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Abstract

The materials comprising of more than one phases have very special applications where
other materials cannot work. Well-known shape memory alloys (SMASs) might be
replaced by ferrous based shape memory alloys (Fe-SMAS) since the research has
unfolded their outstanding features like low cost, high cold workability, and good
weldability. The Fe-15Mn-10Cr-8Ni-4Si (wt. %) Fe-SMA has been used in this thesis
and found to be effective because Fe-SMAs have great potential to be the counterpart
of Nitinol. Numerous researches have been performed on Fe-SMAs during last decade.
Several studies have been made on the mechanical properties of Fe-SMAs. There are
several researches available showing different mechanical applications which exist
currently. Interest in Fe-SMAs is still acute, due to continuing research on their
applications in different fields. They can efficiently be used for several other
applications too because their applications and features are not fully discovered,
therefore, further research must be done to unfold its advantages and usage. For the
future applications, not only mechanical behavior of Fe-SMAs but also the
comprehensive view of thermomechanical behavior is important because the phase
transformation (austenite «» martensite) is also attributed to changes in temperature. It
is also required for future thermomechanical modeling of Fe-SMAs.

To the author’s knowledge, such a thermomechanical behavior of the valuable Fe-
15Mn-10Cr-8Ni-4Si SMA has not been investigated so far to explore its
thermomechanical applications, therefore, it has been done in this thesis through
experimentation. Besides, a number of significant mechanical investigations are also
performed which have not been explored so far.



Zusammenfassung

Materialien, die aus mehr als einer Phase bestehen, haben spezielle Anwendungsfelder,
in denen andere Materialien versagen. Heutzutage konnen altbekannte
Formgedachtnislegierungen  (FGL, englisch SMAs) durch eisenbasierte
Formgedéachtnislegierungen (Fe-SMASs) ersetzt werden, da die Forschung deren
herausragende Eigenschaften wie niedrige Kosten, hohe Kaltumformbarkeit und gute
Schweilbarkeit aufgezeigt hat. Die Fe-SMA mit der Bezeichnung Fe-15Mn-10Cr-8Ni-
4Si (Gew. %) wurde fir diese Thesis ausgewdhlt, da die eisenbasierten
Formgedachtnislegierungen groRes Potenzial haben, das Gegenstiick zu Nitinol zu
bilden. Auch wenn bzgl. der mechanischen Eigenschaften und mdglichen
Anwendungsgebiete der Fe-SMAs im vergangenen Jahrzehnt bereits ein hohes Mal an
Forschung betrieben wurde, ist das wissenschaftliche Interesse weiterhin aktuell, da
stets die Anwendbarkeit in verschiedenen Bereichen untersucht wird. Es muss weiter
geforscht werden, da die mdglichen Anwendungen und Eigenschaften noch nicht
vollstdndig aufgedeckt wurden. Fir die Zukunft geht das Interesse uber das
mechanische Verhalten der Fe-SMAs hinaus und bezieht das thermomechanische
Verhalten ein. Dieses ist wichtig. da die Phasentransformation (Austenit < Martensit)
schliellich mit Temperaturdnderung in Verbindung gebracht wird. Ebenfalls hat es
Relevanz fir die thermomechanische Modellierung der Fe-SMAs.

Nach dem besten Wissen des Authors wurde das thermomechanische Verhalten von
Fe-15Mn-10Cr-8Ni-4Si  noch nicht weit genug fir die thermomechanischen
Anwendungen untersucht, weshalb dies in der vorliegenden Arbeit unter der Nutzung
von Experimenten umgesetzt wird. Dartiber hinaus werden signifikante mechanische
Untersuchungen durchgefiihrt, die bisher in dieser Form nicht getatigt wurden.
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Chapter 1

