperatures can be determined as:
martensite transformation start and finish temperatures denoted by Ms and M are 33.8 °C
and 23.3 °C, austenite transformation start and finish ones (Asand As) are 41.9 °C and 59.6 °C,
respectively. It should be noticed that these transformation start and finish temperatures were
defined through the DSC diagram artificially, actually the transformation could take place
slowly earlier than the transformation start temperature and remain unfinished after the
transformation finish temperature, as shown in the experimental curve, thus the recovery
forces induced by the transformation might increase or decrease beyond the transformation
start and finish temperatures. Accordingly, a new series of parameters were adopted to
describe this transformation character more realistically, where Ta and Tm denotes the
temperatures corresponding to the peak points of the austenite and martensite

transformations, A and M indicate the widths of the transformation peaks, A = (A = A, ) /2e

and M = (M s~ M f) /2e,and e is the natural constant and equals to 2.71828.

Subtracting the exothermic or the endothermic part of non phase transformation process
from the DSC curve (as seen in Fig. 1), normalizing the heat absorbing and releasing
capacities, and taking the absolute value, martensite quality fraction ratio versus
temperature can be achieved, as shown in Fig. 2.

Calculating the integral of the martensite quality fraction ratio, the relationship of
martensite quality fraction versus temperature during the martensite and austenite
transformation process can be obtained, as shown in Fig. 3.
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Figure 1. DSC diagram of SMA
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2.2.1.2. Incomplete and discontinuous transformation

If the initial state is not the complete martensite or austenite, the phase transformation will
be different.

At the temperature of 140 °C, the initial state of SMA is pure austenite, cooling will induce
the transformation from austenite to martensite, while at half of this transformation, heating
will lead to the reverse transformation from the new generated martensite to austenite, the
start and finish temperature and the shape of the peak are similar to the ones of the
complete austenite transformation, but the peak value is smaller than the complete
transformation one, as shown in Fig. 4.

Similarly, at the temperature of -30 °C, the initial state is pure martensite, heating will
induce the transformation from martensite to austenite, while at half of the transformation,
cooling will lead to the transformation from the new generated austenite to martensite, the
start and finish temperatures and the shape of the peak are similar to those of the complete
martensite transformation, but the peak value becomes smaller than the complete
transformation one, as shown in Fig. 5.

These phenomena indicate that the martensite transformation intensity is related to the
initial austenite quality fraction and the austenite transformation intensity is related to the
initial martensite quality fraction. Accordingly, it is assumed that the martensite
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transformation intensity is proportional to the initial austenite fraction, and the austenite

transformation intensity is proportional to the initial martensite fraction.
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During the transformation from austenite to martensite, i.e., the cooling process, if the small
heating does not induce the transformation from martensite to austenite, the martensite
transformation will continue during the subsequent cooling process, as shown in Fig. 6.
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Similarly, during the transformation from martensite to austenite, i.e., the heating process, if the
small cooling does not induce the transformation from austenite to martensite, the austenite
transformation will continue during the subsequent heating process, as shown in Fig. 7.
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Figure 7. Discontinuous transformation from martensite to austenite

2.2.1.3. Influence of plastic deformation

Plastic deformation can also change the transformation properties of SMA materials. Stretch
SMA to its strain limit, great plastic deformation will be induced, and the DSC experimental
result can be achieved as shown in Fig. 8. The temperatures of the austenite transformation
and martensite transformations become higher, the width of the peak become wider, and
the peak value become smaller than these before tension. This phenomenon comes from the
variation of the crystal structure and the internal stress induced by the plastic deformation.
Actually, the transformation properties of the SMA crystal cell did not change, just the micro
structure of SMA material varied.
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Figure 8. DSC analysis of plastic deformed SMA

2.2.2. Mechanics experiment

Mechanical experiment was carried out to determine the material characteristics and
parameters through a WDW-10 universal material test machine. The experimental
equipment is shown in Fig. 9. Pt100 platinum electric resistance temperature sensors were
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plastered on the SMA wire with silica gel to monitor its temperature, strain gauge was used
to measure its strain. Load applied on the SMA wire, environment temperature, current
intensity, and the voltage of SMA wire between the two points of the strain gauge were also
monitored at the same time. All these signals were acquired through a 16-channel dynamic
data acquisition system.

/ Heating
wires

Platinum
resistance
temperature
fengor

\

Heating
wires

Figure 9. Uniaxial tension test equipment

2.2.2.1. Uniaxial tension test

The first test was made with constant ambient temperature. SMA wire samples were heated
by boiled water firstly, and then cooled by ice water, thus the initial state of the samples was
pure twinned martensite. Experimental results are shown in Fig. 10. There are two
horizontal “plastic” stages during the tension process of Imm diameter SMA wire. The first
stage was derived from the detwinning process of the twinned martensite, i.e. from twinned
martensite to single martensite, which can be named “pseudo-plasticity” that could be
recovered by heating, and the second stage was induced by plastic deformation, which was
the “real plasticity”.

The second uniaxial tension test was carried out with different SMA temperatures.
Similarly, SMA wire samples were also pretreated to obtain different initial state. For
example, if the sample was heated by boiled water, then cooled by ice water, and then
heated to the test temperature of 44.5 °C by electric current, the initial state will be twinned
martensite. However, if the sample was heated by boiled water, and then cooled to the test
temperature of 44.5 °C, the initial state will be austenite. During the experimental process,
testing temperatures were kept constant by adjusting the current intensity.
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Figure 10. Uniaxial tension test

Elastic moduli of austenite, twinned martensite and detwinned martensite can be
determined as 85.5 GPa, 28.24 GPa and 25.75 GPa, respectively based on the experimental
result, as shown in Fig. 11, where “M” means the initial state of the sample as twinned
martensite, and “A” as austenite. At different ambient temperatures, the initial elastic
moduli of austenite are the same. In the ambient temperature of 44.5 °C, no matter what the
initial state is, the critical stress that leads to the stress-induced martensite transformation or

the detwinning process of twinned martensite was almost equal.

During the heating recovery process under stress free conditions, the critical temperatures of
the thermo-induced austenite transformation were almost the same. Otherwise, the
unrecoverable stain of the specimen stretched from martensite initial state was a little bit
bigger than that from austenite, as shown in Fig. 12.

For the sample starting from complete austenite, the critical stress inducing martensite
transformation increased with the temperature. The statistic result is shown in Fig. 13.
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Figure 11. Uniaxial tension processes under different ambient temperatures
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Figure 12. Free recovery processes of SMA after loading with different temperatures
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Figure 13. Variation of critical stress with stress induced martensite transformation temperature

2.2.2.2. SME test

SMA samples with 5mm in diameter were firstly stretched to 4.2%, 5.3%, 6.6%, 7.6%,
respectively, and then heated in strain free conditions, this loading cycle was repeated for
three times.

For the sample with the loading strain of 5.3%, variation of stress with strain during the
uniaxial tension process is shown in Fig. 14, and the variation of strain with temperature
during the free heating process is shown in Fig. 15. Stress-strain curve of SMA with other
maximum loading strains are similar to Fig 14 and Fig. 15.

Experimental results indicated that the plastic deformation increased with the loading times,
and during the free recovery process, critical temperature inducing the reverse martensite
transformation decreased with loading times, and the recoverable strain became smaller and
smaller.

Comparing the samples with different maximum tension strain, variations of stress with
strain and that of strain with temperature during the second loading times and free recovery
process are shown in Fig.s 16 and 17, respectively. Test results during the first and the third
loading cycles are similar to each other.
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Figure 14. Stress-strain curve of SMA in different loading times
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Figure 15. Temperature-strain curve of SMA in different loading times
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Figure 16. Stress-strain curve of SMA in different maximum loading deformations

Additionally, statistical results indicated that the critical temperature inducing the reverse
martensite transformation increased with the maximum deformation, decreased with the
loading/unloading times, as shown in Fig. 18. At the same time, the plastic deformation
increased with the maximum deformation and the loading/unloading times, as shown in
Fig. 19.
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According to the experimental curve, the plastic deformation increased with the initial
tension strain during the loading and unloading process, and the critical temperature
inducing the austenite transformation increased with the initial tension strain, also increased
with the plastic deformation.
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Figure 17. Temperature-strain curve of SMA in different maximum loading deformations
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2.2.2.3. Recovery test under constrained condition

The recovery test under constrained condition contained five loading paths: (1) strain-control
loading to 4.2% under normal temperature; (2) heating to 90 °C and then cooling to 30 °C
under elastic constrained condition in the first time; (3) heating to 90 °C and then cooling to 30
°C under elastic constrained condition in the second, third and fourth times; (4) unloading to
free condition; (5) heating to 100 °C and then cooling to 30 °C under free condition.

In the initial state of twinned martensite, the elastic constrained recovery test of SMA is
shown in Fig. 20. Test results under different constrained conditions, initial state and
maximum strain are similar in form.
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Because constraint elastic modulus during the first heating process was smaller than that of
the subsequent second to fifth heating/cooling process, relationships between stress and
strain, stress and temperature, and temperature and strain, were different correspondingly.
In the first heating process, the stress increased gradually, the strain decreased and some
deformation of SMA restored. In the following heating and cooling process, the strain
almost remained, the stress increased with temperature rising and decreased with
temperature dropping, forming a hysteretic circle, and the variation rate of stress with
temperature changed in the range of 2.4 MPa ~ 8 MPa / °C. During the heating process
under stress free state, the strain recovery course of SMA with temperature showed two
obvious stages, as shown in Fig. 20 (c).

