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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 (SMAs) 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. 
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Zusammenfassung 
 

 

 

 

 

Materialien, die aus mehr als einer Phase bestehen, haben spezielle Anwendungsfelder, 

in denen andere Materialien versagen. Heutzutage können altbekannte 

Formgedächtnislegierungen (FGL, englisch SMAs) durch eisenbasierte 

Formgedächtnislegierungen (Fe-SMAs) ersetzt werden, da die Forschung deren 

herausragende Eigenschaften wie niedrige Kosten, hohe Kaltumformbarkeit und gute 

Schweißbarkeit aufgezeigt hat. Die Fe-SMA mit der Bezeichnung Fe-15Mn-10Cr-8Ni-

4Si (Gew. %) wurde für diese Thesis ausgewählt, da die eisenbasierten 

Formgedächtnislegierungen großes Potenzial haben, das Gegenstück zu Nitinol zu 

bilden. Auch wenn bzgl. der mechanischen Eigenschaften und möglichen 

Anwendungsgebiete der Fe-SMAs im vergangenen Jahrzehnt bereits ein hohes Maß 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 möglichen Anwendungen und Eigenschaften noch nicht 

vollständig aufgedeckt wurden. Für die Zukunft geht das Interesse über das 

mechanische Verhalten der Fe-SMAs hinaus und bezieht das thermomechanische 

Verhalten ein. Dieses ist wichtig. da die Phasentransformation (Austenit ↔ Martensit) 

schließlich mit Temperaturänderung in Verbindung gebracht wird. Ebenfalls hat es 

Relevanz für 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 für die thermomechanischen 

Anwendungen untersucht, weshalb dies in der vorliegenden Arbeit unter der Nutzung 

von Experimenten umgesetzt wird. Darüber hinaus werden signifikante mechanische 

Untersuchungen durchgeführt, die bisher in dieser Form nicht getätigt 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. 
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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-

SMAs 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]. 

 
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 1x10-2); 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 α-ferrite and to restrict the progress of α΄-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 Nf 

(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]. 

 
Fig. 1.3: Percentage increase in applications of Fe-SMA [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-

SMAs. 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. 
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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 FeMnAl-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 α 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-

SMAs 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-SMAs strips. Fe-SMAs 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 (-62oC) 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]. 

 

 
 

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 19.6mm2 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]. 

 

 
 

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]. 
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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]. 

 

 
 

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

 

Unique properties of ferromagnetic shape memory alloys (FSMAs) 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]. 
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Fig. 2.6: Cardiovascular Stent of Fe-SMA [47] 

 

SMAs are also classified into ferromagnetic shape memory alloys (FSMAs) 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]. 

 

 
 

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]. 

 
 

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 

Source of Magnetic 

Field 
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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. 

 

 
 

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 martensite (or any intermediate phase like R-phase) to austenite 

transformation starts upon heating of the material. Austenite finish temperature (Af) is the 

temperature at which martensite (or any intermediate phase like R-phase) to austenite 

transformation is completed upon heating. Martensite start temperature (Ms) is the temperature 

at which the transformation of austenite to martensite starts upon cooling of material. Martensite 

finish temperature (Mf) is the temperature at which the transformation of austenite to martensite 

is completed upon cooling. Van Caenegem et al. [71] used Bähr dilatometer in order to 

determine the transformation temperatures. Koyama et al. and Khalil et al. [72][73] measured 

the phase transformation temperatures for different FeMnSi-SMAs using differential scanning 
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calorimetry (DSC). Maji et al. [68] also used DSC to determine the forward and reverse 

martensite transformation temperatures of Fe-15Mn-7Si-9Cr-5Ni stainless steel shape memory 

alloy. Dogan et al. [74] performed the DSC analysis at heating/cooling rate of 20 K/min. Then 

exothermic and endothermic events were identified at 325°C and 75°C during heating and 

cooling, respectively. DSC (Mettler-Toledo DSC 822e) was used by Maji et al. [75] in order to 

measure the characteristic martensite transformation temperatures of the specimens containing 

about 50 to 60mg mass at 10 K/min heating/cooling rate. 

 

Though, FeMnSi-SMAs upon cooling can exhibit a martensitic transformation. Phase transition 

temperatures for Fe-27Mn-25Si SMA were found by using DSC and by dilatometry with 

thermal cycle’s range of -196°C → 350°C. It was done in order to investigate the effects of 

thermal cycling on transition temperatures Ms, Mf, As, and Af. The DSC curve in Fig. 2.11 

shows that the reverse transition temperatures on heating (As and Af) could easily be measured 

by the intercept method [76]. Thermally induced phase transformation of the Fe-SMA of 

interest has been investigated in this thesis by means of differential scanning calorimetry. 

 

 
 

Fig. 2.11: Interception on DSC curves to measure transformation temperature [64] 

 

DSC2920 instrument equipped with liquid nitrogen cooling was used to measure the 

transformation temperatures of Fe-28Mn-6Si-5Cr and Fe-28Mn-6Si-5Cr-0.1Ta SMAs. 

Martensite start temperature (Ms) for above-mentioned Fe-SMAs were found to be 11.13°C and 

-6.39°C respectively in cooling curves whereas enthalpy of transitions are areas under the 

curves as shown in Fig. 2.12 [77]. 

 

 
 

Fig. 2.12: DSC curves for above mentioned SMAs [77] 
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To circumvent that during DSC measurements the investigated alloy is not consisting a pure 

martensitic structure. The sample is cooled by liquid nitrogen to approximately -195.8°C and it 

is assumed that below this temperature no residual austenite should be existing. Then, they were 

heated in DSC to determine the reverse transformation from martensite to austenite. Disk 

specimens with a diameter of 5mm were prepared and heated with a controlled rate of 

temperature with DSC thermal analyzer after immersing into liquid nitrogen for martensitic 

transformations to take place [72]. Fe-12.5Mn-4.5Si-6.2Ni-9.4Cr-0.5Ti SMA specimen was 

also immersed in liquid nitrogen before starting the measurement and then heated from room 

temperature to 300°C, in order to obtain the transformation behavior. The Ms was investigated 

to be far below the DSC temperature limit [64]. 

 

DSC was used with temperature range of 40°C to 300°C and cooling/heating rate of 10 K/min 

to measure the martensite transformation temperatures (forward and reverse). DSC 

measurements were made on specimens weighing 40 to 50mg at the range of (-75°C → 200°C) 

[67][78]. Martensite start temperature (Ms) of FeMnSi-SMAs exists between the temperature 

ranges of -60°C to 135.85°C, martensite finish temperature (Mf) of FeMnSi-SMAs exists 

between the temperature ranges of -64°C to 102°C, austenite start temperature (As) of FeMnSi-

SMAs exists between the temperature ranges of 41°C to 301.85°C, and austenite finish 

temperature (Af) of FeMnSi-SMAs exists between the temperature range of 89°C to 387.85°C 

[79]. 

 

 

2.4.1 The intermediate phase while measurement of thermally induced phase 

transformation 

 

It is very important to inspect if there exist intermediate phases like the so-called R-phase 

among others in the material. In most cases, they can influence the material properties in an 

undesired way. 

 

Sawaguchi et al. observed that ά-martensite intermediate phase (bcc) can exist in Fe-SMAs 

before deformation. They showed that the alloys in Fe-Mn system possessing ά-martensite 

intermediate phase exhibit lower number of cycles to fatigue failure (Nf) [4]. Nikulin et al. 

indicated that ά-martensite is not beneficial for improving LCF resistance [9]. Tsuzaki et al. 

found out that fatigue cracks have a tendency to propagate through ά-martensite and it can 

accelerate the secondary cracking and zigzag crack path [69]. Some SMAs have another 

intermediate phase called rhombohedral phase (R-phase) between austenite and martensite. 

Upon heating the SMA from low temperature, the material may transform from martensite to 

R-phase first and then to austenite upon further heating [80]. The difference in bending of SMA 

orthodontic wires at room temperature is attributed to R-phase which is like a cube with a=b=c 

but α=β=γ≠90° [81]. Pelton et al. found the emergent R-phase during DSC measurement [82]. 

Tobushi et al. showed that the slight bend on the loading curve is a plateau phenomenon due to 

R-phase transformation [83]. The hysteresis related with R-phase is usually narrow and 

corresponding phase transformation strain upon stressing is also small i.e. about 0.2%, 

consequently, it cannot be used as actuator other than switch [57]. Fig. 2.13a shows body 

centered cubic (bcc) lattice showing ά-martensite intermediate phase, whereas, Fig. 2.13b 

shows rhombohedral lattice showing rhombohedral intermediate phase (R-phase); as discussed 

above in this paragraph. 



15 

 

    
 

Fig. 2.13: Intermediate phases; (a) body centered cubic (bcc) lattice showing ά-martensite 

intermediate phase, and (b) rhombohedral lattice showing rhombohedral intermediate phase 

(R-phase) 

 

The discussion mentioned in this paragraph is very helpful to elaborate the results obtained 

from differential scanning calorimetry containing intermediate phases. Fig. 2.14 shows the 

transformation behavior of the specimen weighing approx. 60-100mg and temperature range of 

25°C → 625°C at 5 K/min heating rate. According to Fig. 2.14, the specimen with 2% 

deformation showed two trends in peaks, an endothermic peak which is between 100°C - 200°C 

as well as an exothermic peak at a temperature range of 400°C - 550°C. Similarly, the specimen 

with 4 - 10% deformation followed the same trend except for the third endothermic peak (in 

fact second endothermic peak) between 530°C - 600°C. The first endothermic peak between 

100°C - 300°C is possibly associated with ε → γ transformation. Likewise, the second 

endothermic peak at a range of 530°C – 600°C is associated with ά → γ transformation.  It is 

observed that for the specimen with 6% deformation, the first endothermic peak between 100°C 

- 200°C associated to ε → γ transformation divides into two more peaks without affecting the 

other two peaks. At 14% deformation of specimen the first endothermic peak completely splits 

into two peaks comprising the temperature ranges of 50°C - 140°C and 200°C - 380°C. 

Alternatively, the second endothermic peak at a range of 530°C - 600°C which is related to ά 

→ γ transformation can only be observed for the specimens having deformation more than 4 

%. Reverting the ε-martensite to the parent phase lies in the temperature range of 100°C - 300°C 

and is shown by the enthalpies of transformation. The quantity of ά-martensite increases by 

increasing the amount of deformation. It is also evident from the fact that the peak due to ε-γ 

transformation decreases whereas the peak due to ά → γ transformation increases by increasing 

the deformation [84]. 
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Fig. 2.14: DSC thermograms showing the phase transformation [84] 

 

 

2.5 Stress-induced phase transformation 
 

The detailed literature study shows that stress-induced phase transformation behavior of Fe-

15Mn-10Cr-8Ni-4Si SMA has not yet been investigated. However, it is very important to 

understand the insight of such type of transformations in order to perform the experimentation 

associated with stress-induced phase transformation of investigated Fe-SMA. 

 

The stress-strain-temperature diagram in Fig. 2.15 is found to be suitable to learn how to 

investigate the stress-induced phase transformation for a material. The alloy is in an austenitic 

state at point O. The alloy is cooled below Mf from O → A without applying any stress, 

consequently, complete transformation takes place from austenite to martensite (twinned) 

because it has been cooled below martensite finish temperature, but the material is still un-

deformed at A. The stress is applied from A → B, therefore the material is deformed through 

reorientation and de-twinning of martensite; thus, the material is deformed at B. The load is 

released from B → C which results into elastic unloading of the reoriented de-twinned 

martensite, but the material is still deformed at C. The material recovers its initial shape when 

it is heated from C → D where the austenitic finish temperature is reached [85]. 

 

The stress is now applied on austenitic alloy above Af from O → E, there takes place the stress-

induced austenite to martensite transformation. Upon unloading from E → O, there takes place 

martensite to austenite transformation and the superelastic deformation will be recovered, 

demonstrating a hysteresis loop in the stress-strain diagram [85]. 
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Fig. 2.15: Stress-strain-temperature diagram [85] 

 

Various advantageous mechanical characteristics such as ductility, and strain hardening in 

austenitic ferrous high-manganese alloys and steels are induced as a result of deformation 

induced γ to ε martensitic phase transformation (ε-MT) [9], [10], [86]–[88]. In SMAs the 

martensitic transformation is a crystalline phase change that occurs by applied stresses or by 

temperature changes. This is a displacive process in which transformation to martensite takes 

place by shearing mechanism [89][90]. The stress-strain response at different temperatures, the 

stress-strain responses under loading as well as unloading, and material parameters like 

modulus of elasticity; are investigated for Fe-SMA of interest through uniaxial compression 

analysis and biaxial compression analysis. 