Introduction

1.1 Motivation

Shape memory alloys (SMAs) have made the material engineering science technologically
advanced, they exist mainly as Nitinol (Nickel Titanium, NiTi), ferrous based shape memory
alloys (Fe-SMAs or Iron-SMAS) and copper based shape memory alloys (Cu-SMAS). SMAs
have revolutionized the material engineering science as they exhibit exclusive features like
shape memory effect and superelasticity (pseudoelasticity), which are based on the so-called
martensitic phase transformation. There are several applications of both effects of SMAs as
described in chapter 2. SMAs are used to generate forces (due to shape memory effect) or to
store energy (due to pseudoelasticity). SMAs belong to a class of shape memory materials
(SMMs), which have ability to memorize their previous form when subject to any stimulus e.g.
magnetic, mechanical, or thermal variations. In most of the engineering applications, structures
and components experience such type of variations. SMAs have two main phases, (i) the high
temperature phase called as austenite, and (ii) the low temperature phase called as martensite.
The phase transformation occurs either mechanically or thermally. SMAs have also the
advantages like high strength, and wear resistance. The main reason for the extraordinary
behavior of SMA is the martensitic phase transformation. The SMAs are also classified as smart
materials.

Nitinol is the most eminent amongst all. Nitinol has always been the most commercial alloy
due to its biocompatibility, resistance to corrosion, good cyclic stabilisation, and the capacity
to recover large deformations. Nitinol has also some disadvantages like sensitivity of material
properties in fabrication and it is expensive as well. The high cost of Nitinol is a main limiting
factor for its wider use in industry.

Copper based shape memory alloys (Cu-SMAS) have shown the potential to be used as SMAs
due to their good shape recovery, excellent conductivity of heat and electricity, and ease of
fabrication. However, the applications of Cu-SMAs are still limited due to shortcomings of
thermal stability, brittleness, and mechanical strength which are closely related to
microstructural characteristic of Cu-SMAs like high elastic anisotropies, coarse grain sizes, and
congregation of secondary phases or impurities along the grain boundaries. The researchers are
doing the efforts to overcome these drawbacks by, (i) proper ternary additions, (ii) adopting
alternative routes, and (iii) optimizing the heat treatment cycles.



This thesis is related to Fe-SMAs or more specifically FeMnSiX-SMAs (X shows other
elements) because Fe-SMAs are not as expensive as Nitinol. Fe-SMAs are easy to be produced
as compared to Nitinol. Fe-SMAs are also found to be effective due to their high cold
workability, and good weldability as compared to that of Nitinol which has low cold workability
and high processing cost. Czaderski et al. and Huang et al. [1][2] showed that FeMnSi-SMAs
have a great potential for civil engineering structures because of its unique properties e.g. one-
way shape memory effect (OWSME), two-way shape memory effect (TWSME) because they
remember both high and low-temperature shapes, superelasticity, high elastic stiffness and a
wider transformation hysteresis compared to that of Nitinol [1][2]. Fe-SMAs also overcome the
drawbacks of Cu-SMAs like brittleness and low mechanical strength. The capability of Fe-
SMA: s to allow the development of smart structures with active control of strength, stiffness,
ability of self-healing, and self-repairing opens the door for exciting opportunities, making them
the construction material of the future. The other reasons of selecting Fe-SMA in this thesis are
mentioned below as well as in section 3.1.

The importance of Fe-SMAs in terms of their drastically increasing rate of research in different
fields during the last decades has been described as shown in Fig. 1.1. The researchers are
mainly interested in FeMnSi-SMAs amongst several other types of Fe-SMAs [3].
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Fig. 1.1: Increasing rate of research on Fe-SMAs [3]