2.3. Constitutive model

2.3.1. Physical equation

According to the macro-phenomenon, deformation of SMA during thermo and stress
loading process can be divided into four components: (1) macro recoverable deformation
caused by martensite transformation, mainly determined by single crystal martensite
percentage; (2) elastic deformation; (3) Thermal expansion deformation; (4) Plastic
deformation. Thus, the macro physical equation of SMA in strain form during the
temperature and stress loading process can be expressed as

e=eRtefrel 4+

(e

Ssm*Esm + SrvEpp +8a°Ey

p (11)

= &ppsCom + ( ) + (551\/1 Tsm + v o TS aa )(T -Ty ) +é

where & is the dimensionless macro total strain, positive for stretch; &R, eF, &7, &
denote the dimensionless recoverable transformation, elastic, thermal expansion and plastic

strains, respectively; ¢

s 18 the maximum recoverable strain; ¢ is the macro stress, positive

for stretch (unit: MPa). Eg,,, E;,,, E, denote the elastic moduli of single crystal martensite,
twinned martensite and austenite, respectively (units: GPa). 7, 7;,, 74 denote the
thermal expansion coefficients of single crystal martensite, twinned martensite and
austenite, respectively (units: 1/° C). Esm s Srm o €4 denote the quality fractions of single
crystal martensite, twinned martensite and the austenite, respectively, with &g, + & +&y
equals to 1. T is the temperature of SMA (unit: °C). To is the initial temperature of SMA (unit:
°Q).

2.3.2. Kinetics equation

DSC experiments showed that, there were no obvious transformation start and finish
temperatures during the transformation process. In this section, the single transformation
characteristic temperatures, as well as the parameters that reflect the width of the
endothermic and exothermic peaks, are adopted to simulate the phase transformation of
SMA, and the corresponding kinetics equation is established at the same time.
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During the transformation process, there are three crystal structures in SMA material,
twinned martensite, single martensite, and austenite, respectively, thus there are six phase
transformation processes theoretically. In this section, each phase transition process is
analyzed based on the DSC experiments, and the corresponding transformation principles
and conditions are presented.

2.3.2.1. Transformation from twinned martensite to austenite

Transformation condition: Assuming in one-dimensional terms, only heating can lead to this
phase transition from twinned martensite to austenite.

Transformation principle: For the transformation from twinned martensite to austenite, if the
reverse transformation from austenite to twinned martensite did not occur during the process,
a small cooling will not affect its subsequent transformation process, as shown in Fig. 7.

However, if the reverse transformation process happened and induced a lot of austenitic to
twinned martensite, then the extent of the following transformation from twinned
martensite to austenite required reduction in accordance with the quality fraction of the
current twinned martensite, as shown in Fig. 4.

Thus, the kinetics equation from twinned martensite to austenite can be acquired as

S = 7%??5 (12)

1+e A

where &, is the initial quality fraction of twinned martensite; T, is the characteristic

temperature for austenite transformation, and numerically equivalent to the temperature
where the complete austenite transformation goes into the half, and is equivalent to the peak
temperature of the DSC endothermic curve approximately; A is the transformation
parameter reflecting the width of the endothermic peak, and numerically equivalent to

s ,here A, A f denote the start and finish temperatures of austenite transformation

e
defined by the traditional method. e is the natural constant and equals to 2.71828.

2.3.2.2. Transformation from austenite to twinned martensite

Transformation condition: Assuming in one-dimensional terms, only cooling can lead to this
phase transition from austenite to twinned martensite.

Transformation principle: For the transformation from austenite to twinned martensite, if the
reverse transformation from twinned martensite to austenite did not occur during the process,
a small heating will not affect its subsequent transformation process, as shown in Fig. 6.

However, if the reverse transformation process happened and induced a lot of twinned
martensite to austenitic, the extent of the following transformation from austenite to
twinned martensite required reduction in accordance with the quality fraction of the current
austenite, as shown in Fig. 5.
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Thus, the kinetics equation from austenite to twinned martensite can be acquired as

1—
Stm = ( iTini) + &m0 (13)
1+e M

where T, is the characteristic temperature for martensite transformation, and numerically

equals to the temperature where the complete martensite transformation goes into the half,
and is equivalent to the peak temperature of the DSC exothermic curve approximately; M
is the transformation parameter reflecting the width of the exothermic peak, and

M. -M
numerically equivalent to s S , here M, M ¥ denote the start and finish temperatures
e

of martensite transformation defined by the traditional method.
2.3.2.3. Transformation from twinned martensite to single martensite

Transformation condition: Assuming in one-dimensional terms, only the increase of stress
can lead to this phase transition from twinned martensite to single martensite.

Transformation principle: During the uniaxial tension process, for the transformation from
twinned martensite to single martensite, if the none macro press stress occur during
unloading process, this unloading will not affect the transformation of the subsequent
reloading process.

During the phase transition process, taking the twinned martensite as austenitic, this
transformation will be similar to the transformation from austenite to single martensite, only
with the different phase transition peak temperature, and the transformation parameters
and impact coefficient of the stress on the temperature still adopted the values of
transformation from austenite to twinned martensite.

Therefore, based on the kinetics of the transformation from austenite to twinned martensite,
kinetics of the transformation from twinned martensite to single one can be achieved as

1
Sm =" (14)
T- -T .
C . M
M .
1+e M
or
1
oM =T (15)
140

where o' denotes the average internal stress between the crystals (unit: MPa); T, is the
transformation characteristic temperature; M is the transformation parameter; C

denotes the impact coefficient of stress on transformation temperature; o,

"
denotes the
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average internal stress between the crystals where the full de-twinned process occurred on
the half (unit: MPa).

2.3.2.4. Transformation from single martensite to twinned one

Transformation condition: For uniaxial tension process, macro-stress and the temperature
will not induce the transformation from single martensite to twinned one. However, under
repeated stretch-press loading, the martensites with different directions will change its
direction repeatedly, and this process corresponds to the SMA rubber-like plastic
phenomenon.

2.3.2.5. Transformation from single martensite to austenite

Transformation condition: Assuming in one-dimensional terms, heating and the decrease of
stress can lead to this phase transition from single martensite to austenite.

Transformation principle: As similar to the transformation from twinned martensite to
austenite, for the transformation from single martensite to austenite, if the reverse
transformation from austenite to single martensite did not occur during the process, a small
cooling or increase of stress will not affect its subsequent transformation process.

However, if the reverse transformation process happened and induced a lot of austenitic to
single martensite, then the extent of the following transformation from single martensite to
austenite required reduction in accordance with the quality percentage of the current single
martensite.

Thus, the kinetics equation from single martensite to austenite can be acquired as

S (16)

o
-2 1
c, *

1+e 4

Ssm

where &, is the initial quality fraction of single martensite.
2.3.2.6. Transformation from austenite to single martensite

Transformation condition: Assuming in one-dimensional terms, cooling and increase of
stress can lead to this phase transition from austenite to single martensite.

Transformation principle: As similar to the transformation from austenite to twinned
martensite, for the transformation from austenite to single martensite, if the reverse
transformation from single martensite to austenite did not occur during the process, a small
heating or decrease of stress will not affect its subsequent transformation process.

However, if the reverse transformation process happened and induced a lot of single
martensite to austenitic, then the extent of the following transformation from austenite to
single martensite required reduction in accordance with the quality percentage of the
current austenite.
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Thus, the kinetics equation from austenite to single martensite can be acquired as

1-¢
Ssm = ( ZM ) +Ssmo (17)
-2 -1,
CM
l+e M

2.3.2.7. Parameter variation properties of the kinetics

At the same time, DSC experiments showed that, even for the same material components
and the same diameter of the SMA, the transformation of the material would be very
different after experiencing loading and plastic deformation, as shown in Fig. 8, and these
changes must be considered in the constitutive model.

For the SMA of Imm in diameter, in austenite transformation process, after undergoing the
plastic deformation, the transformation peak temperature changes from 50.25 °C to 121.0 °C,
and the transformation parameter changes from 3.25 to 10.25. Similarly, in the martensite
transformation process, the transformation peak temperature changes from 27.55 oC to 45.9
°C, and the transformation parameter changes from 1.93 to 11.28.

It must be pointed out that these variations are apt for the SMA with 1 mm in diameter. For
the SMA with 5 mm in diameter, the change scope of these parameters will be different and
can be determined by experiment.

2.3.3. Consideration of the plastic deformation

In the first loading process, after stretching to different deformations and heating under free
condition, plastic deformations for different initial deformations are shown in Fig. 19.

Experimental results indicated that, when the maximum tensile strain exceeded 3%, the plastic
deformation increment would be linearly related to the maximum tensile strain increment,
thus, the experience equation of the plastic evolution could be achieved as follows

e"=0.198x(£-0.03) and £ 20 (18)

It must be pointed out that, this equation is the fitted results of the uniaxial tensile test at
room temperature. For another SMA material under different temperature, variation of the
plastic deformation with the strain will be very different. Additionally, this equation is only
applicable to simulate plastic evolution characteristics during the first loading process, but
not the second and the third loading processes.

2.4. Numerical simulation and comparison with the experimental results

Two parts are included in this section, one is the determination of the parameters in the
kinetics equation based on the DSC test results and the calculation of the phase
transformation, uniaxial tension, SME and the constrained recovery curves, the other is the
comparison with the experimental results.
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2.4.1. Determination of the parameters in constitutive equation

The transformation characteristics was calculated through the kinetics equation directly and
compared with the experimental results. The SMA wuniaxial tension, SME and the
constrained recovery stress-strain-temperature curves were calculated through the
incremental form of the constitutive model. The Parameters used in the calculating process
were determined through the following principles:

1. Transformation characteristic temperature and parameters of the kinetics were
determined through the DSC test results;

2. The macro physical parameters, such as the elastic modulus, thermal expansion
coefficient adopted the experimental result;

3. Because the characteristics temperature and transformation parameters change with the
loading process, therefore, in the calculating program, these parameters were adjusted
according to the test results of SMA with 1 mm in diameter;

4. The critical value of the internal stress was adjusted based on the experimental critical
stress in uniaxial tension.

2.4.2. Verification of SMA transformation property

According to the variation curve of martensite quality percentage with the temperature of
martensite transformation and reverse one (Fig. 3), the parameters of the kinetics equation
can be achieved through the numerical fitting of the test results, as shown in Table 1.