 

 

2.6 Properties of different ferrous based shape memory alloys 
 

FeMnSi-SMAs are being studied intensively as the next-generation structural steels [91]. They 

exhibit superior mechanical properties owing to characteristic plasticity mechanisms such as 

mechanical γ-twinning and a deformation-induced γ-ε martensitic transformation; these 

phenomena are called twinning plasticity (TWIP) effect and transformation-induced plasticity 

(TRIP) effect respectively [92]. Recently, Sawaguchi et al. [93] proposed that it is possible to 

use FeMnSi-SMAs for seismic damping, their dampers absorb vibrations of the buildings, 

however, severe deformations cause fatigue in the damper metal. An FeMnSi-SMA was 

reported to show a stable damping capacity associated with reversible martensitic 

transformations under cyclic push-pull loading [94]. The stable deformation behavior with 

improved fatigue properties makes them highly suitable for application as seismic dampers 

particularly against long-duration earthquakes. That’s why, it was attempted to develop new 

FeMnSi-SMAs with enhanced LCF (Nf) and a composition of Fe-15Mn-10Cr-8Ni-4Si (wt. %) 

was found to be fit for this purpose as shown in Table 2.1 [4]. 

 
Table 2.1 [4] 

Number of cycles to fatigue fracture for different compositions of Fe-SMAs including improved LCF life of the 

investigated alloy 

Sr. # Chemical Composition 

Number of cycles to fatigue 

fracture, Nf  

(cycles) 

Fe-xMn 

x = 5 Fe-4.95Mn 278 

x = 10 Fe-9.77Mn 294 

x = 15 Fe-14.9Mn 426 

x = 20 Fe-19.8Mn 684 
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x = 25 Fe-24.0Mn 1620 

x = 30 Fe-28.4Mn 994 

x = 35 Fe-32.3Mn 884 

x = 40 Fe-39.7Mn 287 

Fe-33Mn-ySi 

y = 0 Fe-33.3Mn 917 

y = 2 Fe-33.2Mn-1.9Si 2318 

y = 4 Fe-33.9Mn-3.9Si 3162 

y = 6 Fe-32.5Mn-6.1Si 2833 

Fe-30Mn-zSi-(6-z)Al 

z = 0 Fe-30.0Mn-5.8Al 750 

z = 1 Fe-29.9Mn-1.0Si-5.25Al 770 

z = 2 Fe-30.5Mn-2.0Si-4.1Al 1790 

z = 3 Fe-29.9Mn-3.0Si-3.0Al 2112 

z = 4 Fe-30.0Mn-4.1Si-2.0Al 8374 

z = 5 Fe-30.1Mn-5.0Si-0.97Al 2080 

z = 6 Fe-30.1Mn-6.1Si 2024 

Fe-15Mn-10Cr-8Ni-sSi 

s = 0 Fe-14.9Mn-10.3Cr-8.1Ni 2858 

s = 2 Fe-15.0Mn-10.4Cr-8.1Ni-1.7Si 3205 

s = 4 Fe-15.0Mn-10.0Cr-8.0Ni-4.0Si 8466 

s = 6 Fe-15.0Mn-10.4Cr-8.1Ni-1.7Si 4451 

 

 

2.7 Dimensional changes of material 
 

The literature of dimensional changes for the investigated Fe-15Mn-10Cr-8Ni-4Si SMA is not 

available at all.  However, there must be a knowledge of experimental apparatus, experimental 

procedure and how to investigate the density change, dimensional changes etc. for the alloy of 

interest. That’s why, the following literature study has been performed. 

 

The shape memory alloy samples have been heated from RT to 130°C with the rate of heating 

of 280 K/min by means of a dilatometer (DIL 402 C/7 Netzsch), in order to measure the 

dimensional changes during heating [95]. Huang measured density of SMAs in order to perform 

their selection for actuators. Transformation temperature and hysteresis decide the environment 

where the real engineering application of shape memory alloy is. On one hand, high actuation 

stress is required in some applications, on the other hand, high strain (which corresponds to 

large displacement) is required. In case of a lightweight actuator instead of actuation stress the 

specific actuation stress (= stress/density) should be as high as possible [57]. 

 

 

2.8 Biaxial and uniaxial compression 
 

Biaxial compression analysis of the investigated Fe-15Mn-10Cr-8Ni-4Si SMA has not yet been 

performed. This thesis is also concerned with the mechanical behavior of Fe-15Mn-10Cr-8Ni-

4Si SMA under biaxial compression to show and to understand its behavior under complex 

loading. 

 

It has been observed that multiaxial stresses influence the mechanical behavior of SMAs 

[96][97][98]. There is high degree of asymmetry between tensile and compressive behavior of 

SMAs [96][97][99], therefore, mechanical loadings should be performed in all the zones shown 

in Fig. 2.16 if all mechanical responses of SMA are needed to be observed in this plane. For 

analyzing the upper semi-plane, tension-compression-internal pressure tests are required on 
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tubular specimen (Fig. 2.16). There are two solutions for analyzing the lower semi-plane (Fig. 

2.16); (i) tension-compression-external pressure on tubular specimen which is comparatively 

difficult and (ii) biaxial compressive test [100]. These tests were initially developed to 

investigate the behavior of concrete [101] and ice [102]. This biaxial compressive test gives an 

analysis of left lower quarter zone as shown in Fig. 2.16 [103]. 

 

 
Fig. 2.16: Tension-compression-internal pressure test and bi-compression test [103] 

 

The stress-strain curves for biaxial compression of Cu-Al-Be SMA at 35°C have been reported 

in Fig. 2.17. These tests are devoted to the study of martensitic transformation [104]. 

 

  
 

Fig. 2.17: Biaxial compression test showing stress-strain curves in (σxx ,εxx) plane and stress-

strain curves in (σyy ,εyy) plane [104] 

 

The microstructure has also been analyzed in this thesis after deformation by uniaxial 

compression in order to observe stress-induced ε-martensite (hcp). 
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Chapter 3 
 

 

Aim and Focus of the Present Thesis 
 

 

 

 

 

As discussed in preceding chapters that this thesis focuses on one of the FeMnSiX-SMAs where 

X shows other elements. They belong to a class of Fe-SMAs which are becoming distinguished 

nowadays. 

 

 

3.1 Reason for the selection of Fe-SMA 
 

There are following reasons to select the Fe-15Mn-10Cr-8Ni-4Si SMA in this thesis; (1) it is 

cheap, (2) it is commercially available, (3) it has been newly invented, (4) increasing rate of 

applications of Fe-SMAs, (5) its application as seismic vibration control buildings and 

structures, (6) the research on properties of newly advent of several types of Fe-SMAs during 

the last decade shows that they have immense potential to be the counterpart of Nitinol, and (7) 

the complete mechanical behavior and thermomechanical behavior of Fe-SMA have not been 

investigated so far which are required for many practical mechanical as well as 

thermomechanical applications. 

 

 

3.2 Aim of the present thesis 
 

The materials comprising of more than one phases have very special applications where other 

materials cannot work. The most famous shape memory alloys might be replaced by Fe-SMAs 

since the research has unfolded their outstanding features as mentioned in chapter 1, therefore, 

one of the Fe-SMAs is used in this thesis. Numerous researches have been done on Fe-SMAs 

during last decade. Several studies have been made on mechanical properties of the Fe-SMAs. 

There are several researches available showing different mechanical applications which exist 

presently. 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 
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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. 

 

The scope of the present thesis is to explore the following for Fe-15Mn-10Cr-8Ni-4Si SMA in 

order to achieve the above-mentioned goals, 

 

• Production of the investigated Fe-SMA. 

• The primary objective is the determination of thermal conductivity over a range of 

temperatures, λ (T) mentioned in Eq. 3.1 for Fe-15Mn-10Cr-8Ni-4Si SMA; which is 

utmost important to determine the potential of any material for thermomechanical 

applications as well as due to ever-increasing quantity of materials which can be used 

in high-temperature applications. 

 

λ (T) = α (T) ∗ ρ (T) ∗ CP (T)       (3.1) 

 

Where λ (T), α (T), ρ (T) and CP (T) denote the temperature dependent thermal 

conductivity, thermal diffusivity, density, and specific heat respectively. These are very 

significant while using SMA as actuators which require a short-time response. The 

differential scanning calorimetry is used to measure CP (T), dilatometry is used to 

measure ρ (T), and laser flash apparatus is used to measure α (T). 

• The prediction of response times of active materials is significant for efficient use as 

actuators. Rohde et al. 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]. Therefore, this thermal diffusivity over a range of 

temperatures, α (T) mentioned in Eq. 3.1 for Fe-15Mn-10Cr-8Ni-4Si SMA has been 

investigated in this thesis. 

• The density, ρ (T) and specific heat capacity, CP (T) over a range of temperatures for 

Fe-15Mn-10Cr-8Ni-4Si SMA have been investigated which are important to be used in 

Eq. 3.1 to compute λ (T) whose importance has already been explained. 

• Zanotti et al. [105] proved from their numerical work that the dependence of thermal 

diffusivity, density, specific heat and thermal conductivity on temperature is necessary 

to start numerical computations. 

• The thermally induced phase transformation behavior for Fe-15Mn-10Cr-8Ni-4Si SMA 

has been investigated in this thesis which decides the environment where the real 

engineering application of shape memory alloy is. 

• The determination if the austenite start temperature, As of Fe-15Mn-10Cr-8Ni-4Si SMA 

is equal to that of human body so that it can be used inside human body. Therefore, As 

for Fe-15Mn-10Cr-8Ni-4Si SMA is investigated in this thesis. 

• The austenite finish temperature, Af is unavoidable to be found out for experimental 

investigation of pseudoelasticity. Thus, Af for Fe-15Mn-10Cr-8Ni-4Si SMA is also 

investigated in this thesis. 

• Sawaguchi et al. said that ά-martensite phase (bcc) exists in some materials. They also 

showed that the alloys possessing ά-martensite phase exhibit a lower number of cycles 

to fatigue failure (Nf) [4]. Nikulin et al. indicated that ά-martensite is not beneficial for 

improving LCF resistance [9]. Tsuzaki et al. said that fatigue cracks have a tendency to 

be propagated through ά-martensite phase i.e. ά-martensite can accelerate the secondary 
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cracking and zigzag crack path [69]. An approach has been proposed in this thesis to 

get rid of this disadvantageous ά-phase from Fe-15Mn-10Cr-8Ni-4Si SMA. 

• The precise knowledge of dimensional changes of material is crucial for the products 

which are in contact while heating applications to avoid stresses and possible cracking. 

It is important because some materials have very high variations with temperature. The 

expansion of the material is very significant to be considered while designing molds for 

casting hot materials, beams, and designing large structures where substantial changes 

in dimension are expected due to temperature. Therefore, the dilatation for Fe-15Mn-

10Cr-8Ni-4Si SMA has been investigated in this thesis over a range of temperatures. 

• The coefficient of thermal expansion (CTE) is used for design purposes to determine if 

failure by thermal stress may occur thus design engineers have a considerable interest 

in CTE values of the material. Khairul Alam et al. said that Invar 36 is useful for 

aerospace applications because it has a very low value of CTE which means it exhibits 

very small changes in physical dimensions over a range of temperatures [106]. 

Therefore, CTE for Fe-15Mn-10Cr-8Ni-4Si SMA has been calculated in this thesis over 

a range of temperatures as well as the shape recovery, recovery stress, recovery strain, 

and shape recovery ratio for Fe-SMAs have also been discussed.  

• The microstructure of the material and its chemical composition strongly affects the 

physical properties, therefore, the microstructure of Fe-SMA has been investigated in 

this thesis prior to all tests. The microstructure has also been investigated after uniaxial 

compression deformation in order to see what happens to material on microstructure 

level by uniaxial compression. It is very important to see how different loadings and 

unloading affect the microstructure. 

• The materials containing more than one phases have distinct applications where other 

materials cannot work, therefore, these phases are needed to be investigated. The 

properties of materials are affected by accurate crystal lattice structure and lattice planes 

which are important for structure-based functional studies. It should be investigated 

what happens to the crystal lattice structure of material upon different types of loadings. 

All such things have been explored for Fe-15Mn-10Cr-8Ni-4Si SMA in this thesis.  

• Martensitic transformation is a crystalline phase change that can be achieved either by 

applied stresses or by temperature changes. In fact, it is displaced process in which a 

body-centered cubic parent phase (austenite phase) transforms into martensite (ordered 

and twinned) by shearing mechanism. Uniaxial compression has also been used to 

investigate the parameters like start of transformation loading, austenitic modulus of 

elasticity, residual strain, start of transformation stress during loading, and stress-strain 

points in the yield curve, yield strength, elastic strain, axial plastic strain, transverse 

plastic strain, recovery strain, and effect of temperature on the onset transformation 

stress; which are very important because SMAs take advantage of their large reversible 

deformation. 

• To use Fe-SMAs successfully in new applications, accurate and reliable prediction of 

their hysteresis response is required. It has been obtained by both loading and unloading 

processes on sample material during biaxial compression test which is related with 

stress-induced phase transformation. The mechanical behavior of Fe-SMAs is 

influenced by biaxial loadings, therefore, an extensive experimental study is necessary 

to determine; (i) the transformation onset in the left lower quarter plane, and (ii) the 

possibility of using Fe-SMA in biaxial stresses of high levels. These biaxial outcomes 

include nominal compressive stress (σyy), nominal compressive strain (εyy), nominal 

stress-strain responses (σyy - εyy). Consequently, the biaxial characterization is also 

significant to be performed for; (i) engineering design, and (ii) numerical modeling. To 

the author’s knowledge, such type of feasibility study has never been performed on Fe-
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15Mn-10Cr-8Ni-4Si SMA. In future, this experimental database will be used for the 

development of models describing the mechanical behavior of Fe-SMAs under general 

multiaxial loadings. 