Furthermore, it has been perceived by Sawaguchi et al. that the unique property of remarkable
fatigue life makes FeMnSi-SMAs suitable for seismic damping applications for construction
buildings. FeMnSi-SMA when used as a damper can also absorb the vibrations due to stable
damping capacity associated with reversible martensitic transformations under cyclic push-pull
loading [4]. Contrary to other elastic-plastic materials, SMAs have the ability to put up applied
stresses via material phase change [5]. Due to increased earthquakes in Japan nowadays,
seismic vibration control buildings and structures have been built in order to minimize the
catastrophic effects of the earthquake. For that purpose, Fe-SMA has been used in the structures
for damping of the vibrations. Fe-15Mn-10Cr-8Ni-4Si damping alloy invented in 2015 with
superior low cycle fatigue (LCF) life of 8000 cycles at a total strain range of 2.0% (total strain
amplitude of 1x1072); has been successfully installed in a 40-storey skyscraper [4][6]. This
seismic damper of Fe-15Mn-10Cr-8Ni-4Si (wt. %) Fe-SMA is shown in Fig. 1.2a. The plate of
this alloy used in seismic dampers is shown in Fig. 1.2b [7]. The most important thermal and
mechanical parameters of Fe-15Mn-10Cr-8Ni-4Si (wt. %) Fe-SMA have been investigated in
this thesis; as described in chapter 3.
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Fig. 1.2: (a) The front view of shear panel type seismic damper comprising of the springs and
dampers inside, and (b) the Fe-15Mn-10Cr-8Ni-4Si SMA plate used in seismic dampers,
therefore, they can bear 4,000 kN load and buckling can be avoided [7]

The amount of different components in the alloy have been attuned in order to meet the required
characteristics. To enable the production of large-scale products using an electric furnace, the
concentration of Manganese (Mn) has been reduced to 15 wt. % [8]. To stabilize the austenite
against a-ferrite and to restrict the progress of a’-martensite upon loading, the amount of Nickel
(Ni) has been increased to 8 wt. % [9]. It has been observed that adding the considerable amount
of Cr to FeMnSi-SMA generates its ability to corrosion resistance but there is a restriction
associated with Cr that if it is added more than 7% (i.e. 10%) then corrosion resistance is
affected which can be restored by alternatively adding Ni as discussed earlier [10]-[13]. Poor
corrosion resistance is the main limiting factor for the use of FeMnSi-SMAs in engineering
applications, therefore, much attention has been given to improve corrosion resistance through
suitable alloy addition. It has been observed that more than 2 wt.% Si (Si > 2 wt.%) has a
beneficial effect of decreasing the corrosion rate [14]-[16]. It is noteworthy that the highest Nt
(number of cycles to fatigue failure) is generally obtained at 4 wt.% concentration of Si, which
is coupled to an optimal degree of reversibility of the dislocation motion [9].

Fig. 1.3 shows the development in applications of Fe-SMAs during last three decades. The
considerable percentage increase in their applications has been clearly observed by a detailed
review of all the existing applications of Fe-SMAs [17].
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It has been observed by the detailed literature review that many applications of Fe-SMAs have
been discovered so far in different fields of research. Interest in Fe-SMAs is still important
because many applications and inventions are yet to be explored more in different fields due to
their remarkable properties. For the applications in future, a detailed view of thermomechanical
behavior is also important along with other properties of Fe-SMAs. It has been observed that
some very significant thermal parameters for thermomechanical applications as well as some
crucial mechanical parameters through uniaxial compression and biaxial compression (detail
discussion in chapter 3) for Fe-15Mn-10Cr-8Ni-4Si SMA have not been explored so far.

The chapter 1 focuses on a brief and general description of SMAs. After a short overview of
the advantages and disadvantages of general SMAs, Nitinol, Cu-SMAs, and Fe-SMAs; chapter
1 also elaborates the importance, motivation and priority of the research required on Fe-SMA.
The chapter 1 closes with a structural overview of the following chapters. The chapter 2
comprises of the existing types and applications of Fe-SMAs as well as the literature required
to perform the successful experimentations. The aim and focus of the present thesis have been
described in chapter 3. The experimental procedures have been explained in chapter 4 whereas
the obtained results and discussions have been performed in chapter 5. In general, the
discussions point out the most critical aspects in terms of the interpretation of the presented
experiments. The comparative study of the obtained results has been performed only with
Nitinol (typically composed of approximately 55 wt. % Nickel and 45 wt. % Titanium),
stainless steel, 60-Nitinol (typically composed of approximately 60 wt. % Nickel and 40 wt. %
Titanium) and two different copper-based shape memory alloys (Cu-SMAs) due to
unavailability of the literature related to that of Fe-SMAs. The comparison with previous work
has been done by earlier researchers where required and it is shown that the present findings
are in good agreement with the respective literature. Using experimental results to reproduce
the experimental curves by means of numerical computations is a part of future work because
the results are also useful for future mechanical as well as thermomechanical modeling of Fe-
SMA:s. Finally, the most important conclusions and some interesting prospects for future work
are summarized in chapter 6. The research has been performed at Otto von Guericke University
(OvGU) Magdeburg, Germany.