Transformation characteristics Transformation

temperature (°C) parameter (°C)
Martensite transformation process 28.2 1.947
Reverse martensite transformation process 50.14 2.999

Table 1. Transformation parameters determined by DSC test

Using the parameters calibrated by the numerical fitting, variation curve of martensite quality
percentage with temperature can be calculated. The results with comparison of the test ones
are shown in Fig. 21. Additionally, variation curve of martensite quality percentage changing
rate with temperature can be calculated as shown in Fig. 22, with comparison of the test ones.

These comparisons between the numerical and the experimental results indicate that the
kinetics equation proposed can simulate the transformation properties of SMA more
practically, there are not obvious start and finish temperatures in the calculated curve
during the transformation process, the calculated exothermic and endothermic peaks are
consistent well with the experimental ones.

2.4.3. Comparison of the uniaxial tension, SME and controlled recovery curve

Through the constitutive model with differential form, the uniaxial tension, SME and
controlled recovery curve of SMA with 5 mm in diameter can be calculated by program, and
compared with the test results, as shown in Fig.s 23-25.
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Figure 25. Comparison between experimental and calculated curve of constrained recovery process
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Numerical results indicate that, based on the well forecast for the phase transformation
properties, the constitutive model can simulate the uniaxial tension, SME and controlled
recovery process of SMA more accurately.

2.5. Conclusions

A constitutive model in strain form with a new simple empirical kinetics equation is
presented based on the DSC and uniaxial tension test, and the plastic deformation is
considered. Transformation temperature parameters that denote the peak temperature and
peak width of the endothermic and exothermic process were adopted to simulate the
transformation characteristics of SMA more practically. Transformation conditions and
properties of the six transformation processes were analyzed.

At the same time, physical and kinetics parameters were identified through the DSC and the
uniaxial test analysis for SMA, programs were adopted for calculating the phase
transformation and uniaxial tension process. Comparison between the simulating and
experimental results shows that the established constitutive model can simulate the
martensite and the reverse transformation, as well as the uniaxial tension, SME and
constraint recovery process, more accurately.

3. Behavior of smart concrete beams with embedded SMA bundles

The behavior of smart concrete beams with embedded SMA bundles was investigated. Two
beams measuring 1996cmx99cmx85cm, which will be integrated into a smart bridge in a
freeway, were manufactured and examined. Each beam contained six trusses of SMA
bundles used as actuators to achieve recovery force. The SMA bundles were connected with
pre-stressing steel strands and separated from the concrete matrix, so that the temperature
interchange between SMA bundles and the matrix could be decreased as small as possible.
Some temperature sensors, reinforcement meters and displacement sensors were used to
monitor the active control effect of SMA bundles, all the data were acquired through a 16-
channel dynamic data-acquisition system, and each beam was examined several times with
different activating current intensity. Experimental results indicated that the recovery force
induced by SMA bundles was significant and controllable, the deflection generated by the
SMA bundles at the middle span of the beam was about 0.44mm, and the capability of
resisting overload of each beam was about 2.98 KN (average). A relationship between SMA
temperature and activating / inactivating time was also formulated. The conclusion is that
SMA could be used in civil engineering structures either from technological or economic
aspect.

3.1. Background

With the developments of materials science, engineering technology, data acquisition and
computer technology, ‘Intelligent’ materials, such as Electrorheological fluid, piezoelectric
ceramic, shape memory alloys, etc, have opened the door for many useful applications, e.g.
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civil engineering, automotive industry, aerospace technology, medical science (Crawley,
1994; Matsuzaki, 1997; Srinivasan & Mcfarland, 2001). Implementation of smart structures
has become feasible, and much effort has been made in these fields.

3.1.1. SMA smart structure

Because of the merits of SMA, many researchers have been trying their efforts to apply it in
smart structures. These applications were mainly based on the two properties of SMA: one
is the shape change with temperature, where SMA fibers are pre-strained during the curing
process and prevented from a transformation to austenite, if the temperature rises during
the operational cycle, the fibers transform into austenite and tend to contract, and the
recovery tensile stresses develop due to the constraint of the matrix; The other is the
mechanical characters variation, where unstrained SMA fibers are embedded within the
composite, increase or decrease of the temperature alters the elastic modulus or the
damping property of SMA, consequently changing the property of the composite. Due to
these properties, SMA is usually used to generate bending (Chaudhry & Rogers, 1991;
Lagoudas & Tadjbakhsh, 1992), control bucking and postbucking (Baz & Tampa, 1989; Choi
et al.,, 1999, 2000), induce or depress vibration (Baz, Imam, & Mccoy, 1990; Anders, Rogers &
Fuller, 1990; Baz, Poh, & Gilheany, 1995; Lau, Zhou, & Tao, 2002), isolate seism (Graesser &
Cozzarelli, 1991).

Jonnalagadda, Kline, & Sottos (1997) investigated the interaction between SMA wires and a
host polymer matrix by correlating local displacements and stress fields induced by the
embedded wires with SMA/polymer adhesion, interfacial bond strength was measured for
four different SMA surface treatments: untreated, acid etched, hand sanded and
sandblasted. Song, Kelly, & Agrawal (2000) presented the design and experimental results of
the active position control of a SMA wire actuated composite beam, which has a honeycomb
structure with SMA wire embedded in one of its face sheets, a robust controller was
designed and implemented to actively control the tip position of the composite beam.

3.1.2. SMA-based concrete structures

In the recent ten years, many researches have been done for the application of these
intelligent materials in civil engineering. Maji & Negret (1998) carried out their laboratory
studies on concrete (mortar) beams (30.5cmx2.5cmx1.3cm), where SME in NiTi was utilized
as a way of inducing additional pre-stressing in concrete. Strands made with NiTi SMA (
400.64mm ) were elongated beyond their plastic limit and subsequently embedded in
concrete beams, upon electrical heating, the SMA strands shrunk and induced deflection
and failure in concrete. In this study, the temperature rise of the beam was formulated based
on heat transfer theory, assuming that the temperature of SMA was the average temperature
of the beam.

Deng et al. (2003) studied the behavior of concrete specimens uniaxially embedded with
shape memory alloy wires actuated by electrical current. Two kinds of specimens with
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different number of SMA wires were studied, the diameter of the SMA employed in the
matrix was 3.5mm and the pre-strains were 8% and 6%. Many factors affecting the behavior
of concrete specimens were examined through experiments, such as actuating electrical
current mode, initial pre-strain of SMA, actuation times, and initial ambient temperature.
The experimental results indicated that the axial strain could be adjusted easily by changing
the value of electrical current intensity or the actuating time of the SMA actuator.

However, the application of smart concrete beams with embedded shape memory alloy
bundles has not been reported to date. The above researches were mostly carried out in
laboratory, but a potential practical use of smart concrete beams needs an adequate study on
them, because the characteristics of small specimens, as well as the manufacture process,
may be very different with those of the engineering structures, thus it is necessary to make a
practical engineering investigation in civil structures. Accordingly, two concrete beams
measuring 1996cmx99cmx85cm were manufactured and investigated in this section.

3.2. Experimental program
3.2.1. Materials

The materials used for the host concrete were type I Portland cement, crushed limestone,
and river sand. A high-rang water reducer was used to achieve good workability. The mix
proportion by weight was cement: sand: aggregate: water: admixture = 1: 1.187: 2.412:
0.329: 0.008. The compressive strength of the concrete (cubic specimen) for 28 days was
53.47 MPa.

The seven-wire high-strength steel strands with the diameter of 15.24mm were used to
apply conventional pre-stressing force in this experiment, its tensile strength is 1860 MPa,
the working stress was controlled to 1395 MPa, and the modulus is 180 GPa. As ordinary
reinforced concrete beam, steel reinforcement was used to construct the reinforcing cage.

The Ti-49.5 wt % Ni for our research (binary, straight annealed) was one-way SMA. Its
transformation temperatures were determined as 25.3 °C (Mf), 36.3 °C (Ms), 44.8 °C (As) and
66.4 °C (Af) through a DSC (differential scanning calorimetry) analysis (Fig. 26).

The specific stress-strain behavior of this SMA bar under different temperatures and
constrained condition were, as shown in Fig. 27, achieved through a sophisticated test
method with a 10KN universal material testing machine.

The maximum recovery strain was larger than 5%, and the tensile strength was about 940
MPa (corresponding to the ambient temperature: 22.3 °C) with the ultimate strain of 19.1%
(Fig. 27a). When the SMA is free to deform at a relative lower temperature, large plastic
strain (about 4%) is induced, but upon heating, this plastic strain disappears, with only a
small unrecovery strain (smaller than 0.2%) in the end (Fig. 27b). Whereas, if the SMA
recovery is constrained, large stresses should be induced (Fig. 27c), this behavior is the
principle of SMA used as actuators.
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As depicted in Fig. 28, a seven-wire SMA bundle with dimension of ®15.3mm was
presented to obtain large recovery force, where one SMA wire with diameter of 5.3mm was
surrounded by six SMA wires with diameter of 5.0 mm to obtain good clamping capability.