 

The author has performed the detailed review of Fe-SMAs which has also been published in 

these references [3][17][79][107]. All the facilities required for this work are available at 

Institute of Materials and Joining Technology (IWF), Institute of Mechanics (IFME) and 

Institute of Fluid Mechanics and Thermodynamics (ISUT), Otto von Guericke University 

(OvGU) Magdeburg, Germany. 

 

 

 

 

 

  



24 

 

 

 

 

 

 

 

Chapter 4 
 

 

Experimental Procedures 
 

 

 

 

 

4.1 Alloy preparation 
 

The investigated Fe-SMA with material composition described in chapter 1 has been prepared 

by electric arc melting. 

 

 

4.1.1 Arc-melting 

 

Five different elements i.e. Ferrous (Fe), Manganese (Mn), Chromium (Cr), Nickel (Ni) and 

Silicon (Si) have been purchased to produce the investigated Fe-15Mn-10Cr-8Ni-4Si (wt. %) 

Fe-SMA. These elements are shown in Fig. 4.1. 

 

 
 

Fig. 4.1: Elements used (a) Fe (b) Mn (c) Cr (d) Ni and (e) Si 
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The investigated Fe-SMA has been produced having the chemical composition shown in Table 

4.1 measured by EDAX energy dispersive spectroscopy (SEM-EDS). At first, the alloy has 

been produced in the form of a 10g button. 
 

Table 4.1 

SEM-EDS chemical composition by weight (wt. %) of different elements in 10g investigated Fe-SMA 

Fe Mn Cr Ni Si 

62.85 14.63 10.43 7.89 4.2 

 

The investigated Fe-SMA contains the following weight percentage of different elements; 

 

Mn = 15wt. % 

 

Cr = 10wt. % 

 

Ni = 8wt. % 

 

Si = 4wt. % 

 

Fe = Balance = 63 wt. % 

 

Weight of 10g sample has been calculated by well-known relation W = mg, where g = 9.8 m/s2 

hence W = 0.098N. Afterwards, mass of 63wt. % Fe, mass of 15wt. % Mn, mass of 10wt. % 

Cr, mass of 8wt. % Ni, and mass of 4wt. % Si; are calculated. SARTORIUS electronic micro 

and analytical precision balance of model CP64 has been used to measure the calculated mass 

of each of the five elements. However, the exact mass of each element could not be measured 

as shown in Table 4.2. 

 
Table 4.2 

Mass of elements measured by weighing balance for 10g sample 

Sr. # Element 
Theoretical mass 

(gram) 

Real measured mass 

(gram) 

1 Fe 6.3 6.3084 

2 Mn 1.5 1.5173 

3 Cr 1 1.0164 

4 Ni 0.8 0.7959 

5 Si 0.4 0.4179 

 

Production of the studied alloy has been performed by Compact Arc Melter MAM-1 as shown 

in Fig. 4.2. This Melter has been designed to melt the samples up to 20g mass and 3500°C 

temperature. It consists of the following, 

 

1. Dismountable, water-cooled copper crucible plate as shown in Fig. 4.2b. 

2. Small melting chamber ensures fast evacuation and low argon gas consumption. 

3. Freely movable and water-cooled tungsten electrode has been used to create an arc. 

4. Reliable, contactless ignition of the arc. 
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5. Powerful arc melting generator, integrated in the housing. 

6. Eye protector containing a freely movable water-cooled electrode. 

7. Pressure Manometer. 

8. Valves (integrated in the housing) for evacuation and argon gas inlet into the arc melting 

chamber.  

9. A small roughing vacuum pump (integrated in the housing) for evacuation of the melting 

chamber. 

10. Protection against over-temperature by using a small sensor attached below the copper 

crucible plate. 

 

 
 

Fig. 4.2: (a) Arc melting machine and (b) copper crucible plate 

 

Most of the alloying elements have high affinity for nitrogen, oxygen and hydrogen, hence, 

formation of oxides and/or nitrides occurs during melting in air which influence the mechanical 

properties of materials. In order to minimize or avoid the formation of such inclusions, it is 

necessary to protect the melt from air contact. The vacuum pump has been used to create a 

vacuum inside the small melting chamber of arc melting machine, which is prerequisite for the 

insertion of argon inert gas into the melting chamber. Dial gauge shows -1.0bar when a vacuum 

has been created inside the chamber. Then, switched on the knob of the bottle having inert argon 

gas letting the gas be inserted into the small melting chamber of the arc melting machine. 

Pressure manometer shows an increment of pressure from -1.0bar to 0bar after getting insertion 

of inert argon gas into the chamber. The processes of evacuation and argon insertion have been 

performed three times. After the creation of inert environment inside the chamber, the vacuum 

pump is switched off. 

 

The current knob is switched on after switching off the vacuum pump. Tungsten inert gas (TIG) 

welding process is generally used during arc melting process that’s why it is possible to reach 

the temperatures of about 4000-10000K in the arc depending on the current. The current of 

180A has been used. Five different elements have been melted within few minutes. Switching 

on/off the current has been repeated three times to prepare an alloy button of good quality. It 

has been avoided to be repeated more than three times because manganese may evaporate. 

Additionally, the alloy button is rotated by a stirrer at top of the machine in order to achieve the 

uniform melting. Tungsten bolt or electrode has been used to create the electric arc. According 

to the manufacturer specifications, a sample with melting point (MP) up to 3500°C can be 
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melted by arc melting machine, however, a temperature of about 2000°C in the melt has been 

reached in this work. 

 

Zirconium (Zr) is an element with Atomic Number 40. It has been placed inside the small 

melting chamber in order to absorb the Residual Oxygen if any or it has been used to absorb 

any type of oxidation inside the chamber. Zirconium becomes blue whenever there exists 

residual oxygen inside the chamber or zirconium absorbs Residual Oxygen from the chamber 

and changes its color within few seconds. It stays metallic whenever there exists no residual 

oxygen inside the chamber like that in this work. 

 

 

4.1.2 The produced alloy 

 

The alloy has been prepared in the form of a button as shown in Fig. 4.3. After getting the 

required button of investigated Fe-SMA, the machine has been cleaned with abrasive fabric 

dipped in ethanol. The production process of this alloy button has been performed at IWF, 

OvGU Magdeburg. 

 

 
 

Fig. 4.3: Fe-15Mn-10Cr-8Ni-4Si (wt. %) Fe-SMA button 

 

 

4.2 Analytical methods 
 

The experimental procedures used in this work in order to achieve all the goals described in 

chapter 3, are mentioned below; 

 

 

4.2.1 Metallographic preparation 

 

To investigate the microstructure of the alloys, different preparation techniques and analytical 

methods can be used. Most of them involve metallographic preparation steps such as sample 

mounting in cold or hot hardening resin, subsequent grinding and polishing steps, and an 

etching step if necessary. 

 

Diamond or cubic boron nitride (CBN) abrasives are used for cutting the materials having a 

high value of hardness e.g. above HV700. A Struers cut-off wheel 50A13 has been used during 

the cutting process of the investigated alloy button. It is lubricated with a cooling liquid to avoid 

thermal damage. Struers cut-off wheels have been introduced to cut precisely all materials 

without structural changes because it is free from overheating or deformation. The process of 
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cutting has been performed with simple water cooling at the Institute of Materials and Joining 

Technology (IWF), OvGU Magdeburg, Germany. 

 

The cutting disks of the investigated Fe-SMA obtained from cutting process are grinded by 

using waterproof silicon carbide papers FEPA P#n where n=180, 320, 600, 800 or 1200. These 

silicon carbide papers are produced in the range of grit sizes. The process of grinding has been 

performed on BUEHLER Alpha Grinder-Polisher. Water has been used as a coolant. Perhaps, 

the cleaning and drying are the most underestimated processing steps in specimen preparation. 

Though, misleading results can be caused by improper cleaning. The disks have been cleaned 

during and after the grinding process with isopropanol and ethanol as well as dried before 

switching to the other silicon carbide paper. The benefit of cleaning and drying is to protect the 

material from corrosion. The drying has been performed by Philips beauty jetset control 1900W 

dryer. From the available dryer, either cold or warm air can be selected to dry the specimen. 

After completing the process of grinding, the process of polishing has been performed to get 

the required mirror surface finish of already grinded disks. Polishing is the most important step 

in preparing a specimen. The process of polishing has been performed on BUEHLER Alpha 

Grinder-Polisher. Struers MD MolTM polishing cloth has been used to polish the already grinded 

disks. MetaDiTM Supreme Polycrystalline Diamond Suspension 3Fμm and Water-based 

lubricant, have been used on polishing cloth. The cleaning has also been performed after 

attaining the mirror surface finish of specimen. The specimen has been first cleaned with water, 

afterwards, the inaccessible abrasives and swarf located in the pores of specimen have been 

removed by secondary cleaning by ethanol. Now, the sample is ready which has been preserved 

in the desiccator until SEM and DSC analysis are performed. The processes of grinding and 

polishing have been performed in the Metallographic laboratory, IWF, OvGU Magdeburg, 

Germany. 

 

 

4.2.2 Scanning electron microscopy (SEM) 

 

Microstructure analysis has been performed after successful grinding and polishing processes 

of the investigated alloy to characterize mainly from a morphological point of view. 

Microstructural characterization has been carried out by means of a Philips XL30 scanning 

electron microscope (SEM). The warm embedded specimen has been used for this analysis; it 

has been grinded and mirror-polished before fitting into SEM. Warm embedding or hot 

mounting is very important in preparing a specimen for microstructural analysis. G3692 

Acheson silver dag 1415 has been applied to the warm embedded specimen before inserting it 

into SEM as shown in Fig. 4.4a. 

 

 
 

Fig. 4.4: Sample (a) the warm embedded specimen for SEM and XRD analysis (b) 

undeformed cylindrical specimens for uniaxial compression analysis 
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This scanning electron microscope has also been equipped with EDAX Energy Dispersive 

Spectroscopy (EDS) system for chemical composition analysis i.e. chemical composition 

measurement of the normal surface of the alloy as well as at pores of the alloy. This scanning 

electron microscope equipped with energy dispersive spectroscopy is available at the Institute 

of Materials and Joining Technology (IWF), OvGU Magdeburg, Germany. 

 

 

4.2.3 X-ray diffraction (XRD) 

 

X-ray diffraction (XRD) is a vital tool for structure determination which provides the most 

direct way of forming three-dimensional images of molecules. It is a technique primarily used 

for phase identification of a crystalline material and can provide information on unit cell 

dimensions. It can provide the detailed information on molecular architecture, interatomic 

distances and bond angles. In fact, it is the study of crystal structure by means of the diffraction 

of X-rays. Crystals are the objects (molecules, atoms, and ions) arranged in a regularly repeating 

pattern in three dimensions called unit cells which are characterized by six parameters: three 

axial lengths (a, b and c) and three inter-axial angles (α, β, γ) e.g. hcp, bcc and fcc crystal lattice 

structures. X'Pert pro x-ray diffractometer has been used to analyze the crystal lattice structure 

of the investigated Fe-SMA. The analysis has been performed using warm embedded specimen 

shown in Fig. 4.4a which has been first grinded and mirror polished and additionally, 

electrolytic polishing has been performed with very low pressure at a higher amount of time. 

This electrolytic polishing has been performed in three steps, each of which has taken 2-3hours. 

During the first step, TexMet polishing cloth and Struers DiaPro Largo 9μm polishing 

suspension have been used. During the second step, MD-Mol polishing cloth and Aka-Mono 

3μm polishing suspension have been used. During the third step, BUEHLER VibroMet 2 

vibratory polisher, Struers MD NapTM polishing cloth (300mm diameter) and BUEHLER 

Masterprep 0.05μm polishing suspension have been used. The equipment is available at the 

Institute of Materials and Joining Technology (IWF), OvGU Magdeburg, Germany. 

 

 

4.2.4 Differential scanning calorimetry (DSC) 

 

Differential scanning calorimetry (DSC) is one of the most employed thermal analysis methods. 

It is used to analyze any of the energetic effects which occur in liquid or solid during thermal 

treatment. DSC is operated as per heat flux principle in which sample and reference are exposed 

to controlled temperature e.g. heating, isothermal or cooling. The sample and reference are 

maintained at approximately the same temperature throughout the measurement as shown by 

the colored dotted line in Fig. 5.7 where green dots are representing the reference. Usually, the 

temperature of the sample holder increases linearly as a function of time during the DSC 

measurement. Differential scanning calorimeters measure the difference in heat flow between 

the sample and reference (DSC (uV/mg)) as a function of temperature and time. They measure 

the amount of heat absorbed or released during transition (DSC (uV/mg)) as a function of 

temperature and time. They measure difference in the amount of heat required to raise the 

temperature of a sample and reference (DSC (uV/mg)) as a function of temperature and time. 

The reference must have well-defined heat capacity over the range of temperatures. 