Chapter 2

Literature Review

In this chapter, an extensive literature review of the research on Fe-SMAs has been performed.
The pre-existing applications of Fe-SMAs have been discussed in detail. A part of the literature
study has also been stated in the respective chapters.

2.1 Types of Fe-SMAs

It has been observed that there are many types of Fe-SMAs which have been categorized as;
(1) FeMnSi based shape memory alloys, (2) ferromagnetic shape memory alloys, and (3)
FeMnAl based shape memory alloys. FeMnSi-SMAs is the most renowned type because the
researchers are typically interested in this type due to their better properties as shown in Fig.
2.1 [3]. Unlike FeMnSi-SMAs, ferromagnetic shape memory alloys especially FeNiCo shape
memory alloys are magnetic shape memory (MSM) materials which are operated in martensite
phase when microstructure is twinned, and deformation takes place by twin boundary motion.
The twin structure can be associated with magnetic domain structure because MSM materials
are ferromagnetic if the material has high magneto-crystalline anisotropy. That’s why, the
applied magnetic field can influence the twin structure and cause deformation by twin boundary
motion [18]. Therefore, the research is being done to develop the knowledge to raise the
martensite temperature of the FeNiCo system in order to achieve the shape memory at room
temperature [19]. Contrary to FeMnSi-SMAs, the shape memory effect of FeMnAI-SMAs is
only reported by Ishida et al. [20][21] in his patent. Vollmer et al. recently observed that rapid
quenching of polycrystalline FeMnAl based alloy in cold water results in crack formation
mainly at grain boundaries of a phase, furthermore, cooling rate is slowed down when crack
formation is suppressed by means of solution treatment [21][22].
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Fig. 2.1: Different types of Fe-SMAs |3]

2.2 Applications of ferrous based shape memory alloys

Nitinol has wide-ranging applications in many fields [23], however, the applications of Fe-
SMA s are drastically increasing at present times [24][25]. The detailed review of pre-existing
applications of Fe-SMAs has been performed and it has been clearly observed that there is a
considerable percentage increase in the applications of Fe-SMAs during the preceding years.
The following pre-existing applications of Fe-SMAs have been found from literature study.

Fe-SMAs are the most promising candidates for fast development in the construction industry
as well as for repairing civil structures when using these SMAs as pre-stressing tendons. Until
now their applications are not completely discovered [10][11]. They are being utilized for the
strengthening of concrete beams using near surface mounted (NSM) method. Wearing and
tearing of concrete bridges can be avoided using Fe-SMASs strips. Fe-SMASs are suitable as strips
because they are very ductile prior to failure [26][27]. The possibility of using Fe-SMA strips
is discussed instead of using; (i) fibre-reinforced polymer (FRP) strips because Fe-SMA strips
result in the recovery stress ranging from 250 to 300MPa, and (ii) carbon fiber reinforced
polymer (CFRP) strips because their bond shear stress with epoxy came out to be 14MPa while
it is observed to be 4MPa in case of ribbed Fe-SMA with mortar. Mortar is a paste used to bind
bricks, stones and building blocks [1][28]. Recently developed Fe-SMA with the composition
of Fe-17Mn-5Si-10Cr-4Ni-1VC (mass %) shows encouraging properties with respect to
potential for shotcrete layer to strengthen reinforced concrete (RC) structure [29]. This
technique of shotcrete is used to construct and repair the structures [10], swimming pools [30],
mine support [31], building columns, building beams [32], retaining walls, foundations
[33][34], refractory [35], artificial rock [36]. The behavior of the properties of two different
smart elastomeric bearings composed of SMA wire have been illuminated as shown in Fig. 2.2.
Based on different parameters such as variety of SMA, shear strain amplitude, base isolator
aspect ratio, SMA wire thickness and the quantity of pre-strain existence in wires for shape
memory alloy based natural rubber bearings (SMA-NRBs) performance; have been examined.
Fe-Ni-Cu-Al-Ta-B SMA with 13.5% superelastic strain and a very low austenite finish
temperature (-62°C) has been proposed as the best material to be used in SMA-NRBs, exposed
to high shear strain amplitudes. One of the well-known seismic control methods being used in
bridges, buildings, and other civil structures is seismic base isolation. Different types of base
isolators such as lead rubber bearings, high-damping rubber bearings, friction pendulum
bearings, and steel plate dampers etc. are being used all around the world depending upon their
practice and needs. The main reason for the use of base isolators is their high flexibility, which
results in the change of natural period to a safer value far away from the critical period range
of an earthquake. It has been indicated that the seismic response of bridges to an earthquake
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can be considerably controlled using elastomers isolators wrapped in SMA wires. An isolator
composed of eight SMA coil springs has been recommended. It has been assumed that these
SMA coil springs can be used with rubber bearings or friction pendulum systems permitted to
control the vertical and horizontal impacts on civil structures [37]-[39].