3.2.2. Smart concrete beam manufacture

The smart concrete beam with dimensions 1996cm»x99cmx=85cm was manufactured, and the
cross section is shown in Fig. 29. Sixteen bounds of pre-stressed high-strength steel strands
were mounted on the bottom of the beam to resist the normal loads; six bounds of SMA
bundle-steel strand union body, numbered 1 to 6 from left to right, respectively, were
constructed upside the steel strands to create recovery forces.

g

25.3mm

Figure 28. Diagram of SMA bundle
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Figure 29. Distribution of cross-section of the smart concrete beam

A new SMA embedding method in concrete was presented, which can be seen in Fig. 30.
The SMA bundle measuring 3.5 m long was mounted in the middle of the beam to create
recovery forces, and connector was used to connect the SMA bundle with the steel strands.
The recovery forces generated by the SMA bundles were transferred to the concrete matrix
by the steel strands on the bonding zone measuring 3 m at both ends of the beam. When the
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SMA bundles were activated by electricity, additional bending force was generated and
applied to the beam, In the unbonded zone, SMA bundles and steel strands were separated
from concrete by PVC pipes, therefore the SMA bundles and the connectors could shift
freely, and the temperature influence of SMA bundles to the matrix could be decreased as
small as possible.
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Figure 30. Distribution of longitudinal-section of the smart concrete beam

Sensing and power system of these smart beams can be seen in Fig. 31. Temperature sensors
and reinforcement meters were mounted on the SMA bundle, six trusses of SMA bundles
were connected in series by voltaic wires to receive the electric power, and copper wiring
terminals were used to connect the conductor wires with the SMA bundles. All the sensor
wires were laid along the beam at a lower level position and led out at the end of the
beam. Two voltaic wires were laid along the beam at a higher level position and led out at
the same end of the beam. Considering the effect of steel reinforcement cage, the electric
circuit must be constructed as a self-consistent system to avoid short circuit, and all sensor
wires and electric cable should be protected from the damage of the construction

machinery.
prestressing steel strands SMA bundles to be connected steel strands
‘ connector Temperature sensors ‘ ‘ Sensor wires
®
@ | —d ‘ \ —
@ |
b voltaic wire §reinforcement metres
@ |
@) L =
@
Temperature sensors voltaic wire to power supply

Figure 31. Layout of the sensors and wires

Initial tension of the SMA bundles was carried out after the initial elongation of the steel
strands, and the initial strain of the SMA bundles reached 4%. After finishing the stretching
of the SMA bundles and steel strands (Fig. 32), concrete was deposited into the steel model
and steam was used during the curing period of the concrete.
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SMA bundles and.
emperature sensors

Figure 32. Framework of steel reinforcement with stretched SMA bundles

After about three days, when the concrete strength reached 80 percent of its 28-day
strength, SMA bundles and steel strands were relaxed and the concrete beams were lifted
out from the model, and tests of these beams were carried out subsequently.

3.2.3. Testing apparatus and procedure

The beam to be monitored was laid on an experimental bench for freely-supported
condition, and the testing site is shown in Fig. 33. When the SMA bundles were activated,
additional bending forces were generated, and the beam was inflected at the same time.
Contrarily, when the SMA bundles were inactivated, the recovery forces disappeared and
the beam recurred to the original state, as shown in Fig. 34.

Figure 33. Experiment site
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Figure 34. Behavior of the beam with SMA activated and inactivated

The SMA bundles were heated with electricity. Because of the low electrical resistance of the
SMA bundles, the necessary voltage was low, but the required current capacity was large,
therefore, a 12.5V, 125A variable capacity voltage source was employed to each beam.
Experimental results indicated that the resistance of the SMA bundles in each beam was
about 0.166 Q.

Three displacement sensors were mounted at three quartiles of the beam. Deflection of the
beam, the temperatures of the SMA bundle, and the recovery forces generated by the SMA
bundles, were monitored synchronously during the progress of the experiment. All the data
were acquired and analyzed preliminarily through a 16-channel dynamic data-acquisition
system. The sampling frequency was 10 Hz, and the maximum sampling frequency could
reach 10000Hz.

3.3. Results and discussions

Two beams were manufactured and each was examined for several times. For convenience,
beams, SMA bundles and temperature sensors were all numbered by the following
principle:

1. Two beams were numbered 1 to 2.

2. Serial number of the SMA bundles of each beam was composed of the number of the
beam and relative position label in the same beam, i.e. 2-4. The first number indicated
that the SMA bundles belonged to the No. 2 beam and the second number indicated
that this is the No. 4 SMA bundle, as depicted in Fig. 29.

3. Temperature sensors were marked by the number of the SMA bundle and the position
label, i.e. 1-3-T1. The first number of the temperature sensor label indicates the number
of the beam, and the second denotes the number of the SMA bundle where the
temperature sensors are mounted on. The symbol T1 denotes that the temperature
sensors are mounted in the middle of the SMA bundles, and T2 denotes that the
temperature sensors are mounted at the end of the SMA bundles. Thus the flag 1-3-T1
indicates the temperature sensor mounted in the middle of 1-3 SMA bundle.

3.3.1. Deflection of the smart concrete beam

The recovery forces generated by the SMA bundles would induce a bending force on the
beam, and cause a deformation of the beam, as depicted in Fig. 34. The deformation of the
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beam was indicated by the displacement of the three quartiles on the beam. The effect of the
environmental temperature, which was discussed in the following content, was eliminated
during this analytic process. Each beam was activated and monitored for several times, and
the results were almost similar. The representative results of beam 1 and beam 2 were
shown in Fig. 35.
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Figure 35. Deflection of the beam versus time

3.3.2. Temperature of SMA bundles

When the beam was activated with voltage, temperature of the SMA bundles would rise,
and when the current source was shut down, the temperature would drop. The maximum
temperature rising speed was at the initial point, as time went on, it decreased and
approached to zero, then the thermo-genesis was equal to the heat dissipation and
temperature kept up a constant maximum value. Different temperature sensors mounted on
the different SMA bundles in a beam detected different temperatures, as shown in Fig. 36.
This phenomenon came from the different heat conducting boundary condition of the
different SMA bundles. But the results of the same temperature sensor under different
activating times were little different, as depicted in Fig. 37, only the temperature dropping
section had a little difference yielding from different temperature environment in different
activating times.

3.3.3. Recovery force generated by SMA bundles with temperature

When the SMA bundles were activated by voltage, the temperature of these bundles raised
and the recovery forces generated and increased, but when the current was cut off, the
temperature dropped and the forces decreased. The different force generated by different
SMA bundles, this difference yield from the different initial force of the SMA bundles. Force
variation with time of some bundles was shown in Fig. 38, and each symbol indicated 1.5
minutes. The recovery forces almost increased proportionally with the rising of the
temperature, just as depicted in Fig. 39. Hysteresis cycles were observed in the curve of force
versus temperature of SMA bundle 2-4, this phenomenon will be investigated later.
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Figure 39. Force versus temperature for different activating times of the same SMA bundles

3.3.4. Effect of activating current

Effect of the activating current was investigated, current with the strength of 58A, 70A and
110A were applied to the SMA bundles, higher current would induce a faster rising of the
temperature of the SMA bundles, thus, the recovery forces increased faster, and the beam

reacted with a higher speed, but the recover processes were almost similar, just as depicted
in Fig. 40, 41 and 42.
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Figure 40. Temperature versus time of temperature sensor 2-4-T1 for different activating current

3.3.5. Effect of environment temperature

During the experiment, the upside temperature of the beam would increase because of the
sunshine, while that of the lower side varied rarely. Therefore, this uneven temperature
distribution would induce the deflection of the beam. Deformation and the variation of the
temperature of the beam also monitored to explain this effect on the deflection of the beam,
and the result of this effect was depicted in Fig. 43. Monitoring of No.1 beam was carried out
at 9:00 AM and finished at 8:00 PM. The maximum temperature on the upside of the beam
(TO) occurred at 3:00 PM, but the maximum deflection the beam at 5:40 PM, this time lag
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showed that it needed heat conductivity from the surface to the inner. Temperature on the
lower side of the beam varied rarely. In the morning, right-hand of the beam faced the
sunshine, and in the afternoon, the left-hand of the beam, therefore, temperature at the
right-hand of the beam (T2 and T3) increased faster than that of the left-hand of the beam
(T1) in the forenoon, and slower in the afternoon, just as depicted in Fig. 43. During this
monitoring course, all the SMA bundles were inactivated, thus the temperatures of the SMA
bundles were equal to these of the concrete matrix. From this result, it can be seen that the

effect of the environment temperature is considerable.
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3.4. Theoretical analysis

3.4.1. Resisting overload capability

Assuming that a short-term concentrated overload P was applied to the beam, as depicted
in Fig. 44, then the overload inducing 1 mm displacement at the middle span of the beam
could be calculated.

mL ‘P

'

iO}

When the overload was applied to the middle span of the beam, the maximum flexural

Figure 44. Schematic of load application model

torque at the middle span of the beam generated by the overload was:

P

max 4

M (19)

Where P is the overload, and L is the span of the beam.

Thus, the deflection at the middle span of the beam could be given as:

1M, I

fmax = 12 B;1

(20)
Where f_ is the maximum deflection of the beam (at the middle span); L is the span of

the beam measuring 1996cm; B_; is the flexural rigidity of the beam for short-term load;

M is the maximum flexural torque at the middle span of the beam.

max

Thus, the maximum concentrated overload inducing 1 mm displacement at the middle span
of the beam could be calculated as:

48f B
P= % -673 KN 1)

Assuming that value of the overload inducing a deflection of 1 mm at the middle span of
the beam is equal to that of the resisting force in the negative direction at the middle
span of the beam, thus the statistic result of the deflections at the middle span of the
beam and the resisting force generated by the SMA bundles for each beam could be seen
in table 2.
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Beam The maximum deflection at Equivalent L Activating
. . L Activating current .
serial the middle span of the beam resisting force strength (unit: A) time (unit:
number (unit: mm) (unit: KN) & ) minute)
No.1 0.402 2.7055 70 9.3
No. 2 0.482 3.2439 71 16.3

Table 2. Statistic result of deflections at the middle span of the beam and equivalent resisting force of
the beams
3.4.2. Curve fitting of experimental results

Considering a section of SMA bundle, if T is defined as the temperature of the SMA
bundle, then the increase of T is given as

dT
PV snia . ToVma ~ Esya (T - tf) (22)

Where p, ¢, 7 and Vg, denote density, specific heat, time and capacity of the SMA
bundle; g, is the rate of heat production; a, u, Fy,, and t f denote the coefficient of heat
convection, quotient of contact face form, area of the heat-exchange surface and ambient
temperature.

The rate of heat production g,Vg,,, can also be expressed as follows:

9,Vsmia = I*Rsyia (23)
Where I and Rgy, denote the current strength and electric resistance of SMA.