 

The instrument used is Pegasus® DSC 404 C thermal analyzer (Netzsch-Gerätebau GmbH) as 

shown in Fig. 4.5, which is eminent in determining the thermodynamic properties of ceramics 

and metallic high-performance materials. These instruments are usually used to find accurate 

specific heat capacity (CP). 
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Fig. 4.5: Pegasus DSC 404 C thermal analyzer 

 

It has been equipped with a turbo-molecular pump for the measurements under high vacuum. 

The vacuum-tight construction of the system permits performance of quantitative enthalpy and 

CP determinations in a pure gas atmosphere or under vacuum. Graphite furnace has been used 

because the temperature range has only been required till 400°C. DSC-CP sensor type S used is 

capable of measuring the CP values. Platinum/Rhodium (Pt/Rh) crucible has been used as 

shown in Fig. 4.6, which is best suited to CP measurement and very expensive as well. This 

crucible is located inside the DSC furnace. Pt/Rh crucible with an Al2O3 liner has been used in 

order to prevent the chemical reactions. The DSC Proteus software has been used to evaluate 

the resulting data. Five samples (small disk specimens of the investigated Fe-SMA) having 

5mm diameter and 0.5mm thickness have been prepared for DSC measurement whereas the 

reference used is aluminum oxide (Al2O3). 

 

 
 

Fig. 4.6: DSC crucible; (a) Reference or R cup made of Platinum/Rhodium (b) Sample/Probe 

or P cup made of Platinum/Rhodium and (c) white ceramic part made of Al2O3 

 

The specific heat capacity (CP) or specific heat is the amount of heat required to raise the 

temperature of 1kg by 1K. The water has very high value of CP or it takes a lot of heat to become 

hot or it plays a very important role in temperature regulation as it is able to absorb a lot of heat 

without a significant rise in temperature. 
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M. K. Stanford [108] calculated the CP as a function of temperature by following well-known 

Eq. 4.2 where the values of masses of sample and reference were already known; 

 

CP = q/m∆T            (4.2) 

 

In Eq. 4.2, q is the heat supplied to the material of mass m in order to produce a change in 

temperature of ∆T. 

 

The following procedure has been adopted during DSC measurement in this work: 

 

1. It has been made sure prior to the measurement that melting point (MP) of the sample 

is far above the temperature limit used i.e. 400°C. The melting point of Fe-28Mn-6Si-

5Cr SMA has been found to be 1320°C-1350°C. The melting point of each element of 

the investigated Fe-SMA is found to be far above the selected temperature range (20°C 

to 400°C). The 20°C is the laboratory temperature, therefore, measurement has been 

started from 20°C. 

2. The mass of disk specimen has been measured. 

3. The disk specimen has been placed into the DSC crucible (Fig. 4.6). 

4. Vacuum up to 3-2mbar has been created inside the DSC furnace by simple rotary or 

diaphragm vacuum pump. 

5. Further vacuum up to 1.4x10-4 mbar has been created inside the same furnace by Turbo 

Molecular Pump. The range of this pump is up to 2.5x10-5 mbar.  

6. The steps 4 and 5 have been repeated to get rid of air and oxidation from the furnace 

chamber. 

7. Argon inert gas has been inserted into the furnace of DSC. Oxidation is avoided by 

means of argon atmosphere. 

8. Heating and cooling cycles have been performed at a rate of 10 K/min between 20°C to 

400°C in the presence of argon inert gas. 

9. The empty “a” and “b” cups of DSC crucible (Fig. 4.6) have been heated without sample 

and reference until the heating cycle has been completed and results are obtained. Such 

type of heating cycle is called as Baseline (BL) cycle. It is invisible in Fig. 5.7, but it is 

nearly horizontal straight line starting from near zero value of DSC (uV/mg) on y-axis. 

It is not zigzag like other curves of Fig. 5.7, because the cups are empty having no 

material, consequently, there is no change in specific heats as well as there is not any 

difference of masses. 

10. Now, the only reference has been heated after keeping it in “b” cup of DSC crucible 

(Fig. 4.6), until the heating cycle has been completed and results are obtained.  

11. The CP values for reference are known as excel file which is plotted in the graphical 

form as shown in Fig. 4.7. 
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Fig. 4.7: Specific heat capacity (CP)-temperature diagram for reference 

 

12. The reference has been taken out from “b” cup of DSC crucible (Fig. 4.6) and sample 

has been inserted in the same cup and heated until the heating cycle has been completed 

and results are obtained. 

13. Now the following Eq. 4.4 can be used for the required CP calculations, 

 

𝐶𝑝(ϑ)𝑃𝑟𝑜𝑏𝑒 =
𝑚𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑

𝑚𝑃𝑟𝑜𝑏𝑒
+  

𝐷𝑆𝐶 (ϑ)𝑃𝑟𝑜𝑏𝑒 − 𝐷𝑆𝐶 (ϑ)𝐵𝐿

𝐷𝑆𝐶 (ϑ)𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 − 𝐷𝑆𝐶 (ϑ)𝐵𝐿
∗ 𝐶𝑝(ϑ)𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑   (4.3) 

or 

𝐶𝑝(ϑ)𝑆𝑎𝑚𝑝𝑙𝑒 =
𝑚𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒

𝑚𝑆𝑎𝑚𝑝𝑙𝑒
+  

𝐷𝑆𝐶 (ϑ)𝑆𝑎𝑚𝑝𝑙𝑒 − 𝐷𝑆𝐶 (ϑ)𝐵𝐿

𝐷𝑆𝐶 (ϑ)𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 − 𝐷𝑆𝐶 (ϑ)𝐵𝐿
∗ 𝐶𝑝(ϑ)𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒   (4.4) 

 

The specific heat capacity of sample (CP (ϑ)sample) is the only unknown parameter in Eq. 

4.4. The mreference = 41mg. The masses msample is also known. The values of specific heat 

capacity of reference (CP (ϑ)reference) are known as in Fig. 4.7. The values of DSC (ϑ)sample 

- DSC (ϑ)BL are shown by the sample curves in Fig. 5.7, whereas the values of DSC 

(ϑ)reference - DSC (ϑ)BL are shown by the reference green curves in Fig. 5.7. 

14. There is an isothermal cycle for a short time just after the completion of heating cycle 

in order to get the (i) precise and accurate results and (ii) to get rid of the measurement 

errors if any, afterwards, there is a process of cooling as shown in Fig. 5.7 until the 

cooling cycle has been completed. 

15. Air cooling has been used due to lack of CC 200 L liquid nitrogen cooling system for 

the low-temperature furnace. 

16. The voltage “V” of thermocouple has been measured and power “W” has been kept 

constant in this Pegasus® DSC 404 C. Therefore, the results are in the form of 

DSC/(uV/mg) (not in the form of DSC/(uW/mg) like other DSCs) where V stands for 

voltage and u stands for micro (μ). Likewise, the case of strain measurement using strain 

gauges where the strain is shown in voltage. 

17. Proteus Software has been used to evaluate the resulting data. 
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The DSC measurement of the sample has been performed six times at the Institute of Fluid 

Mechanics and Thermodynamics (ISUT), OvGU Magdeburg, Germany. Table 4.3 shows the 

preliminary conditions at which the measurement has been performed. 

 
Table 4.3 

Preliminary conditions for experimental work 

Sr. # 
General Information during 

experimental work 
Reference Sample 

1 Material Al2O3 
Fe-15Mn-10Cr-8Ni-4Si 

SMA 

2 Instrument Pegasus DSC 404 C Pegasus DSC 404 C 

3 Specimens 
Small disk specimens of 

Al2O3 

Small disk specimens of 

Fe-15Mn-10Cr-8Ni-4Si 

SMA 

4 Average diameter of specimen 5mm 5mm 

5 Temperature range 20°C to 400°C 20°C to 400°C 

6 Heating rate 10 K/min 10 K/min 

7 Cooling rate 10 K/min 10 K/min 

8 
Reference Temperature (Lab 

or Room Temperature) 
20°C 20°C 

9 Atmosphere argon argon 

 

 

4.2.5 Pushrod dilatometry 

 

Pushrod dilatometry is a method for determining dimensional changes versus temperature or 

time when the sample undergoes a controlled temperature program. The apparatus used is 

Netzsch DIL 402 C as shown in Fig. 4.8, which has a temperature range of RT to 1600°C and 

gives precise information on expansion during thermal analysis. It has the following features, 

(i) easy to use, (ii) few clicks to start the measurement, (iii) simplified operation, (iv) safe 

operation, (v) gas-tight design and superior insulation of sample’s section which reduces effects 

of temperature fluctuations on the measurement producing the precise results, and (vi) contact 

pressure on the sample remains constant during the whole measurement time irrespective of its 

expansion, which helps to measure without breakage and deformation. The apparatus used is 

available at the Institute of Fluid Mechanics and Thermodynamics (ISUT), OvGU Magdeburg, 

Germany. It operates as per national and international standards like DIN EN 821, DIN 51045, 

ASTM E831, ASTM E228. For calibration of the instrument, six standards having a range of 

coefficients of thermal expansion have been obtained from National Institute of Standards 

(NIST) which are measured against one another. 

 

 
 

Fig. 4.8: (a) Netzsch DIL 402 C apparatus and (b) specimen holder having specimen along 

with an S-type thermocouple 
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Pushrod dilatometry consists of four vital components; (i) measuring unit comprising of furnace 

and sample holder, (ii) pushrod (iii) displacement system and (iv) data acquisition system 

including a computer; as shown in Fig. 4.8a. The thermocouple is mounted laterally on the 

sample carrier tube as shown in Fig. 4.8b; which measures the absolute temperature of the 

sample (RT to 1600°C). The thermocouple is made adjustable in order to measure the 

temperature at various sample lengths conveniently. A guiding rod keeps thermocouple in the 

desired position without bending. A sensor acting as linear encoder can encode into digital 

signals. The unique, reliable and efficient Proteus® dilatometer software is used. 

 

The rod-shaped specimen (25.073mm x 4.096mm) as shown in Fig. 4.9 where 25.073mm is the 

length and 4.096mm is its diameter; has been used for this measurement. Its preparation is as 

per national and international standards like DIN EN 821, DIN 51045, ASTM E831, and ASTM 

E228. It has been prepared by the process of turning on lathe machine and the process of side 

milling on a milling machine at workshop of the Institute of Mechanics (IFME), Mechanical 

Department, OvGU Magdeburg, Germany. 

 

 
 

Fig. 4.9: Sample (rod-shaped specimen) for dilatometry measurement 

 

The main interest is to investigate the behavior of the alloy after making it complete martensite 

by making the alloy temperature below martensite finish temperature (Mf) using liquid nitrogen 

dip prior to the dilatometry measurement because liquid nitrogen is at an extremely low 

temperature. The measurement is prepared by inserting the sample into the sample holder and 

bringing it into contact with pushrod as shown in Fig. 4.8b. The sample holder is located inside 

the furnace of the apparatus. After closing the furnace, the measurement can be started by 

evacuating the test chamber using a vacuum pump to reduce the presence of oxygen and filling 

pure inert argon gas with a flow rate of 75 ml/min. The process of evacuation and filling is 

repeated three times. Therefore, the measurement is performed in a pure inert argon gas using 

a pushrod dilatometer according to a standard test procedure. The sample is heated with a rate 

of 5 K/min. The expansion of the specimen is compared with that of reference (aluminium oxide 

Al2O3). The thermal expansion of the sample is detected by the displacement system which the 

pushrod is connected to. Now, it is possible to make the measurements by using Proteus® 

dilatometer software. 

 

 

4.2.6 Laser flash analysis (LFA) 

 

The experimental work is based on heating the Fe-SMA sample, radiating with laser and 

recording the temperature history at various positions of the sample. The apparatus used in this 

work is Netzsch LFA 427 as shown in Fig. 4.10, which has a temperature range of RT to 

1550°C. It operates as per national and international standards like ASTM E1461, DIN EN 821, 
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DIN 30905, ISO 22007-4 and ISO 18755. It has advantages over direct measurement of thermal 

conductivity like; (i) non-contact method, (ii) non-destructive method, (iii) sample geometry is 

simple, (iv) easy to prepare the sample, (v) sample size is small, (vi) applicability for a wide 

range of diffusivity values, (vii) excellent accuracy, (viii) reproducibility, (ix) very little time is 

required for any measurement, (x) a wide range of temperatures is covered within a short period 

of time, (xi) a compact enclosed system with space-saving design meets the highest safety (laser 

class 1); no additional safety precautions are essential, (xii) simple and horizontal insertion of 

the sample, (xiii) short distances involved, minimize the loss of laser energy & energy 

impinging upon IR detector and (xiv) measurements are possible to be carried out in static or 

dynamic, and oxidizing or inert gas atmosphere or under vacuum. The apparatus used is 

available at the Institute of Fluid Mechanics and Thermodynamics (ISUT), OvGU Magdeburg, 

Germany. 