a . b
_ Supporting

Steel Plate

- SMA Wire 1

Steel _
Hook

Fig. 2.2: Smart Rubber Bearings (a) straight SMA wires (b) cross SMA wires [37]-[39]

Fe-30Mn-6Si-4Cr-5Ni stainless SMA is used to make Fe-SMA nuts. By using such type of nut;
(1) self-locking frictional moment is considerably increased, (2) axial load uniformity among
different screw teeth is improved, (3) failure phenomena is reduced, (4) thread connection
loosening is prevented, (5) disengaging is controlled, and (6) thread fatigue fracture is prevented
[40]. SMA stone breakers based on Fe-SMA have their example applications such as stone
exploitation, pre-splitting blasting, and demolition blasting. The devices like rock splitter are
based on high force and high temperature shape memory alloys (HTSMAS). They need the
material which can generate extremely large force by thermal input [41]. Fig. 2.3 shows the
mechanism for Fe-SMA wires with cross-sectional area of 19.6mm? which are passed through
the hole located in the bolt in order to avoid sliding. The wire is wrapped around this bolt which
results in pre-strain of SMA wire (2%). The advantage of the suggested mechanism is its high
accuracy in adjusting the level of pre-strain by accurately tightening the bolt [38].
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Fig. 2.3: Pre-strain Fe-SMA wires [38]

Coupling for shafts as shown in Fig. 2.4 is one of the inspiring applications because couplings
of Fe-15Mn-5Si-9Cr-5Ni SMA are found to recover 83% of their diametrical expansion. Hence,
suitable for a large number of industrial applications [42][43][44].



Fig. 2.4: Finished prototype Fe-SMA coupling [42][43]

In 2003, pipe joints made of Fe-28Mn-6Si-5Cr SMA as shown in Fig. 2.5 have been employed
in the construction of the Wakunami tunnel in Kanazawa, Japan. The pipes were short-curved
pipes having several meters length with an external diameter of about 300mm. The pipe joints
made of Fe-SMA were found to be outstanding for efficiently connecting to these curved pipes

[7].

Curved pipe

Pilot tunnel

Shape-memory alloy joints

AL

Fig. 2.5: Pipe joints of Fe-SMA [7]

Unique properties of ferromagnetic shape memory alloys (FSMASs) such as magnetic field
induced strain (MFIS) and quick response make them useful for diverse applications e.g.
sensors and actuators. Furthermore, in order to get excessive MFIS, some specific magnetic and
micromechanical requirements must be met. Currently, several types of alloys are found to
exhibit a magnetically-induced shape memory effect including NiMnGa, NiFeGa, FePd, FePt
[45][46].

The literature manifests the benefits of ferrous (Fe) based alloys over magnesium (Mg) based
alloys as stent material, because of their ductility and strength. Pure Fe and Fe based alloys e.g.
Fe-21Mn-0.7C-1Pd have been suggested as manufacturing materials for ferrous based alloy’s
stent applications due to superelasticity as shown in Fig. 2.6. Owing to the already existence of
Si in the human body, ferrous based alloy (Fe-30Mn-6Si) has been established due to its
compatibility with the human body [47][48].