Thus, equation (4) could be written as:

2
d—T+ apFoya - I"Rgpia n apFoya f (24)
dr pcVoua  PVoma  PVsua

Defining

I’R
X=—23MA (25)
PVsnia
F.
Y = Al sma (26)
PVsnma

Then the solution to equation (24) could be given as:
X
_ -Yr
T(r)=Ae +?+tf (27)

Where A is related to the initial condition during temperature rising period.
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In the same manner, the decrease of T could be given as:

dl+ uquSMA T= aIUFSMA t (28)
dr pcVgya PCVsnia

Thus from equations (26) and (28), we have:

T(r)=Be ¥* +¢ (When I=0) (29)

f
Where B is related to the initial condition during temperature dropping period.

The experimental curve could be fitted well with this theoretical curve, just as depicted in
Fig. 45.

Considering equation (22), temperature rising rate of the SMA bundles dT /dr could be
given as:

2
dar _ I"Reyia . apFeya

t,-T) (30)
dr pVays  PCVoya

Assuming that the temperature T was equal to the environment temperature {, at the
beginning, then the initial temperature rate of the SMA bundles dT /dr can be given as

ar _ Ronia 2
dr  pcVeya
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Figure 45. Fitting curve of temperature versus time of temperature sensor 2-2-T1 in NO.4 activating
times

According to the above theory, statistic values of the initial temperature rising rate were fitted
with the numerical curve, just as depicted in Fig. 46. From it, one can see that the activating
current strength had significant effects on the behavior of the smart beam, and higher
activating current could be used to achieve a faster reacting speed of the beam. According to
the above analyses, the action speed was the proportion square of the current strength.

Theoretically, the temperature of SMA is proportional to the square of the applied current
because of this electric heating method. As a matter of fact, this relationship may be affected
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by many factors, e.g. the heat transfer from the SMA to the concrete matrix. Here, the well
accord between the experimental data and the fitting curve indicated that influences of heat
transfer between the SMA and the concrete matrix could be decreased effectively by
separating SMA bundles from concrete matrix by PVC pipes.
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Figure 46. Fitting curve of temperature rising rate versus current intensity

3.5. Conclusions

In this section, the manufacture process and behavior of the smart concrete beams with

embedded SMA bundles were investigated through an extensive experimental program.

The main parameters, such as temperature and recovery force of SMA bundles and the

deflection of the concrete beam, were monitored through this program. Major factors

influencing the behavior of the beams were examined. From these results, the following

conclusions can be drawn.

1.

SMA can be used in practical civil engineering structures to resist overload, the effect is
considerable. SMA bundles can change the mechanical performance of the smart
concrete beam as needed. In this section, a new SMA embedding method in concrete was
presented and applied to this experiment -- only a short section of SMA bundle could
generate large force, which was mainly due to the large recoverable deformation of SMA.
The recovery force created by the SMA bundles was almost proportional to the
temperature of the SMA bundles, and hysteresis cycles were observed in the recovery
force-temperature curve of some SMA bundles. The recovery force generated by each
SMA bundle was different, which came from the different initial condition for different
bundles. But the increments of the recovery force of each SMA bundle in each activating
time were almost the same.

The temperature of different SMA bundles was different, and temperature of a same
SMA bundle in different activating times was also little different. These differences
yielded from the different heat conducting condition of different SMA bundles and the
different environment boundary condition in different activating times. Due to these
differences, more force sensors and temperature sensors would be obligatory for more
comprehensive monitoring of the beam.
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4. The effect of the environment was remarkable, and displacement at the middle span of
the beam induced by the environment temperature was about twelve as times as that
caused by the recovery force of SMA bundles. Thus, this effect must be considered
during the experimental and analytic process.

Some other factors, such as the activating times, the length of the unbonded section, the
length of the SMA bundles, the pre-strain of the SMA bundles, and the curing condition of
the concrete, etc., can also affect the behavior of the concrete beam. These effects deserve
more investigation.

4. Behavior of a smart concrete bridge with embedded SMA bundles

Since there are many differences between the laboratory researches and the practical
applications of using this smart material to structural active controlling; thus, it would be
worthful and necessary to study how to apply SMA on a practical concrete bridge and how
to use the “smart” forces. Accordingly, the objective of this section is to investigate the
behavior of a smart concrete bridge with embedded SMA bundles.

The bridge was a simply-supported pre-stressed concrete one with 20 meters long and 12.5
meters wide, and composed of ten ordinary concrete beams and two smart concrete ones
measuring 1996cm=99cmx85cm. When the SMA bundles were activated, additional bending
forces were generated, and the beam was inflected to resist excessive load at the same time.
Otherwise when the SMA bundles were inactivated, the smart forces disappeared and the
beam recovered to the initial state. In order to monitor the active control effect of the SMA
bundles, some temperature sensors, reinforcement meters and displacement sensors were
employed. All the data were acquired through a 16-channel dynamic data-acquisition
system. The bridge was examined several times with different activating current intensity,
and some static load tests were also carried out to evaluate the capability of resisting
overload of the bridge. The experimental results indicate that the smart forces induced by
SMA bundles were significant and controllable, the deflection generated by the SMA
bundles at the middle span of the bridge was about 0.03 mm, and the capability of resisting
excessive load of the smart beams was 5.6 ~ 7.5 KN. It is also shown that SMA could be used
as active controlling actuator in civil engineering structures.

4.1. Experimental program
4.1.1. Design concept of the smart concrete bridge

A complete smart concrete bridge in a freeway should contain the following three parts:
load and speed sensors mounted at several miles beyond the bridge; control unit and power
supply; actuators, temperature and force sensors, and the bridge matrix, the design concept
of the smart bridge was demonstrated in Fig. 47.

The two smart beams will be fixed on the smart bridge. In the session of the freeway, load
and speed sensors will be amounted at several miles away from the bridge. Therefore, SMA
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bundles embedded in the smart beams can be activated before the load exerts on it and
recovery forces generate to resist the external load. Additionally, the recovery force
generated by the SMA bundles is only used to resist the excessive load when needed,
normal load is resisted by ordinary structures, such as steel reinforcements and steel
strands. After the load passes the bridge, SMA bundles will be inactivated.

4.1.2. Manufacturing the beams and the bridge

The bridge was composed of twelve concrete beams, and the two smart concrete beams
were fixed on the No. 5 and No. 6 from outer side (Fig. 48). Gaps between the beams were
filled up with concrete, and then the surface concrete and the pavement were constructed
subsequently.

4.1.3. Testing apparatus and procedure

The two smart concrete beams were electrically activated several times to measure the effect of
the recovery forces. To evaluate the performance of the bridge, the static load tests were also
carried out by parking a 202KN-weight truck on the nine positions of the bridge (Fig. 49).
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4.2. Results and discussions

In order to record easily, the SMA bundles, temperature and force sensors were numbered
serially. Two beams were numbered 1 and 2, and SMA bundles, 1 to 6. Thus SMA bundles
and the force sensors can be indicated with the number of the beam and the relative position
label in the same beam. The temperature sensor was denoted via the number of the SMA
bundle and its position label (i.e. T1 denotes the temperatures mounted at the middle of the
SMA bundle, T2 the end).

4.2.1. Activating test results of the bridge

To evaluate the effect of the recovery force, the SMA bundles of the two smart concrete
beams were activated two times without applying any external load on the bridge.
Displacement sensors were mounted at the bottom of No 1, 4, 8, 12 beams of the bridge
(denoted by D1, D2, D3, D4 respectively) to monitor its deformation, as shown in Fig. 48.The
unit of the dimensions is centimeter, and D1, D2, D3, D4 indicates the four positions that the
displacement sensors mounted on respectively. Temperatures, as well as recovery forces,
were also measured synchronously during the experiment.

When the SMA bundles were activated, the bridge was deformed and upward deflections
were induced. Deflections at the middle span of the bridge increased and decreased during
the activating and inactivating, as shown in Fig. 50. The maximum deflection of the bridge
was about 0.03mm. Displacement sensor mounted at the D1 position did not work normally,
so the result will be not considered in the analysis.

During the heating and cooling process, temperatures of SMA bundles also increased and
decreased, as shown in Fig. 51, and recovery forces of SMA bundles increased and
decreased proportionally with these temperatures, as shown in Fig. 52. The recovery force
created by the SMA bundles was almost proportional to the temperature of the SMA
bundles, and hysteretic cycles were observed in the recovery force-temperature curve of the
SMA bundles.
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4.2.2. Static test results of the bridge

The static load was applied on the nine positions of the bridge, as shown in Fig. 49,
deflections at the four representative points of the bridge (indicated as D1, D2, D3, D4) were
demonstrated in Fig. 53.
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4.2.3. Effect analysis of the recovery forces

The capability of resisting excessive load of recovery forces was estimated through the
following principle: all the deflections at the D1, D2, D3, D4 induced by the recovery forces
are larger than or equal to these reverse ones induced by the external load. Therefore, by
comparing the average maximum deflections of the activating test and deflections of the
static load test, the maximum resisting load capability could be obtained. Different position
the excessive load exerted on is, different the resisting load of the SMA bundles.

When the load ran on the middle of the traveled lane, deflection of the beam No.8 induced
by the recovery forces reached the reverse one by the external load firstly, thus the resisting
load of the recovery forces was about 7.53 KN shown in Fig. 54 (a), and on the overtaking
roadway, 5.55 KN in Fig. 54 (b).
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Figure 54. Resisting load analysis

4.3. Conclusions

In this section, the manufacturing process and the behavior of the smart concrete bridge
with embedded SMA bundles were investigated. From these results, the following
conclusions can be drawn: (1) SMA can be used in practical concrete bridges to resist
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external load with considerable effect. SMA bundles can change the mechanical
performance of the smart concrete beam as needed; (2) The capability of resisting excessive
load of the recovery forces can be varied with the different exerting position of the external
load, thus the optimum design of the smart concrete structures will be necessary to obtain
the best control effect.