 

 
 

Fig. 4.10: (a) Netzsch LFA 427 apparatus and (b) specimen holder having specimen along 

with a thermocouple 

 

Netzsch LFA 427 consists of four vital components; (i) measuring unit comprising of the 

furnace with red graphite heating element, sample carrier and infrared (IR) detector, (ii) 

controller for measuring unit, (iii) laser system and (iv) data acquisition system including a 

computer: as shown in Fig. 4.11. The measuring unit is connected to the laser system by a glass 

fibre. The sample is placed on sample carrier located above an aluminum oxide (Al2O3) sample 

carrier tube, it is shown in yellow color in Fig. 4.10 and Fig. 4.11. This tube is mounted on the 

recipient block which is situated above laser optics. The thermocouple is also mounted laterally 

on this tube as shown in Fig. 4.10b and measures the absolute temperature of the sample (RT 

to 1550°C). Several thermocouples are available depending upon temperature range of interest. 

The laser produces a pulse having energy which is the requirement of LFA technique. Its 

emission wavelength is 1064nm thus lies in infrared range shown in Table 4.4. However, the 

pulse width of the laser varies. 

 
Table 4.4 

Electromagnetic spectrum 

γ-rays X-rays ultraviolet visible infrared microwaves radio waves 

 

A vacuum seal helps to create a vacuum, it acts as a gas-tight coupling between furnace & 

recipient block and allows the measurements under high vacuum or in static/dynamic inert gas 

atmosphere or in oxidizing atmospheres. The furnace system can be raised/lowered using hoist 

driven by a motor. An IR detector measures the temperature increase on the rear face of the 

sample. 
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Fig. 4.11: Principle of Netzsch LFA 427 apparatus (Netzsch) 

 

The disk specimens of 12.5mm x 2.5mm have been used for LFA measurement, where 12.5mm 

is the diameter and 2.5mm is thickness. Its preparation is as per national and international 

standards like ASTM E1461, DIN EN 821, DIN 30905, ISO 22007-4 and ISO 18755. These 

specimens as shown in Fig. 4.12 have been prepared by the process of turning on lathe machine 

and process of side milling on a milling machine at workshop of the Institute of Mechanics 

(IFME), Mechanical Department, OvGU Magdeburg, Germany. 

 

 
 

Fig. 4.12: Sample (disk specimens) for LFA measurement 

 

The sandblasting process has been performed to apply a coating on the specimen before starting 

the experimental procedure. The Renfert sandblasting unit has been used for this purpose. Small 

25-50μm particles of aluminum oxide (Al2O3) have been used as sandblasting material. The 

sandblasting tank is filled with these particles, the specimen is put inside the sandblasting 

chamber, and afterwards, the handpiece spreads these particles on the specimen. The single 

layer of particles having 10µm to 50µm thickness has been applied around the whole specimen. 

Note: Graphite is used as sandblasting material in case of testing the non-metals unlike Al2O3 

particles for metals. Graphite is not used for metals because it has carbon which diffuses in the 

material and changes the properties, thus causing problems with metals. This process has been 

performed to get rid of expected reflections during LFA experiment as well as to increase the 

emissivity and absorptivity of the sample. These reflections cause problems because the laser 

is reflected from the sample while shooting, then IR sensor on the top measures not only the 

emitted energy from the sample but also the reflected energy because the sample has high 

reflectivity. 
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The experimental procedure starts by mounting the coated sample on sample carrier located 

inside the furnace, evacuating the test chamber by vacuum pump to reduce the presence of 

oxygen and then filling pure inert argon gas with flow rate of 75 ml/min at approximately 

ambient working pressure (a slight above ambient pressure) because argon continuously flows 

in (through inlet pipe) and flows out (through exhaust pipe) during the whole measurement. 

The sample is heated by means of the furnace not by laser, the laser is only for the measurement. 

Moreover, LFA measurement is not taken during heating or cooling like that in DSC 

measurement; rather it is taken when some special/specific/predetermined temperature has been 

reached and becomes stable. If the sample is heated or cooled during LFA measurement and 

there is no stability, then accurate and precise measurements are not possible to be obtained. In 

other words, when the sample reaches a special temperature (e.g. each of 25.8°C, 50.4°C, 

99.1°C, 199.8°C, 300°C and 400.2°C) and becomes stable, then laser shoots and a burst of 

energy originating from pulse of laser is absorbed on the front face of the coated sample causing 

homogeneous heating. After that, IR detector measures the increase of relative temperature as 

a function of time on the other rear face of the coated sample. Now, thermal diffusivity can be 

measured by means of software. Note: The beauty of LFA measurement is that it replaces the 

troublesome measurement of laser energy absorbed by the sample and absolute temperature 

increase with accurate and direct measurement of time versus relative temperature increase. 

 

 

4.2.7 Uniaxial compression 

 

The Zwick/Roell Z100 materials testing machine as shown in Fig. 4.13 has been used in this 

work to perform uniaxial compression analysis. It can test up to 100kN. It has advantages e.g.; 

(i) fast and easy to operate, (ii) very low speeds can be set with excellent speed-accuracy, (iii) 

high test speed range can be used without restriction, (v) equipped with Xforce load cells which 

are very stable and less sensitive to transverse forces in compression and flexure tests, (vi) fast 

measurement using high data transmission rate of 2000Hz, (viii) precise force, (ix) strain 

control, (x) minimal force changes on the specimen can be recorded and displayed precisely, 

and (xi) high safety. It operates as per national and international standards like ASTM E4 and 

DIN EN ISO 7500-1 for standard practices for the verification of force of testing machines and 

calibration/verification of static uniaxial testing machines respectively. The specimen holder in 

testing machine is surrounded by thermal system which heats up the specimen to the required 

precise temperature. The testing machine is available at the Institute of Materials and Joining 

Technology (IWF), OvGU Magdeburg, Germany. 

 

 
 

Fig. 4.13: (a) Zwick/Roell Z100 materials testing machine and (b) specimen holder having 

specimen 
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Cylindrical specimens of 6mm x 4mm prepared from 15g button have been used for uniaxial 

compression test, where 6mm is the height and 4mm is the diameter of solid cylinder. Its 

preparation is as per national and international standards like ASTM E4 and DIN EN ISO 7500-

1. These cylindrical specimens as shown in Fig. 4.4b have been prepared by the process of 

turning on lathe machine and process of side milling on milling machine at workshop of the 

Institute of Mechanics (IFME), Mechanical Department, OvGU Magdeburg, Germany. 

 

 

4.2.8 Biaxial compression 

 

All the tests related to biaxial part are performed on WPM BIAXE100-14620 biaxial testing 

machine (Fig. 4.14) which has servo-hydraulic actuators. It has a maximum static test load up 

to 100kN, a dynamic test loads up to 10kN at a maximum of 5Hz and total stroke of 300mm 

per axis. A variety of strain measuring devices, e.g. strain gauges and extensometer, generate 

the input signals. The data acquisition is performed by an object-oriented programming 

software. The digital controller permits each actuator to be independently controlled. The 

testing machine is available at the Institute of Materials and Joining Technology (IWF), OvGU 

Magdeburg, Germany. 

 

 
 

Fig. 4.14: WPM BIAXE100-14620 biaxial testing machine 

 

The square sheet (4.2mm x 4.2mm x 1mm) specimens as shown in Fig. 4.15 are used for biaxial 

compression analysis, where 4.2mm is the length of each side and 1mm is its thickness. 

 

 
 

Fig. 4.15: Sample (a) square sheet specimens for biaxial compression analysis (b) Zillmann et 

al. [109] geometry of biaxial compression specimen 
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These specimens are prepared as per geometry of Zillmann et al. [109] shown in Fig. 4.15b, at 

workshop of the Institute of Mechanics (IFME), Mechanical Department, OvGU Magdeburg, 

Germany. 

 

 

4.2.9 Hardness test 

 

The equipment used for measuring the hardness of investigated Fe-SMA is HBRVU-187.5 

Brinell Rockwell and Vickers Optical Hardness Tester as shown in Fig. 4.16. It is suitable for 

testing the hardness of ferrous metals. Multiple testing methods like Brinell, Rockwell or 

Vickers hardness tests are possible using it by selecting different indenters. 

 

 
 

Fig. 4.16: HBRVU-187.5 Brinell Rockwell and Vickers Optical Hardness Tester 
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Chapter 5 
 

 

Results and Discussions 
 

 

 

 

 

This chapter summarizes the results obtained from the experimental procedures described in 

chapter 4. The discussions on these results have also been performed in this chapter. 

 

 

5.1 Thermally induced phase transformation and specific heat of the 

investigated Fe-SMA over a range of temperatures 
 

 

Obviously, understanding of the thermal behavior of smart material is not possible without 

reflecting the basic principles of thermally induced phase transformation. In many engineering 

applications, the structures and components experience thermal loadings. The phase 

transformation behavior decides the environment where the real engineering application of 

shape memory alloy is. The thermally induced phase transformation behavior is also vital to be 

determined because the phase transformation is attributed to changes in stress and/or 

temperature and many characteristics are induced in SMAs as a result of γ to ε martensitic phase 

transformation. In this section, a series of DSC measurements are performed in order to 

investigate the numerous aspects of thermal behavior and thermally induced phase 

transformation of Fe-15Mn-10Cr-8Ni-4Si SMA. 

 

The DSC measurement of the investigated Fe-SMA specimen has been performed four times 

between 20°C to 400°C at a rate of 10 K/min using graphite furnace built inside the Pegasus 

DSC 404 C thermal analyzer. The mass of the specimen is 41mg. Steps 1 to 17 of subsection 

4.2.4 have been performed to obtain the DSC results. Four runs of the specimen have been 

performed. First three runs of the specimen have been performed without any prior nitrogen dip 

before starting the measurement, however, the fourth run has been performed with prior 

nitrogen dip. The main interest is to investigate the behavior of the alloy after making it 

complete martensite by dipping into the liquid nitrogen. In this way, the alloy temperature has 

been brought below martensite finish temperature (Mf) in order to make it fully martensite 

because liquid nitrogen is the nitrogen in the liquid form at an extremely low temperature, 

colorless, clear liquid, with a density of 0.807 g/ml and the boiling point of -195.8°C. 

 

 

https://en.wikipedia.org/wiki/Nitrogen
https://en.wikipedia.org/wiki/Boiling_point
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5.1.1 The results of first run of the specimen without prior nitrogen dip 

 

Fig. 5.1 shows DSC heating curve for the sample as well as for reference, and DSC cooling 

curve for the sample as well as for reference; during first run of the specimen. In Fig. 5.1, blue 

curve shows heating of the reference, then an isothermal vertical portion of the same curve 

comes, and after that brown curve shows cooling of the reference; these curves are exactly the 

same as complete green curve in Fig. 5.7. In Fig. 5.1, black curve shows heating of the sample, 

then an isothermal vertical portion of the same curve comes, and after that henna green curve 

shows cooling of the sample; these curves are exactly the same as complete red curve in Fig. 

5.7. By comparing brown and henna green cooling curves in Fig. 5.1, it has been found that 10 

K/min rate remains constant from 400°C to 175°C because both curves move parallel from 

400°C to 175°C which can also be seen in excel data. After that sample cooling curve (henna 

green curve) deviates towards reference cooling curve (brown curve) which means the cooling 

rate is no more 10 K/min rather it can be calculated by dividing the temperature value to the 

value of time at any specific point on curve, these values of temperatures and time can be 

obtained from excel data of the results, therefore the measurement has been stopped. The 

martensite start and finish temperatures (Ms and Mf) are not possible to be calculated because 

there exists no reverse transformation (γ-austenite fcc → ε-martensite hcp OR γ-austenite fcc 

→ ά-martensite bcc) while cooling in DSC till 115°C. The reason is that the instrument used in 

this work has been designed only for heating. Hence, it can be concluded that Ms and Mf are far 

below the limit of the DSC instrument. 

 

 
Fig. 5.1: Temperature Modulated DSC (TM-DSC) measurement of first run of the specimen 

without any prior nitrogen dip, compared with that of reference (Temperature-heat flow 

curves) 

 

The specific heat capacity (CP) has now been calculated using Eq. 4.4 by means of the DSC 

results mentioned in Fig. 5.1. The light green curve in Fig. 5.2 shows heating (CP vs T) of the 

sample and green curve shows normal air cooling (CP vs T) of the sample during first run of the 

specimen over a range of temperatures between 20°C to 400°C without prior nitrogen dip. There 

are two endothermic peaks in light green curve showing two thermally induced phase 

transformations in the investigated Fe-SMA. The first endothermic peak in the range of 40°C-

120°C is associated with ε→γ transformation whereas the second endothermic peak between 

300°C-400°C is associated with ά→γ transformation. The XRD analysis proves the existence 

of bcc crystal lattice structure in the investigated Fe-SMA which denotes α-ferrite phase which 
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causes magnetic properties and a classic example of ferromagnetic material. Sawaguchi et al. 

said that this is actually ά-martensite phase (bcc) which can exist before deformation [4]. 