Fig. 2.6: Cardiovascular Stent of Fe-SMA [47]

SMAs are also classified into ferromagnetic shape memory alloys (FSMASs) which exhibit
remarkable properties such as magnetically switchable strains of several percents at a constant
temperature. Besides, they also show superelasticity in addition to ferromagnetic shape memory
(FMSM); that make them appropriate for medical applications. Fe-Pd has been a promising
candidate for new types of biomedical devices. Several biomedical devices such as actuators,
valves, stents, bone prostheses, and matrices for tissue engineering use Fe-Pd SMA because of
its biocompatibility with different cell types [49].

A bridge girder is reinforced by inserting Fe-Mn-Si-Cr SMA rods of 10.4mm diameter which
cross through the cracks and strengthens the girder as shown in Fig. 2.7. The property of shape
memory effect was used in this application. The rods were heated by electric power, thus, crack

width reduces by 40% [50].
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Fig. 2.7: Fe-SMA rods crossing the cracks [50]

It has been observed that the features like shape memory behavior, critical stress and proof
stress for Fe-14Mn-3Si-10Cr-5Ni SMA can be improved by thermomechanical treatments,
making them useful for the applications such as large shape memory devices, hard metal/alloy
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joining in transport systems, protective casings for ceramic parts, nozzles of bottom blown
oxygen furnaces for melting of iron and railway rail tracks joining [51]-[55]. The crane rail
fishplates are manufactured by using Fe-27Mn-6Si-5Cr-0.05C SMA and Fe-28Mn-6Si-5Cr
SMA as shown in Fig. 2.8 [7][56].

Fig. 2.8: Fishplates [7]

W. Huang has reported the selection of SMAs for actuators amongst three different
polycrystalline SMAs using the parameters investigated through differential scanning
calorimetry (DSC), laser flash analysis (LFA) and dilatometry [57]. The SMAs are suitable for
active vibration control which sometimes uses tuning of material properties in order to control
vibrations. SMAs are more suitable for low-frequency vibration control [58]. A ferromagnetic
shape memory alloy (FSMA) actuator as shown in Fig. 2.9, shows its working principle where
spring is actuated by generating a magnetic field, consequently, the spring elongates. The
greater the magnetic flux the larger will be the magnetic field produced. SMAs function as
actuators due to their shape memory effect [59].

Source of Magnetic
Field

Fig. 2.9: FSMA actuator [59]

The FSMA actuators have the ability to replace pneumatic, hydraulic and electromagnetic
drives in many applications. Fe-Ni-Co-Al-Nb has the potential for temperature independent and
large-scale actuator applications [60][61]. It has been observed that thermal diffusivity differs
considerably during the range of transformation temperatures for active materials and the
temperature dependence of thermal diffusivity is very significant when SMA is used as
thermally activated actuators because the switching time of actuators is linked with the ability
of SMA to transfer heat [62]. Fig. 2.10 shows three different types of SMA actuators; (i) an
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SMA element is elongated primarily in the one-way actuator of Fig. 2.10a at low temperature,
then it is heated to pull the element P towards left, (ii) heating and cooling of an SMA element
cause back and forth movement of P element in the biased actuator of Fig. 2.10b and (iii)
alternate heating and cooling of two one-way SMA elements cause back and forth movement
of P in the two-way actuator of Fig. 2.10c. Additionally, SMAs can be heated by; (i) passing an
electrical current through SMA if it is in the form of wire or spring of small diameter, (ii)
passing electrical current through high resistance wire or tape which is wrapped around SMA
if there is bulk SMA, or (iii) hot water or hot air or exposing to thermal radiation [63]. It has
been revealed that thermomechanical applications of Fe-15Mn-10Cr-8Ni-4Si SMA have not
been investigated so far.