5. Remarks

In this chapter, the constitutive characteristics of NiTi SMA and its application in practical
concrete structures were investigated. The experimental results indicated that the
mechanical properties and the phase transformation characters of NiTi SMA could be
affected by the loading process considerably. Comparison between the numerical and
experimental results indicated that the proposed model could simulate the phase
transformation characters, the uniaxial tension and the constrained recovery behavior of
NiTi SMA more effectively. Experimental results indicated that the additional recovery
forces generated by the SMA could be changed by altering its temperature, and can be used
to adjust the deflection of the concrete bridge and to enhance the load-bearing capability of
the concrete bridge.
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1. Introduction

A large number of materials are continuously being developed to meet the requirements for
different engineering applications including biomedical area. However, development of a
material in this field is a challenging issue especially for those devices that are implanted in
the human body, because the material must fulfill an array of fundamental biological and
mechanical requirements. Among these, orthopedic applications require careful attention as a
result of ageing population worldwide, large number of injuries and the demand for higher
quality of life. A wide range of materials including metals, alloys, ceramics, polymers and
composites are currently used in this area, but unfortunately, some have shown tendencies to
cause device failure after long term use in the body since they cannot fulfill some vital
requirements (Geetha, Singh et al. 2008; Bahraminasab, Hassan et al. 2010). Developing or
applying an optimal material, therefore, can cause the implant to last longer and to avoid the
huge cost related to the inappropriate or unsuitable choice of materials. Shape memory alloys
(SMA) have provided new insights into biomedical area for cardiovascular, orthopedic and
dental applications, and for making advanced surgical instruments. The biomedical success
of these materials is due to their unusual properties, which makes them superior to
conventional materials. Among many SMAs, NiTi alloy is considered to be the best because
of its superb characteristics. NiTi alloy possesses most of the necessities for orthopedic
implantation and is used in a large number of applications. Therefore, it is worth to highlight
the orthopedic applications of this material. The reminder of this chapter is organized as
follows; section 2 discusses on biocompatibility of NiTi shape memory alloy in both bulk and
porous forms, followed by a brief review of some current NiTi applications in section 3. After
that section 4 introduces one of the potential applications of this material in orthopedics,
which is the femoral component of knee prosthesis. The chapter ends with discussion and
conclusion in in sections 5 and 6, respectively.
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2. Biocompatibility of NiTi

Enthusiasm to apply NiTi in implants has been tempered by the concern related to its
biocompatibility. Biocompatibility is related to the capability of material to exist in contact
with human body tissues without causing an unacceptable degree of harm to the body.
Furthermore, the materials should have the ability to interact with the biological
environment to improve the biological response, the tissue-surface bonding, and to enhance
the ability to undergo a progressive degradation when new tissues grow and heal. Of the
two metal elements in NiTi alloys, titanium is well recognized to be biocompatible with
superb long-term corrosion resistance. In contrast to Ti, Ni release from the surface of NiTi
implants has been a concerning issue because the dissolution and concentration of Ni ions or
wear debris above a certain amount causes some allergic reaction and biocompatibility
problems including pneumonia, chronic sinusitis and rhinitis, nostril and lung cancer for
patients (Mantovani 2000; Kapanen, Ryhanen et al. 2001; Machado and Savi 2003). However,
most of in vivo studies of NiTi implantation and in vitro experiments exhibited good
biocompatibility of this material (Castleman, Motzkin et al. 1976; Ryhaenen, Kallioinen et al.
1998; Kapanen, Ryhanen et al. 2001). The good corrosion resistance of this material can be
attributed to its crystal structure stability, which impedes the separation and release of Ni
ions. Therefore, it seems that the actual risk of large Ni leaching from wear and corrosion
phenomena may potentially be overexaggerated (Es-Souni and Fischer-Brandies 2005). The
titanium content of these alloys is readily oxidized and creates an outmost protective
titanium oxide layer which act as a barrier to chemical attack and corrosion and confines the
diffusion of Ni ions. This oxide layer, however, is not permanent and can be depleted by
wear, corrosion, and fatigue. In this situation, NiTi repassivates and regenerate the oxide
layer. The integrity of the protective titanium oxide layer is influenced by surface roughness,
inhomogeneities, residues, porosity, and geometry. A certain toxicity usually observed in
vitro studies, is most likely due to the higher amount of Ni concentrations in vitro that are
not possible to achieve in vivo (Shabalovskaya 1996). The biocompatibility of NiTi alloys has
been reported to be equal or better than that of titanium, Co-Cr alloys and stainless steels
(Shabalovskaya 1996; Ryhanen 2000; Es-Souni and Fischer-Brandies 2005). Treatments such
as surface oxidation, plasma immersion ion implantation (PIII), and laser surface
modification reduce the amount of Ni leaching from the surface of NiTi implant to
negligible amounts. For example, a treatment like dual electropolishing (EP) and
photoelectrocatalytically oxidation (PEO) makes NiTi suitable for hard tissue replacements
(Chu, Guo et al. 2009). A problem associated with this material, which seems to be
important for orthopedic implants, is slow osteogenesis process and growth of a fibrous
layer at interface of bone-implant (Berger-Gorbet, Broxup et al. 1996; Chen, Yang et al. 2004)
generating weak anchorage between the implant and adjacent bone, and finally leading to
micro-motion and loosening of the implant. Nevertheless, creation of a thin apatite layer on
NiTi components in situ showed a large amount of new bone directly contacting with the
host bone (Chen, Yang et al. 2004). In addition to this, since porous biomaterials for implants
(either as porous coating or integral porous body) have attracted researchers’ interest, it has
been tried to produce porous NiTi alloys with different fabrication techniques such as self-
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propagating high temperature synthesis process, capsule-free hot isostatic pressing and
metal injection molding (Figure 1). The amount of porosity, pore size, microstructure and
mechanical properties of the porous NiTi may depend upon the fabrication method. Porous
NiTi has been reported to have good biocompatibility, comparable to the conventional
porous stainless steel and titanium implant materials (Thierry, Merhi et al. 2002). However,
the large exposed surface area directly interfacing the adjacent bone and tissue makes the
issue of Ni release more serious than dense NiTi. Minimal Ni release can be obtained by
surface engineering and treatments such as thermal annealing, oxygen plasma immersion
ion implantation, hydroxyapatite (HAP) coatings, pre-soaking in simulated body fluid (SBF)
solution, TiN and TiO2-PVD coatings, and combinations thereof.

Figure 1. Scanning electron microscope Photographs of porous NiTi fabricated by three different
techniques: (a) self-propagating high temperature synthesis process (about 65% porosity, 100-360 um)
(b) capsule-free hot isostatic pressing with argon expansion (42% porosity, 50-400 pum) (c) metal
injection molding (70% porosity, 355-500 um). (d) Image of commercial porous NiTi implant
(Actipore™, Biorthex, Canada) for spinal fusion made by self-propagating high temperature synthesis
process (Bansiddhi, Sargeant et al. 2008)

3. A brief review of NiTi SMAs in orthopedic applications

Shape memory alloys are a group of metallic materials with some unusual properties such
as one-way and two-way shape memory effects, superelastic effect, high damping property
and rubber-like effect. These characteristics make the material suitable for different
orthopedic applications such as load-bearings, plates for bone fracture repair, internal
fixators for long bone shafts, spinal correctors, vertebral spacers and bone distraction
devices. Some of these applications are explained in the following subsections.
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3.1. Spinal vertebral spacer

The spinal vertebral spacer is one of the applications of this material in orthopedics. The
insertion of the spacer (disc) between two vertebrae provides the local reinforcement of the
spinal column, avoiding any traumatic motion during the healing process. The employ of a
shape memory spacer enables the use of a constant load regardless of the patient position
with some degree of motion. This device is used to treat scoliosis. Figure 2 presents spinal
vertebrae spacer in the in the original shape (right) and martensitic state (left).

Figure 2. Spinal vertebrae spacer (Duerig, Melton et al. 1990)

3.2. Spinal rod

Shape memory rod has been applied as a tool to help the scoliosis correction (Figure 3). NiTi
is used in this application due to its ability to return to some predefined shape when
subjected to a thermal treatment. It is expected that the spinal rod has the ability to keep the
spine force loaded postoperatively, and it appears that this will take the advantage of spine
viscous behavior to obtain extra correction. Furthermore, a postoperative fusion may
prevent the long term failure of the system. The additional postoperative correction is
expected to be obtained before the occurrence of this vertebral fusion.

Figure 3. Spinal rod; (A) The original rod shape in the cold condition, (B) The straightened rod before
insertion and heat treatment, (C) The implantation of straightened rod with anchorage system, (D) The
recovered original curve of the rod with anchorage system after heat treatment (Wever, Elstrodt et al.
2002)
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3.3. Medical staples

Another application of NiTi is related to the healing process of broken and fractured bones,
using the shape memory effect. The shape memory orthopedic staples (Figure 4) are placed
directly into the region of the break to compress the two parts of the bone. These staples, in
their opened shape, are implanted to the fractured site of the bone, while through heating
the staples tend to close, compressing the separated part of fracture. In this application, the
heating is performed by an external device, and not due to the body temperature.

Figure 4. Medical staple before and after distraction (Laster, MacBean et al. 2001)

3.4. Plates for fractured bone

Shape memory plates also have been used to heal and recover the fractured bones, in the
injured area where it is not possible to apply cast such as facial areas, nose, jaw, and eye
socket. They are inserted to the fracture and fixed with intermediate screws (Figure 5). This
maintains the original alignment of the bone and enables cellular regeneration. When these
plates are heated, they tend to recover their previous shape (because of the shape memory
effect) and exert a constant and uniform force on the two broken sections, which causes to
join separated parts of fractures and helps in the healing process.