Consequently, it can be concluded that the two endothermic peaks showed by investigated Fe-

SMA are associated with the transformation of two different fractions of the martensite. These 

two thermally induced phase transformations of the alloy have been occurred at 63.4°C as well 

as at 335.6°C respectively. The austenitic start temperature (As) resulted from the first and 

second endothermic peaks are 63.4°C and 335.6°C respectively. The austenitic finish 

temperature (Af) resulted from the first and second endothermic peaks are 110°C and 390°C 

respectively. The austenite start temperature (As) is higher than 37°C. The austenite finish 

temperature (Af) is unavoidable to be determined for an experimental investigation of 

pseudoelasticity. The area under the first endothermic peak gives the enthalpy of transition as 

2.441 J/g, whereas area under the second endothermic peak gives the value of enthalpy of 

transition as 3.206 J/g. The peak temperature of the first endothermic peak is 84.2°C, whereas 

the peak temperature of second endothermic peak is 371.6°C; the changes in crystal structure 

occur at these peak temperatures. The peak associated with ά-martensite is smaller than that of 

ε-martensite. The peak is due to a change in magnetic properties of the material (the Curie 

transition). Certain materials lose their permanent magnetic properties above Curie temperature 

(TC). The specific heat capacity (CP) at first endothermic peak is found to be 0.615 J/g*K or 

615 J/Kg*K, whereas specific heat capacity (CP) at second endothermic peak is found to be 

0.641 J/g*K or 641 J/Kg*K. 

 

Besides, there is a cooling curve (green curve) in Fig. 5.2, which does not show any endothermic 

and/or exothermic peak. Cooling in this work has been performed by air not with liquid nitrogen 

as discussed before. It means, by heating the sample till 400°C followed by cooling from 400°C 

to 115°C results; (i) the material does not return to its martensitic phase by cooling till 115°C 

rather remains in austenitic phase or there is no reverse transformation (γ→ε or γ→ά) by cooling 

till 115°C, (ii) light green and green curves move parallel until cooling up to 175°C, after that 

cooling curve deviates from its path. The process of cooling has been stopped after the deviation 

of the cooling curve. 

 

 
Fig. 5.2: Specific heat capacity over wide temperature range (CP (T)) of first run of the 

specimen without any prior nitrogen dip 

 

The above-mentioned results of first run of the specimen have been tabularized in Table 5.1. 

 

50 100 150 200 250 300 350 400
Temperatur /°C

0.45

0.50

0.55

0.60

0.65

Cp /(J/(g*K))

- cp (heating)

- cp (cooling)

1. Run

Peak: 84.2 °C, 0.615 J/(g*K)

Peak: 371.6 °C, 0.641 J/(g*K)

Fläche: 2.411 J/g

Fläche: 3.206 J/g

Onset: 63.4 °C

Onset: 335.6 °C

[1]

[2]

https://en.wikipedia.org/wiki/Magnet
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Table 5.1 

The DSC results obtained during all runs of the specimen of the investigated Fe-SMA 

Results Symbol First run 
Second and 

Third run 
Fourth run 

Phase transformation - Indicated Not indicated Indicated 

Thermally induced phase 

transformation (endotherm1) 

(ε → γ) 

transformation 
63.4°C Not indicated 60.6°C 

Thermally induced phase 

transformation (endotherm2) 

(ά → γ) 

transformation 
335.6°C Not indicated Not indicated 

Austenitic start temperature 

(endotherm1)  
As 63.4°C - 60.6°C 

Austenitic finish temperature 

(endotherm1) 
Af 110°C - 100°C 

Martensite start temperature Ms - - - 

Martensite finish temperature Mf - - - 

Enthalpy of transition (endotherm1) ΔH 2.441 J/g - 2.289 J/g 

Enthalpy of transition (endotherm2) ΔH 3.206 J/g - - 

Austenitic start temperature 

(endotherm2) 
As 335.6°C - - 

Austenitic finish temperature 

(endotherm2) 
Af 390°C - - 

Feasibility to be used inside the human 

body in terms of austenite start 

transformation temperature 

- No - No 

Peak temperature (bigger peak of 

endotherm1) 
- 82.2°C - 79.5°C 

Peak temperature (smaller peak of 

endotherm2) 
- 371.6°C - - 

Specific heat capacity (endotherm1) CP 
0.615 J/g*K or 

615 J/Kg*K 
- 

0.621 J/g*K 

or 621 

J/Kg*K 

Specific heat capacity (endotherm2) CP 
0.641 J/g*K or 

641 J/Kg*K 
- - 

Dependence of specific heat on 

temperature 
CP (T) Obtained Obtained Obtained 

Reverse transformation by cooling till 

115°C 

(γ → ε) 

transformation 

 

and/or 

 

(γ → ά) 

transformation 

No. The 

specimen has 

not been 

returned to 

martensitic 

phase while 

cooling from 

400°C to 

115°C during 

the first run 

OR in other 

words, there 

has not been 

any effect of 

cooling until 

115°C on 

material’s 

reverse 

transformation 

to martensite. 

No. Austenitic 

phase has 

been 

confirmed 

before the 

start of second 

and third runs 

of the 

specimen 

because the 

specimen was 

not returned to 

martensitic 

phase while 

cooling from 

400°C to 

115°C during 

the first run 

OR in other 

words there 

has not been 

any effect of 

cooling until 

115°C on 

material’s 

No. Austenitic 

phase has 

been 

confirmed 

before the 

start of fourth 

run of the 

specimen 

because the 

specimen was 

not returned to 

martensitic 

phase while 

cooling from 

400°C to 

115°C during 

first, second 

and third runs 

OR in other 

words there 

has not been 

any effect of 

cooling until 

115°C on 

material’s 
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reverse 

transformation 

to martensite. 

reverse 

transformation 

to martensite. 

 

 

5.1.2 The results of second and third runs of the specimen without prior nitrogen dip 

 

Fig. 5.3 shows DSC heating curve for the sample as well as for reference, and DSC cooling 

curve for the sample as well as for reference; during second run of the specimen. In Fig. 5.3, 

blue curve shows heating of the reference, then an isothermal vertical portion of the same curve 

comes, and after that brown curve shows cooling of the reference; these curves are exactly the 

same as complete green curve in Fig. 5.7. In Fig. 5.3, black curve shows heating of the sample, 

then an isothermal vertical portion of the same curve comes, and after that henna green curve 

shows cooling of the sample; these curves are exactly the same as complete blue curve in Fig. 

5.7. By comparing brown and henna green cooling curves in Fig. 5.3, it has been found that 

both curves move parallel from 400°C to 175°C and after that sample cooling curve (henna 

green curve) deviates towards reference cooling curve (brown curve); which can be elaborated 

as that of Fig. 5.1. 

 

 
Fig. 5.3: Temperature Modulated DSC (TM-DSC) measurement of second run of the 

specimen without any prior nitrogen dip; compared with that of reference 

 

The specific heat capacity (CP) has now been calculated using Eq. 4.4 by means of the DSC 

results mentioned in Fig. 5.3. The light green curve Fig. 5.4, shows heating (CP vs T) of the 

sample during second run of the specimen and pink curve shows normal air cooling (CP vs T) 

of the sample. The specific heat capacity (CP) at any temperature can be found out by the light 

green curve of Fig. 5.4, but there is no endothermic peak (i.e. no indication of phase 

transformation) during second run of the sample. It confirms that material was already in 

austenitic phase before starting the second run of the specimen and it was not returned to 

martensitic phase while cooling from 400°C to 115°C during first run of the specimen or in 

other words there has not been any effect of cooling until 115°C on material’s reverse 

transformation to martensite. Additionally, shown is a cooling curve (pink curve) in Fig. 5.4, 

which does not show any endothermic and/or exothermic peak too while cooling from 400°C 

to 115°C. It can be explained in a way as that of cooling curve (green curve) of Fig. 5.2. The 

third run of the specimen has also been performed and the results of third run are similar as that 
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of second run showing that the material was already in austenitic phase before starting the third 

run and it was not returned to martensitic phase while cooling from 400°C to 115°C during both 

first and second runs of the second specimen. 

 

 
Fig. 5.4: Specific heat capacity over wide temperature range (CP (T)) of second run of the 

specimen without any prior nitrogen dip 

 

The above-mentioned results of second and third runs of the specimen have been tabularized in 

Table 5.1. 

 

 

5.1.3 The results of fourth run of the specimen with prior nitrogen dip 

 

During fourth run of the specimen, the transformation behavior has been examined in the 

quenched form i.e. DSC sample is dipped in liquid nitrogen before starting the measurement; 

in order to make it fully thermal martensite. Afterward, it has been heated in DSC to determine 

the specific heat capacity and thermally induced transformation behavior from martensite to 

austenite. 

 

Fig. 5.5 shows DSC heating curve for the sample as well as for reference, and DSC cooling 

curve for the sample as well as for reference; during fourth run of the specimen. In Fig. 5.5, 

blue curve shows heating of reference, then an isothermal vertical portion of the same curve 

comes, and after that brown curve shows cooling of reference; these curves are exactly the same 

as complete green curve in Fig. 5.7. In Fig. 5.5, black curve shows heating of the sample, then 

an isothermal vertical portion of the same curve comes, and after that henna green curve shows 

cooling of the sample; these curves are exactly the same as a complete brown curve in Fig. 5.7. 

By comparing brown and henna green cooling curves in Fig. 5.5, it has been found that both 

curves move parallel from 400°C to 175°C and after that sample cooling curve (henna green 

curve) deviates towards reference cooling curve (brown curve) which can be discussed as that 

of Fig. 5.1. 
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Fig. 5.5: Temperature Modulated DSC (TM-DSC) measurement of fourth run of the specimen 

by prior dipping in liquid nitrogen; compared with that of reference 

 

The specific heat capacity (CP) has now been calculated using Eq. 4.4 by means of the DSC 

results mentioned in Fig. 5.5. Fig. 5.6 shows, (i) the green curve which denotes heating (CP vs 

T) of the sample whereas red curve shows normal air cooling (CP vs T) of the sample during 

fourth run of the specimen over a range of temperatures between 20°C to 400°C with prior 

dipping in liquid nitrogen i.e. the sample has been brought below the martensitic finish 

temperature (Mf) with the help of liquid nitrogen, (ii) thermally induced phase transformation 

of Fe-SMA occurs only once at 60.6°C and this transition does not repeat itself like the previous 

case of first run, (iii) only one endothermic peak showing ε → γ thermally induced phase 

transformation is left whereas the second endothermic peak in this case showing ά → γ 

thermally induced phase transformation has been disappeared. This ά-martensite phase was not 

an advantageous phase as per literature study. The existence of bcc crystal lattice structure 

denoting ά-martensite phase in the investigated Fe-SMA has been described earlier.  Sawaguchi 

et al. showed that the alloys in Fe-Mn system possessing ά-martensite phases exhibit lower 

number of cycles to fatigue failure (Nf) [4]. Nikulin et al. indicated that ά-martensite is not 

beneficial for improving LCF resistance [9]. Tsuzaki et al. said that fatigue cracks have a 

tendency to be propagated through ά-martensite and it can accelerate the secondary cracking 

and zigzag crack path [69]. Consequently, the nitrogen dip prior to the measurement in this 

work has removed the disadvantageous ά-martensite phase from the investigated Fe-SMA, and 

(iv) the austenitic start temperature As and austenitic finish temperature Af resulted from the 

obtained endothermic peak are 60.6°C and 100°C respectively. It has also been concluded that 

the investigated Fe-SMA is not suitable to be used inside the human body because its austenite 

start temperature (As) is higher than that of human body. The area under the endothermic peak 

gives the enthalpy of transition as 2.289 J/g. The peak temperature of the endothermic peak is 

79.5°C on which there are changes in crystal structure and magnetic properties occur. The 

specific heat capacity (CP) at the obtained endothermic peak is found to be 0.621 J/g*K or 621 

J/Kg*K. The specific heat capacity of the investigated Fe-SMA over a range of temperatures 

(CP (T)) can also be found out by Fig. 5.6, which is required to be used in Eq. 3.1 for the 

calculations of thermal conductivity over a range of temperatures (λ (T)) which decides the 

potential of a material for thermomechanical applications. Besides, the cooling curve (red 

curve) in Fig. 5.6 shows the cooling from 400°C to 115°C, it can be explained like that of 

cooling curve (green curve) of Fig. 5.2. 
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Fig. 5.6: Specific heat capacity over a wide temperature range (CP (T)) of fourth run of the 

specimen by prior dipping in liquid nitrogen 

 

The above-mentioned results of fourth run of the specimen have been tabularized in Table 5.1. 

 

 

5.1.4 The combined runs of the specimen 

 

The DSC results which have already been explained in above-mentioned subsection 5.1.1 to 

subsection 5.1.3, are combined in Fig. 5.7. The green curve in Fig. 5.7 shows DSC results of 

the reference, and the curves with other colors show run1 → run4 of the specimen from 20°C 

to 400°C. The first three runs i.e. run1 to run3 are without any prior nitrogen dip, but specimen 

has been cooled by dipping in liquid nitrogen before starting the fourth run as explained in the 

preceding subsections. There are significant differences between the results of reference and 

four runs of the sample, in the form of deviations. These deviations show the phase 

transformations. Unlike two endothermic peaks of the first run, there is only one endothermic 

peak obtained during the fourth run as shown in Fig. 5.7 as explained in subsection 5.1.3. It has 

been clearly observed from Fig. 5.7 that second endothermic peak disappears by making the 

alloy fully martensite prior to the measurement using nitrogen dip or in other words 

disadvantageous ά-martensite is removed from the material by prior nitrogen dip. 
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Fig. 5.7: Temperature Modulated DSC (TM-DSC) measurements of combined first, second, 

third and fourth run of the specimen; compared with that of reference 

 

Table 5.2 shows the comparison of thermal properties which have been investigated in this 

work for Fe-SMA of interest with state-of-the-art SMAs and some well-known conventional 

materials e.g. 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 Cu-SMAs due to unavailability of literature related 

to that of Fe-SMAs. It also shows that specific heat values of the investigated Fe-SMA are 

comparable with that of Nitinol. 