—= ——
SMA F SMA
(a) (b)
]
A
SMA SMA

(c)

Fig. 2.10: Different basic types of actuators [63]

2.3 Production of investigated alloy

The production of investigated Fe-15Mn-10Cr-8Ni-4Si SMA is the very first step of work done
in this thesis, therefore, a brief literature study is performed how to produce the investigated
alloy.

Sawaguchi et al. [4] prepared many Fe-SMAs including Fe-15Mn-10Cr-8Ni-4Si SMA by
melting different elements and formed into 10kg ingots. Stanford [64] produced the stainless
FeMnSi-SMA as a 27g button using arc melting for the analysis of transformation behavior.
Stanford et al. prepared FeMnSi SMAs by using arc-melting as 50g buttons under an argon
atmosphere using high-purity Fe, Mn and Si [65]. Lin et al. and Gurau et al. produced Fe-28Mn-
6Si-5Cr-0.1Ta SMA and Fe-28Mn-6Si-5Cr SMA by an arc melting furnace [66][67]. The Fe-
15Mn-7Si-9Cr-5Ni SMA has been prepared by Maji et al. using non-consumable arc melting
|68]. Tsuzaki et al. [69] prepared Fe-15Mn-10Cr-8Ni-4Si SMA by electric arc melting which
was casted into a 2t ingot for fatigue crack propagation analysis related to martensitic
transformation from face centered cubic (fcc) to hexagonal close-packed (hcp) phase. The ingot
was hot rolled into a 21mm thick plate which was solution treated at 1100°C for 3600s and
subsequently air cooled. The advantage of electric arc melting is that it is pollution free,
outstanding metallurgical control (the close control of chemical analysis due to lack of
atmosphere), independent control of pressure & temperature, prevent the reactions with
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atmospheric gases, the undesirable gases and potentially harmful volatile elements are
eliminated from the melting chamber, and high temperature (3500°C) can be reached in this
method. However, it needs better furnace material, less rust and oil.

Nikulin et al. [6][70] produced shape memory alloys with chemical compositions of Fe-15Mn-
10Cr-8Ni-xSi (x = 0, 2, 4, 6 wt.%) by induction furnace melting in order to analyze their low
cycle fatigue (LCF). Later, they again produced the investigated Fe-15Mn-10Cr-8Ni-4Si
seismic damping alloy by induction furnace melting as 10kg ingots in order to see the effect of
strain amplitude on its LCF. The advantage of the induction furnace is that well-controllable
melting process, clean, and energy efficient. The life of refractory lining of induction furnace
is low as compared to electric arc furnace. Refining in Induction Furnace is not as effective as
in electric arc furnace.

Cladera et al. [10] said that the most common method used for the production of FeMnSi-SMAs
is a thermo-mechanical process involving melting and casting in high vacuum. It is
advantageous in improving the mass production. It is cost-effective as well. The other
advantages include the gas elimination in order to control the chemical composition. In recent
years, there has been a massive growth in installations of new melting and casting equipment
under vacuum. It is mainly due to increasing demand from aerospace and power turbine
industries which follow the simple philosophy: “Impurities that are not generated do not have
to be removed.” It means, the machine parts which are used under high thermal stress,
cleanliness, non-metallic inclusion content and inclusion size are very important because they
influence the lifetime of such parts.

The investigated Fe-15Mn-10Cr-8Ni-4Si SMA used in this thesis has been produced by the
available facility of electric arc melting at the Institute of Materials and Joining Technology
(IWF), Otto von Guericke University (OvGU) Magdeburg, Germany.

2.4  Thermally induced phase transformation

It has been observed from the detailed study of the literature that thermally induced phase
transformation behavior of Fe-15Mn-10Cr-8Ni-4Si SMA has not been investigated so far.
However, one should know how to perform an analysis for thermally induced phase
transformation, which experimental apparatus should be used, how much should be the
temperature range for such analysis, and how to understand and elaborate the obtained results.
In order to achieve these goals, following literature study on Fe-SMAs other than Fe-15Mn-
10Cr-8Ni-4Si SMA has been performed.

Austenite is the high temperature phase with fcc crystal structure whereas martensite is the
lowest temperature phase with hcp crystal structure. Austenite start temperature (As) is the
temperature at which the mart