Four-hole, 2-mm miniplate Miniscrew, 2 mm

Figure 5. SMA plate for fractured human jaw bone and details of the plate and the screw (Machado and
Savi 2003)
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3.5. Nails for marrow cavity

These implants are applied where long bones, such as the femur, are broken. Treatment of
this type of broken bones involves the hollowing out the bone marrow cavity of the two
bone sections followed by the reconnection and introduction of a nail to enable the healing
of the break. SMAs are used for nail material to apply controlled force to bone. The SMA
nail can be manufactured to the desired shape for forced diaphyseal bone bending. Cooling
down to the martensitic phase allows insertion of the shaped nail into the cavity, while at
body temperature, the nail returns to its original shape, leading to a bending force.

3.6. Cruciate ligament

Considering the resistance to rupture and the maximum elastic deformation, the NiTi SMA
can approach the behavior of a natural knee ligament. However, SMA could answer the
demand for severe mechanical conditions imposed on the ligament prosthesis; the lack of
fatigue resistance is a limiting factor for the prosthesis that is subjected to the repeated cyclic
movements of the knee (Hagemeister, Yahia et al. 1995, Mantovani 2000). It should be
pointed out that a new design of prosthetic ligament may lead to a solution for this
weakness. NiTi alloy designed (in 1992) to reconstruct the anterior cruciate ligament in
which the Nitinol strips were used with filaments, utilizing the unique property of Nitinol
to change its shape by heating and cooling. The Nitinol alloy chosen for this application had
an austenitic finish temperature of about 35°C, below the temperature of body. The
contraction of the Nitinol wires, therefore, occurred (due to body temperature) on warming;
caused the tibia and femur to be pulled together. On the other hand, Nitinol strips (used for
anchorage to the tibia and femur) were also deflected by body heat after passing through the
tibia and femur. The deflection of the strips, combined with the contraction of the wires,
acted as a spring and counterbalanced the prosthesis loading during knee motion (Hedayat,
Rechtien et al. 1992).

Figure 6. A carbon-coated NiTi prosthesis for reconstruction of the anterior cruciate ligament
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3.7. Gloves in physiotherapy

NiTi SMAs are utilized in orthopedic treatment for physiotherapy of partially atrophied
muscles. Physiotherapy gloves, which can reproduce the original movements of hands, were
developed by locating the SMA wires on the region of fingers (Figure 7). These wires
possess the two-way shape memory effect, so that heating the glove shortens the length of
the wires and close the hand while cooling returns the wires back to their former shape and
open the hand. In fact, the wires made of NiTi can withstand a large number of heating and
cooling cycles, over time, without a decrease in performance (Gobert, Hoang et al. 2004).

(@) (b)

Figure 7. Gloves with SMA wires: (a) position at low temperature; (b) position at high temperature
(Machado and Savi 2003)

4. Case study: Potential advantages of NiTi SMAs in knee implants

One of the most important current debates in orthopedic is the total joint replacements
particularly hip and knee because of the simultaneous increasing number of both
replacement and revision surgeries (Kurtz, Ong et al. 2007; Carr and Goswami 2009). One of
the most serious concerns associated with revision surgery is the aseptic loosening of the
components. Excessive wear between articular surfaces, stress shielding of the bone by
prosthesis, and development of a soft tissue at the bone-implant interface are the main
leading causes for aseptic loosening. Applying the best material for the implant components
can reduce the wear debris, improve the load transfer system, and provide anchorage
between the bone and the component interfacing the bone. Therefore, the optimal material
can reduce the risk of prosthesis loosening.

4.1. Knee prosthesis components

Total knee replacement (TKR) typically has three main components: femoral component,
tibial component (consisting of tibial tray and tibial insert), and the patellar component
(Figure 8). The tibial insert and the patellar component are plastic parts such as ultra high
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molecular weight polyethylene (UHMWPE) or cross-linked polyethylene (XLPE). The
femoral component and the tibial tray are usually made of metals and alloys including
titanium alloys, stainless steels or cobalt chromium alloys. Femoral component replaces the
distal femur, hence; it interfaces the bone from the upper side and articulates against the
polyethylene insert from the lower side. As a result, aseptic loosening of this component is
involved with all the three main causes and it appears to be a more challenging issue.
Therefore, there is a need to apply an optimal material for this component to reduce or
avoid the loosening problem and provide longer lasting knee prosthesis.

Femuror
thigh bone

N
B
Femoral
component Patella or
kneecap
Polyethylene:
Stemmed tibial insert
tibial tray
Tibia or
shinbone

Figure 8. Total knee replacement components (Bahraminasab and Jahan 2011)

4.2. Biomaterial requirements for femoral component

Implant materials must balance some requirements which are essential for prosthesis to
have well performance with no rejection after long term use in the body. These requirements
vary from one application to another. The required properties for femoral component of
TKR include strength, elastic modulus, ductility, density, corrosion and wear resistance,
biocompatibility and osseointegration (Bahraminasab and Jahan 2011). High strength is
required to avoid fracture of the component, and ductility is, also, needed to avoid brittle
failure of the implant under loading conditions. Furthermore, the weight and density of the
biomaterial must be comparable to that of bone. Low elastic modulus plays an important
role for heavily loaded joint such as TKR. Large difference between Young’s modulus of
implant component biomaterial and the adjacent bone can contribute to stress shielding
effect, which causes the subsequent bone resorption and aseptic loosening. In addition to
this, lower Young’s modulus means higher damping capacity and resilience leading to more
absorption of impact energy and dampening of the maximum stress between the bone and
the articular implant. High corrosion resistance is, also, desirable due to the corrosive body
fluid. The metallic implants release unfavorable (non-biocompatible) ions that either can
accumulate in tissues, near the implant, or they might be transported to the other parts of
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the body (Okazaki and Gotoh 2005) causing toxic effects. Low wear resistance or high
coefficient of friction between the articular surfaces can result in aseptic loosening of the
component. Furthermore, wear debris is biologically active and provides adverse
inflammatory response, which destruct the healthy bone supporting the actual prosthesis.
Osseointegration refers to the bone healing process. The incapability of the implant surface
to bond with the adjoining bone and tissues leads to micro-motions and formation of a
fibrous tissue around the implant promoting aseptic loosening process (Viceconti, Muccini
et al. 2000; Geetha, Singh et al. 2008). The biocompatibility for total joint replacements has
been defined as; optimizing the rate and quality of bone apposition to the material,
minimizing the release rate of corrosion and the tissue response to the released particles,
minimizing the release rate of wear debris and the tissue reaction to this debris, and
optimizing the biomechanical environment to minimize disturbance to homeostasis in the
bone and its surrounding soft tissue (Williams 2008). Among the above described
properties, resistance to wear, low elastic modulus and acceptable osseointegration are the
necessities avoiding aseptic loosening problem.

4.3. Superiority of NiTi compared to the current materials

NiTi alloys combine high strength, unique fatigue resistance, and good ductility (Bahraminasab,
Hassan et al. 2010). These materials exhibit high resistance to wear even more than Co-Cr-Mo
alloy (the most accepted current material for femoral component). The wear resistance in
conventional materials depends upon some mechanical factors such as hardness, toughness,
and work-hardening. However, for NiTi shape memory alloys, other parameters are believed to
be the reasons for high wear resistance and low coefficient of friction such as the recovery of the
superelastic deformation (Yan 2006), pseudoelasticity effect and strength (Abedini, Ghasemi et
al. 2009). Further, the low Young’s modulus of this alloy also decreases the maximum contact
pressure and accordingly the wear rate (Yan 2006). High wear resistance of this material makes
it a potential for the applications such as femoral component of TKR or components of other
joint replacements in which wear is of crucial importance. Most of wear tests carried out on
NiTi were pin-on-disk tests with NiTi disk and steel bearing pin. However, in the knee joint
prosthesis femoral condyles (made of metals) articulate against the tibial tray (made of
UHMWPE), thus; it is required to obtain the coefficient of friction between NiTi and UHMWPE.
To the best of the authors’ knowledge, the values of friction coefficient and wear rate between
these two materials have not been reported in the literature. Knee joints function as
dynamically loaded bearings that are subjected to 10 loading cycles in 70 year lifetime. The
average friction coefficient of the load bearing synovial joints including hip and knee is around
0.02 and the wear factor is approximately 10° mm?%N. However, the coefficient of friction for
materials implanted in the body varies between 0.05 to 0.16, which depends on the mate
material and the type of test lubricant (Geetha, Singh et al. 2008). Therefore, it would be
interesting to test this material against UHMWPE (or XLPE) to obtain the friction coefficient and
wear rate in the conditions mimicking the natural knee joint situations and to have a precise
comparison with the existing materials. On the other hand, low stiffness or low Young's
modulus of NiTi, which is much lower than those of Co-Cr based alloys and stainless steels and
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much closer to that of bone (less than 30 GPa), minimizes the stress shielding effect and the
subsequent aseptic loosening. It also means higher damping capacity and resilience, which can
highly affect the absorption of impact energy and reduce the peak stress between the bone and
the articular prosthesis (Bahraminasab and Jahan 2011). Another issue that is worth to be
highlighted is the superelastic behavior. Human body especially the skeletal part is subjected to
stresses during daily activities such as walking, stair climbing and lifting objects. The stresses
experienced by the bone vary from one activity to another, and also vary at different time
during an activity. These stresses will cause deformation and change the shape, thus it is
important that once an activity is completed, the implant return to its designated shape. The
elastic property ensures this but over a long period of use, superelastic behavior of NiTi shape
memory alloy may help for longer implant life (no unrecoverable or residual strain). In addition
to the dense or bulk NiTi, porous form of these alloy have very high potentials to be used in
orthopedics because the interconnected open pores and large surface area enables the body
fluids transportation and accelerates the healing process. Furthermore, it also allows tissue and
bone cells in-growth, which makes strong anchorage between the prosthesis and the adjoining
bone, provides long-term fixation, and reduces knee implant aseptic loosening. Porous NiTi
alloy, therefore, presents better osteoconductivity and osteointegration than bulk NiTi alloy.
Appropriate amount of porosity and pore size, and suitable fabrication technique make it
possible to obtain a combination of good contact between bone and implant, high strength, low
elastic modulus, high toughness and high energy absorption (Ryhanen, Niemi et al. 1997; Zhu,
Yang et al. 2008). It is possible to achieve low stiffness in the range of bone elastic modulus to
minimize stress shielding effect, and provide high damping capacity. This material may offer
other advantages such as super-elasticity after tissue in-growth, superb mechanical stability
within the host tissue because of shape-recovery characteristic, and morphology similar to that
of bone. Figure 9 shows a comparison of NiTi and trabecular bone porosity.