 
Table 5.2 [63][108][110][111] 

Comparison of parameters measured by DSC with that of known materials 

Property 

Fe-15Mn-

10Cr-8Ni-4Si 

SMA 

Nitinol CuZnAl CuAlNi 
Stainless 

steel 316L 
60-Nitinol 

Specific heat 
475-574 

J/Kg.K 

450-620 

J/Kg°C 

 

or 

 

490 J/Kg.K 

i.e. 490 

J/Kg°C 

390-400 

J/Kg°C 

 

or 

 

440 J/Kg.K 

i.e. 440 

J/Kg°C 

373-574 

J/Kg°C 

 

or 

 

390 J/Kg.K 

i.e. 390 

J/Kg°C 

500 J/Kg.K 

i.e. 500 

J/Kg°C 

453-504 

J/Kg.K 

Compatibili-

ty with the 

human body 

in terms of 

austenite 

start 

transformat-

ion 

temperature 

Poor Very good Poor Poor Very good - 
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5.1.5 Microstructure prior to thermal and mechanical investigations 

 

The shape memory alloys are very sensitive to the exact composition, microstructure, grain 

size, processing & heat treatment and loading conditions [57]. Microstructure is the 

arrangement of phases on microscopic level; therefore, it can be observed by a microscope. The 

microstructure of the material and its chemical composition strongly effect the physical 

properties like toughness, ductility, strength, hardness, corrosion resistance, wear resistance etc. 

The purpose of the current study is to provide a detailed information of the microstructure 

before and particularly after deformation. 

 

The results have been obtained by scanning electron microscopic (SEM) analysis. Typical SEM 

microstructure formed in the surface of investigated Fe-SMA prior to deformation without any 

type of heat treatment is shown in Fig. 5.8. The selected alloy used in this work is produced by 

arc melting. Two phases have been detected by this analysis in the investigated Fe-SMA at 

room temperature; (i) grey color phase shows face-centered cubic (fcc) crystal lattice structure 

which denotes γ-austenite phase, and (ii) white color phase shows body-centered cubic (bcc) 

crystal lattice structure which denotes α-ferrite phase which causes magnetic properties and 

classic example of ferromagnetic material, it is also called as ά-martensite phase (bcc) or ά-

phase (bcc) as per literature debate and considered to be non-advantageous phase. 

 

Nikulin et al. observed the average austenitic grain size of 92μm for investigated Fe-SMA. 

Nikulin et al., Jun et al. and Sadeghpour et al. observed that the effect of grain size can be 

neglected if it is higher than 40 μm. Less than 40 μm grain size produces a considerable effect 

on deformation mechanism of the high manganese ferrous alloys. The cross-slipping and 

climbing of perfect dislocations have been observed [9][112][113]. 

 

A dislocation structure containing planar pileups with long stacking faults has also been 

observed but it is difficult to say where they came from, whether grinding or polishing or from 

the addition of any element in the alloy. The morphologies of investigated Fe-SMA have been 

observed using Philips XL30 Environmental Scanning Electron Microscope (ESEM). 

 

 
 

Fig. 5.8: SEM microstructure prior to deformation 
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5.1.6 Chemical composition of the investigated Fe-SMA 

 

The scanning electron microscope has also been equipped with EDAX Energy Dispersive 

Spectroscopy (EDS) system for chemical composition analysis of the investigated Fe-SMA. 

This scanning electron microscope and energy dispersive spectroscopy (SEM-EDS) are 

available at IWF, OvGU Magdeburg, Germany. 

 

Qualitative analysis in chemistry is the determination of chemical composition of a sample, it 

tells which elements are present in a sample, however it does not provide the information about 

their quantity. The alloy surface has qualitatively been analyzed to comprise of the Fe, Mn, Cr, 

Ni, and Si elements by SEM-EDS as shown in Fig. 5.9. 

 

 
 

Fig. 5.9: SEM-EDS qualitative analysis of alloy surface 

 

The quantitative analysis provides the information about the quantity of elements present in a 

sample. The alloy surface has quantitatively been analyzed showing the chemical composition 

measured by SEM-EDS as shown in Table 5.3. The theoretical values of different elements are 

also described in Table 5.3. 

 
Table 5.3 

The SEM-EDS quantitative analysis at the normal surface of the investigated Fe-SMA in weight percentage (wt. 

%) 

Sr. # Elements 

Theoretical Chemical 

Composition 

(wt. %) 

SEM-EDS Chemical 

Composition 

(wt. %) 

1 Fe (wt. %) 63 62.85 

2 Mn (wt. %) 15 14.63 

3 Cr (wt. %) 10 10.43 

4 Ni (wt. %) 8 7.89 

5 Si (wt. %) 4 4.2 

 

Micropores have also been found at the top of alloy button while analyzing with an optical 

microscope as well as with scanning electron microscope. The presence of micropores and little 

porosity at top of the sample is usual which cannot be avoided. The alloy surface at pore has 

qualitatively been analyzed by SEM-EDS to comprise of the Fe, Mn, Cr, Ni, Si, S and Se 

elements as shown in Fig. 5.10, where S (Sulpher) and Se (Selenium) are impurities. It is 
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proposed in the literature that impurities are purposely, accidentally, inevitably, and/or 

incidentally added or these impurities may be present from the beginning. 

 

 
 

Fig. 5.10: SEM-EDS qualitative analysis at the pore 

 

 

5.1.7 Phase identification of the investigated Fe-SMA 

 

The knowledge of accurate molecular structure is a prerequisite for understanding and 

predicting the chemistry of the whole molecule, material design and for structure-based 

functional studies. X-rays diffraction (XRD) is a technique primarily used for phase 

identification of a crystalline material and can provide information on unit cell dimensions. The 

basic principle of XRD analysis is based on Bragg’s Law in which X-rays generated by X-rays 

tube are diffracted from a crystal lattice and the following Eq. 5.1 is used for the required 

measurements, 

 

2𝑑. sin θ = 𝑛. λ      (5.1) 

 

where, 

 

n = order of diffraction OR an integer for peak order 

λ = wavelength of incident X-ray 

dhkl = inter-planar spacing of the hkl planes in the crystal lattice 

θ = diffraction angle or Bragg’s angle i.e. angle between incoming X-ray and the surface 

               it is hitting 

 

Besides, d is the distance of the lattice plane, it is the only unknown quantity in the above-

mentioned Eq. 5.1. The value of λ (wavelength of incident X-ray) found from the results of this 

work is λCukα1 = 1.540598Å where Å is an abbreviation of Angstrom which is an internationally 

recognized unit of length and 1Å = 1x10-10 m (1Å = 0.1 nm), it is widely used unit to express 

the dimensions of atoms, molecules, and electromagnetic wavelengths. 

 

Suppose n = 1, the obtained λ is 1.540598Å, and 2θ is 30 then d can be calculated by the relation 

2 (d) sin (30/2) = (1) (1.540598Å). Hence, d = 2.9762Å. Suppose n = 1, λ is 1.540598Å, and d 

is 3Å then 2θ can be calculated by the relation 2 (3) sin θ = (1) (1.540598). Therefore, θ = 
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14.88° and 2θ will of course be 2θ = 2 x 14.88° = 29.76°. 

 

The XRD results of the investigated Fe-SMA prior to deformation are shown in Fig. 5.11. X-

rays tube which is located inside the diffractometer is made of Copper, therefore, Cu is in Fig. 

5.11. There is an intensity of X-rays (I) on y-axis of Fig. 5.11 in counts per second (cps). High 

intensity for higher peak and lower intensity for lower peak. 

 

 
 

Fig. 5.11: XRD results of the investigated Fe-SMA  

 

The above-mentioned Fig. 5.11 illustrates the following results, 

 

• Red peaks in Fig. 5.11 correspond to green vertical lines of Fig. 5.12 which indicate the 

face-centered cubic (fcc) crystal lattice structure denoting γ-austenitic phase. It is 

consistent with Sawaguchi et al. [4] that fcc γ-austenite Fe-Mn-Si based alloys are 

known to show a shape memory effect associated with the deformation-induced 

martensitic transformation from face-centered cubic γ-austenite to hexagonal close-

packed ε-martensite on loading and its reversion on subsequent heating; such type of 

alloys are austenitic before deformation except for those having lower Mn 

concentrations, which exhibit a body-centered cubic (bcc) α-ferrite. 

 

• Blue peaks in Fig. 5.11 correspond to blue vertical lines of Fig. 5.13 which indicate the 

body-centered cubic (bcc) crystal lattice structure denoting α-ferrite phase, which 

implies that this phase also exists in the material causing magnetic properties and classic 

example of ferromagnetic material. Sawaguchi et al. [4] said that this is actually ά-

martensite phase (bcc) which also exists before deformation and it should be noted that 

the alloys possessing ά-martensite phases exhibit lower number of cycles to fatigue 

failure (Nf) values. 

 

• The largest red peak in Fig. 5.11 corresponding to green vertical line implies that γ-

austenitic phase does mainly exist in the material. 

 

Intensity, I 

(cps) 
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• Several lattice planes obtained for the investigated Fe-SMA at different values of 2θ are 

stated in Table 5.4 and Table 5.5 in terms of Miller Indices i.e. h, k, and l. 

The above-mentioned results have been obtained by comparative study of XRD results of 

investigated Fe-SMA with that of standard iron (Fe) charts and tables shown in Fig. 5.12, Fig. 

5.13, Table 5.4, and Table 5.5. 

 

There are two phases in the investigated Fe-SMA as described above but it not possible to 

calculate the ratio between these two phases as the specimen is with texture. The XRD analysis 

requires fine grains (20 microns) and statistical orientation (without texture) in the sample. Due 

to unavailability of fine grains and statistical orientation (availability of crystal structure and 

texture) in the sample, it is not possible to calculate that ratio. For exact results the specimen 

should be without texture or with known texture. If the crystals in the specimen are oriented in 

different directions, then it is possible that there is no texture. If the crystals are oriented in any 

preferred direction, then it is possible that there is texture. Therefore, the crystals should be 

oriented in all directions instead of any preferred direction. If the crystals are in any preferred 

direction and this texture is known then experiments can be performed to bring them in all 

directions, but if the texture is not known then it is not possible to bring them in all directions. 

If for example the crystals are oriented only in one direction, it is possible that a peak which is 

in another direction disappears and the sample has to be moved in order to make it visible. 

 

The red as well as blue peaks of the specimen in Fig. 5.11 are slightly shifted from the green 

fcc iron pattern and blue bcc iron pattern respectively. Therefore, the standard XRD diagram is 

not obtained. The shifting of peaks is the problem that the investigated Fe-SMA is not purely 

iron, there are also some additional elements like Mn, Si, Cr and Ni present in the investigated 

Fe-SMA. But the results are being compared with the data bank of pure iron. Consequently, the 

lattice planes and the distances between lattice planes are also slightly different. 

 
Fig. 5.12: Stick pattern corresponding to green vertical lines of Fig. 5.11; indicating fcc iron 

(ovgu) 

 

The values of Miller Indices i.e. h, k, and l denoting different lattice planes for fcc iron at 

different values of 2θ are stated in Table 5.4. The values of Table 5.4 have been obtained from 

Fig. 5.12 which is consistent with the results for the investigated Fe-SMA. There are additional 

elements too in the investigated Fe-SMA along with Fe, therefore, it is hard to say that these 
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are the lattice planes for fcc phase of investigated Fe-SMA. However, the lattice planes for fcc 

phase of investigated Fe-SMA are close to the lattice planes mentioned over here. 
 

 

Table 5.4 (ovgu) 

Lattice planes corresponding to red peaks and green vertical lines of Fig. 5.11 (fcc iron) 

Sr. # h k l d (A) 
2Theta 

(deg) 
I (%) 

1 1 1 1 2.11304 42.759 100.0 

2 2 0 0 1.82995 49.788 42.8 

3 2 2 0 1.29397 73.068 17.9 

4 3 1 1 1.10350 88.542 16.8 

5 2 2 2 1.05652 93.621 4.6 

6 4 0 0 0.91497 114.679 2.0 

7 3 3 1 0.83964 133.103 6.6 

8 4 2 0 0.81838 140.525 6.3 

 

 
Fig. 5.13: Stick pattern corresponding to blue vertical lines of Fig. 5.11; indicating bcc iron 

(ovgu) 

 

The values of Miller Indices i.e. h, k, and l denoting different lattice planes for bcc iron at 

different values of 2θ are stated in Table 5.5. The values of Table 5.5 have been obtained from 

Fig. 5.13 which is consistent with the results for the investigated Fe-SMA. There are additional 

elements too in the investigated Fe-SMA along with Fe, therefore, it is hard to say that these 

are the lattice planes for bcc phase of investigated Fe-SMA. However, the lattice planes for bcc 

phase of investigated Fe-SMA are close to the lattice planes mentioned over here. 