To the best of authors” knowledge, NiTi has not been used for prosthetic femur, however,
based on finite element analysis (FEA) study and multi-criteria decision-making (MCDM)
method, these materials are superior to the currently used metallic materials for this
application (Bahraminasab and Jahan 2011; Bahraminasab, Sahari et al. 2011). MCDM is
usually used for contemporary materials selection problems in which the suitability of
candidate materials is assessed against multiple criteria rather than considering one single
factor (Jahan, Ismail et al. 2010) to avoid misuse of materials and the respective huge cost.
The MCDMs approaches have been developed for biomedical applications (Jahan,
Bahraminasab et al. 2011; Jahan, Mustapha et al. 2011) among which comprehensive VIKOR
method (Jahan, Mustapha et al. 2011) was used to select the best material for femoral
component of TKR. Based on the results of the evaluation, porous NiTi (SMA) was the
optimal metal alternative with the confidence level of 100% and dense NiTi (SMA) was
ranked second with the confidence level of 73 %. The compositions of the current and
promising metals considered for MCDM material selection and comparison of their
properties are given in Table 1 and Table 2 respectively. FEA allows changing material
properties of the mechanical components and predicts the performance before
manufacturing any prototypes. A finite element analysis study on the knee joint under static
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Figure 9. Porous NiTi compared with trabecular bone (taken from http://herkules.oulu.fi/
isbn9514271246/html/c721.html)

load of 800 N at 0° of flexion angle demonstrated that NiTi (SMA) provided higher Von
Mises stresses on the femoral bone than Co-Cr and Ti-6Al-4V alloys, as shown in Figure 10
and Figure 11, meaning that this material can reduce the stress shielding, and consequently
aseptic loosening of the implant (Bahraminasab, Sahari et al. 2011). FEA and MCDM partly
covered the theoretical aspects related to the use of NiTi as femoral component. However,
there is a long distance from theoretical development of biomaterials to the practical
applications including in vivo and vitro tests.
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memory alloy

Materials Materials’ names Compositions
number
1 Stainless steel L316
(annealed) Fe balancing, 17-20% Cr,10-14%Ni, 2-4% Mo, 0.03-0.08% C, 2%
’ Stainless steel L316 Mn and 0.75% Si
(cold worked)
3 Co-Cr alloys (Wrought| Co balancing, 19-21% Cr, 9-11% N1, 14.6-16%W, 0.13% Mo, 0.05-
Co-Ni-Cr-Mo) 0.15 %C, 0.48%Si and maximum 2%Mn &3%Fe
4 Co-Cr alloys (Cast Co balancing, 27-30% Cr, 2.5% Ni, 5-7% Mo, 0.75%Fe, 0.36%C
able Co-Cr-Mo) and maximum 1%Mn &Si
5 Ti alloys (Pure Ti) 0.3% Fe, 0.08% C, 0.13% 02, 0.07% N2
6 Ti alloys (Ti-6 Al-4V) Ti balancing, 5.5-6.5% Al, 3.5-4.5% V, 0.25% Fe and 0.08% C
7 Tl'6A1;Z§fg(}{gﬂ'367 Ti balancing, 5.50 - 6.50 % Al, <= 0.080 % C, <= 0.0090 % H, <=
5 Ti-6AL7Nb (Protasul- 0.25 % Fe, 6.50 - 7.50 % Nb, <= (%.250 % N, <=0.20 % O, <= 0.50 %
100 hot-forged)
9 NiTi shape memory |[Ni55.0 - 56.0 %, Ti 43.835 - 45.0 %, C <=0.050 %, Fe <= 0.050 %, O
alloy <=0.050 %, H <= 0.0050 %, Other <= 0.010 %
10 Porous NiTi shape Ni—49.0at.%Ti, 16% porosity

Table 1. Candidate materials for femoral component and their compositions

Material | Density Tensile Modu¥u.s of Elongation | Corrosion Wear . .
number (g/cc) Strength Elasticity %) resistance resistance Osseointegration
(MPa) (GPa)
1 8 517 200 40 high Above average| Above average
2 8 862 200 12 high Very high Above average
3 9.13 896 240 10-30 Veryhigh | Dtremely High
high
4 83 655 240 10-30 Veryhigh | Dremely High
high
5 45 550 100 54 Exce}}:it;(;nally Above average very high
Exceptionally . .
6 443 985 112 12 . High very high
high
7 452 >900 105-120 >10 Exceptionally High very high
high
8 452 | 1000-1100 110 10-15 Exceﬁit;“a“y High very high
9 6.50 21240 248 12 |Extremely high Excegit;“auy Average
10 43< 1000 15 12 Very high | Exeeptionally | - Exceptionally
high high

Table 2. Properties of candidate materials
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td)

Figure 10. Stress pattern on the femur for (a) natural knee (b) Cr-Co alloy (c) Ti-6Al-4V (d) NiTi (SMA)
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Figure 11. Comparison of stress values for natural femur, Cr-Co alloy, Ti-6Al-4V and NiTi at 30 mm
posterior to anterior

5. Discussion

Development and selection of optimal biomaterials for orthopedic applications is a
challenging task due to dealing with complex biological and mechanical requirements on
one hand, and growing number of damaged organs replacements with synthetic materials
on the other hand. Shape memory alloys, particularly NiTi alloys have been considered for
many orthopedic applications either in practice or as promising material for future use.
There are several main aspects of NiTi that favor its use as implant materials. These include
biocompatibility (especially corrosion resistance), the ability to return to its original shape at
a specific temperature, and material property values comparable to those of natural bone.
Most of in vivo investigations on NiTi implantation and in vitro experiments demonstrated
good biocompatibility of this material. Furthermore, higher level of biocompatibility also
can be achieved by surface modification of NiTi alloys. The ability of NiTi to restore its
original shape (after deformation) at a specific temperature makes the material suitable for a
wide range of applications; we recall the staples, plates for fractured bone and gloves for
physiotherapy. Additionally, the superelastic behavior of this material may provide benefits
for human skeletons, especially for joint replacements where it is subjected to cyclical
stresses during daily activities. The closeness of the implant and the natural bone material
properties (elastic modulus), particularly at the interface reduces the stress difference
between these two parts and hence decreases the stress shielding effect. Therefore, it
appears that NiTi SMA is a very suitable candidate for orthopedic implant applications,
among which several have been well established but some other suggested applications,
such as femoral component of total knee replacement, require more investigations and
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preclinical tests. Co-Cr based alloy, which currently is the most accepted material for
prosthetic femur, and other metals including Ti and its alloys and stainless steel cannot
completely fulfill the desired requirements for long term use in the body, and the revision
surgery is usually performed 10-15 years after the implantation of knee prosthesis.
Therefore, there is still a need for material solution in knee joint replacement. However,
applying a new biomaterial for a specific application may impose either redesign of the
component or material tailoring for the existing design. Both bulk and porous NiTi are high
potential materials in orthopedic applications such as this. Bulk NiTi has high wear
resistance and fairly low elastic modulus, which are the two important properties to avoid
aseptic loosening of femoral component, but unfortunately, it lacks osseointegration and
bioactivity. To overcome this deficiency, surface engineering are being conducted on this
material. Generation of porosity in material structure is also a way to obtain bioactivity and
well integration with the bony bed, which simultaneously can further reduce the elastic
modulus as well. Porous NiTi, therefore, is a quite high potential material for this
application. However, when the porosity increases, corrosion behavior of NiTi requires
careful consideration. Porous NiTi has many orthopedic applications including spinal
fixation, acetabular hip prostheses, and permanent osteosynthesis plates.

For using a biomaterial for knee joint prosthesis, several medical and engineering skills are
needed. Knowledge on the anatomy of the natural knee joint, the histology of cortical and
cancellous bone, cartilage, meniscus, ligament, tendon and synovial fluid, the physiology of
circulation and of the bone growth and bone loss, the biomechanics of the knee joint during
daily activities, orthopedic implantation methods, pathology (e.g. osteoarthritis and
osteoporous) and biocompatibility are all the essential medical skills. The engineering skills
include tribology, kinematics, fracture mechanics, fatigue and elasticity/plasticity theory.
Therefore, a multidisciplinary team of surgeons and materials scientists and engineers are
needed for new material applications in total knee replacement. Generally, the requirements
for femoral component may necessitate for the components of other joint replacement with
similar mechanical and biological conditions. However, it should be pointed out that the
required properties are site specific in human body, and in selection process of materials for
different joints, the alterations must be carefully taken into account. NiTi as a promising
material can be widely investigated theoretically and clinically, as a future research, in
biomedical engineering especially for orthopedic applications.

6. Conclusion
From the above discussion, the following conclusions can be made:

1. NiTi shape memory alloy is a biocompatible material with low elastic modulus and
high wear resistance which makes it suitable for use in orthopedic applications,
particularly joint replacements such as knee and hip.

2. NiTi SMA has a unique property to “remember” its shape at a specific temperature and
return to that shape when the specific temperature is reached. This property provides
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advantages for use in human body as an artificial organ since the human body
experiences stress changes during activities.

3. NiTi SMA has relatively low Young’'s modulus, and it can be reduced by generation of
porosity in the structure to be comparable with that of bone which results in lower
stress difference between the implant and bone or stress shielding effect, and hence,
increase the implant life.

4. Porous NiTi not only offers elastic modulus in the range of human bone modulus, but
also promotes the growth and penetration of bone cells and tissues into the implant and
therefore provides strong anchorage, avoiding loosening of the implant.
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