 
Table 5.5 (ovgu) 

Lattice planes corresponding to blue peaks and blue vertical lines of Fig. 5.11 (bcc iron) 

Sr. # h k l d (A) 
2Theta 

(deg) 
I (%) 

1 1 1 0 2.02680 44.674 100.0 

2 2 0 0 1.43320 65.023 20.0 

3 2 1 1 1.17020 82.335 30.0 

4 2 2 0 1.01340 98.949 10.0 

5 3 1 0 0.90640 116.390 12.0 

6 2 2 2 0.82750 137.144 6.0 
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5.2 Dimensional changes of the investigated Fe-SMA over a range of 

temperatures 
 

The precise knowledge of dimensional changes of material is crucial for the products which are 

in contact while heating applications to avoid stresses and possible cracking. Some findings are 

directly investigated by dilatometer and the rest are calculated using the dilatometry results. 

These findings are very significant due to ever-increasing quantity of materials which can be 

used in high-temperature applications as well as very important in engineering design and 

application success. Table 5.6 shows the preliminary conditions at which dilatometry 

measurement of the investigated Fe-SMA is performed. The reference temperature is the 

temperature of laboratory where the experiments have been performed, it remains constant 

inside the laboratory at a value of 20°C. It can also be called room temperature. Experiments 

have been performed under pure inert argon gas atmosphere. 

 
Table 5.6 

Preliminary conditions for experimental work 

Sr. # 
General information during 

experimental work 
Reference Sample 

1 Material Al2O3 
Fe-15Mn-10Cr-8Ni-4Si 

SMA 

2 Instrument Netzsch DIL 402 C Netzsch DIL 402 C 

3 Sample 
A rod-shaped specimen of 

Al2O3 

A rod-shaped specimen of 

Fe-15Mn-10Cr-8Ni-4Si 

SMA 

4 Specimen length 25 mm 25.073 mm 

5 Measuring mode Standard expansion Standard expansion 

6 Pure gas Pure argon gas Pure argon gas 

7 Flow rate 75 ml/min 75 ml/min 

8 Temperature range 20°C to 400°C 20°C to 400°C 

9 Heating rate 5 K/min 5 K/min 

10 
Reference temperature (Lab or 

Room temperature) 
20°C 20°C 

 

Arc melting process has been found to be suitable to produce a 25g button of the investigated 

Fe-SMA as discussed in the preceding chapter. The quantity of different elements in 25g button 

is given in Table 5.7. 

 
Table 5.7 

The quantity of different elements in 25g button of investigated Fe-SMA used in dilatometry measurement 

Quantity of elements Fe Mn Cr Ni Si 

Theoretical 15.75g 3.75g 2.5g 2g 1g 

Actual 15.7488g 3.7492g 2.4976g 2.013g 1.0171g 

 

 

5.2.1 Density of the investigated Fe-SMA over a range of temperatures 

 

Dilatometer measures the density of material and its dependence upon temperature. The results 

have been obtained in the form of excel data which shows the values of material density with 

respect to different temperatures between the temperature range of 20°C to 400°C during 

dilatometry measurement of the investigated Fe-SMA. This excel data has been plotted as 

density-temperature diagram as shown in Fig. 5.14. 
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Fig. 5.14: Density-temperature diagram for the investigated Fe-SMA 

 

W. Huang [57] said that specific actuation stress (= stress/density) is considered instead of 

actuation stress in case of a lightweight actuator. 

 

This density of the investigated Fe-SMA over a range of temperatures (ρ (T)) found out by 

dilatometry measurement is required to be used in Eq. 3.1 for the calculations of thermal 

conductivity over a range of temperatures (λ (T)) which decides the potential of any material 

for thermomechanical applications. Besides, Table 5.10 shows that density values of the 

investigated Fe-SMA are comparable with that of Nitinol. 

 

 

5.2.2 Dilatation of the investigated Fe-SMA over a range of temperatures 

 

The dilatometer also heats-up the sample and measures how much the sample expands with 

 
Fig. 5.15: Dilatation-temperature diagram for investigated Fe-SMA during heating in 

dilatometer; showing relative change in length of a specimen during heating 
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temperature which is called as longitudinal expansion or change in length denoted by dL. 

Dilatation is defined as the longitudinal expansion or change in length (by temperature or any 

other state variable) divided by initial length denoted by dL/L0. The results have been obtained 

in the form of excel data which also shows the dilatation over a range of temperatures between 

the temperature range of 20°C to 400°C during dilatometry measurement of the investigated 

Fe-SMA. This data has been plotted as dilatation-temperature diagram as shown in Fig. 5.15. 

 

Such type of data is beneficial to calculate the coefficient of thermal expansion (CTE) which is 

very useful parameter for design engineers to design against failure by thermal stresses and this 

expansion characteristic is important for application success. 

 

Van Caenegem et al. [114] investigated the shape memory behavior of each of Fe29Mn7Si 

(mass %) and Fe29Mn7Si5Cr (mass %) alloys. The shape recovery has been quantified using 

dilatometry experiments on already compressed samples as shown in Fig. 5.16. The recovery 

strain εrec and shape recovery ratio η; have been measured by dilatometry as mentioned in Table 

5.8. The shape recovery ratio η has been calculated as the change in length during heating in 

dilatometer (L1-L2) which has been measured from dilatation curve, divided by change in length 

while compression/deformation (L1-Lo). The data of Table 5.8 shows that higher the value of 

pre-strain lower the shape recovery ratio. The recovery stresses have been measured using the 

designed procedure, which is caused by the change of dimensions due to the shape memory 

effect. The recovery stress is that stress which is generated when the recovery of deformation 

is hindered under constraint. 

 

 
 

Fig. 5.16: Shape recovery after compression by dilatometry [114] 

 
Table 5.8 [114] 

Recovery strain εrec and shape recovery ratio η 

Sr. # Alloys Pre-strain εrec = (L1-L2)/L1 
η = (L1-L2)/(L1-

Lo) 

1 

Fe29Mn7Si 

(mass %) 

1.6 0.67 41 

2 3.6 1.28 34 

3 8.1 1.85 21 

4 17.5 1.72 8 

5 

Fe29Mn7Si5Cr 

(mass %) 

1.8 0.52 28.4 

6 3.4 1.44 41 

7 7.9 1.75 20 

8 17.6 1.64 8 

 

In applications like pipe couplings, the stainless SMAs replace more expensive Nitinol because 

their remarkable shape recovery upon pseudoplastic deformation is about 3 to 4%. Otubo et al. 
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proved the existence of better shape recovery in Fe-Mn-Si-Cr-Ni-C SMA alloy without Co 

instead of that with Co, shown by 80% shape recovery upon 4% tensile strain and 65% recovery 

for the same tensile strain [115]. The recently developed Fe-17Mn-5Si-10Cr-4Ni-1(V, C) SMA 

is found to be suitable for civil and mechanical engineering applications because it has high 

strength, ductility and recovery stress. The most important application of FeMnSi-SMAs is to 

use their recovery stress for pre-stressing of structural elements such as concrete and metallic 

beams and plates to increase their performance. 

 

However, the first step (Lo→L1) shown in Fig. 5.16 consisting of pre-straining through 

compression; has not been performed in this work because the available arc melting machine 

has been designed for melting the samples up to 20g only. A 25g button (which is above the 

capacity of the machine) has been prepared by arc melting machine, it has been used to prepare 

a maximum of 25mm long specimen. Heavier than 25g button is not possible to be prepared at 

all by using arc melting machine, consequently, longer than 25mm specimen is also not possible 

to be prepared from available facilities. The specimen having less than 25mm length does not 

fit inside the dilatometer. Also, it is not possible to get 25mm length after performing the first 

step consisting of pre-straining by compression. Hence, in this work 25mm long specimen is 

directly heated in the dilatometer. 

 

 

5.2.3 Phase Transition in the investigated Fe-SMA 

 

The phase transition in investigated Fe-SMA has been investigated by means of dilatometry too 

over a range of temperatures while analyzing the data obtained from dilatometry measurement. 

The dilatometer heats-up the sample and measures how much the sample expands with 

temperature; which is used to investigate the phase transition in the material. The data of the 

change in length of a specimen during different temperature intervals has been obtained from 

the data of Fig. 5.15; this obtained data is described in Table 5.9. 

 
Table 5.9 

Change in length of the specimen during different temperature intervals during dilatometry measurement 

Sr. # 
Temperature intervals 

(°C) 

Change in length of a specimen during 

different temperature intervals 

x10-5 

1 32 to 52 336.3 

2 52 to 72 138 

3 72 to 92 299 

4 92 to 112 309 

5 112 to 132 320 

6 132 to 152 350 

7 152 to 172 380 

8 172 to 192 380 

9 192 to 212 390 

10 212 to 232 390 

11 232 to 252 410 

12 252 to 272 410 

13 272 to 292 400 

14 292 to 312 410 

15 312 to 332 420 

16 332 to 352 410 

17 352 to 372 420 

18 372.346 to 392.346 420 
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The obtained data of Table 5.9 has been plotted as Fig. 5.17 and Fig. 5.18 which show the 

occurrence of martensite to austenite phase transition during the temperature interval of 52°C 

to 72°C because there is a substantial decrease during this temperature interval presenting 

drastic change in length of the specimen during the said interval. 

 

 
 

Fig. 5.17: Change in length of the specimen during different temperature intervals showing a 

phase transition 

 

By analyzing the dilatometry curve in Fig. 5.15 it has been noted that the curve deviated to a 

small extent between 40°C to 100°C after that it became straight, however, it was difficult to 

locate the exact temperature interval possessing the phase transition. Therefore, Fig. 5.17 and 

Fig. 5.18 have been drawn. 

 

 
 

Fig. 5.18: Change in length of the specimen during different temperature intervals showing a 

phase transition 
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The austenitic start temperature (As) investigated in subsection 5.1.3 is 60.6°C which confirms 

the existence of martensite to austenite phase transformation between 52°C to 72°C. The 

discussion on the importance of investigation of austenitic start temperature has already been 

performed in subsection 5.1.3. The author has published the results of subsection 5.2.3 in a 

Journal having high impact factor [116]. 

 

 

5.2.4 Coefficient of thermal expansion calculations for the investigated Fe-SMA 

 

The coefficient of linear thermal expansion (CTE) denoted by α is the material property which 

indicates the extent to which a material expands upon heating. It is defined as the change in 

length of a material per unit change in temperature. 

 

M. K. Stanford [108] used the well-known relation of Eq. 5.2 for CTE calculations. 

 

CTE has been calculated in this work for the investigated Fe-SMA over a range of temperatures 

while analyzing the data obtained from dilatometry measurement. It has been calculated by 

means of Eq. 5.2 using the dilatometry results. Eq. 5.2 shows that CTE is calculated by a change 

in length divided by initial length multiplied by the change of temperature or by measuring the 

relative change in length of the specimen with respect to temperature. CTE has SI unit of (°C)-

1 or 1/°C and U.S. customary unit of (°F)-1 or 1/°F. 

 

α = (dL/Lo) / (T – To)         (5.2) 

 

 
Fig. 5.19: Thermal expansion coefficient-temperature diagram for investigated Fe-SMA 

 

where, 

 

α  coefficient of thermal expansion (°C)-1 

Lo  initial sample length (25.073 mm) 

T  test temperature of the sample (obtained from dilatometry results) 

To  initial temperature “20°C” 

dL/Lo  the change in length per initial length (obtained from dilatometry results) 
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After calculating the CTE, the results have been plotted as thermal expansion coefficient-

temperature diagram shown in Fig. 5.19. 

 

Khairul Alam et al. [106] said that Invar 36 is useful for aerospace applications because it has 

a very low value of CTE which means it exhibits very small changes in physical dimensions 

over a range of temperatures. 

 

Such type of calculation is important because some materials have very high variations with 

temperature. It is also used for design purposes to determine if failure by thermal stress may 

occur therefore design engineers have a considerable interest in CTE values. The expansion of 

the material is vital to be considered while designing large structures, beams, molds for casting 

hot materials, and in other engineering applications where substantial changes in dimension are 

expected due to temperature. The fitting parts over one another is the mechanical application of 

thermal expansion e.g. inner diameter of the bushing is kept slightly smaller than that of shaft 

in order to fit it on the shaft; then it is heated, brought over the shaft and let it be cooled to 

achieve shrink fit. 

 

Table 5.10 shows the comparison of density and thermal expansion coefficient which have been 

investigated in this work for investigated Fe-SMA with state-of-the-art SMAs and some well-

known conventional materials e.g. Nitinol, stainless steel, 60-Nitinol, and two different Cu-

SMAs. It also shows that thermal expansion coefficient of the investigated Fe-SMA is in the 

range as that of Nitinol. 

 
Table 5.10 [63][108][110][111] 

Comparison of density and the thermal expansion coefficient of investigated Fe-SMA with that of well-known 

materials 

Property 

Fe-15Mn-

10Cr-8Ni-4Si 

SMA 

Nitinol CuZnAl CuAlNi 
Stainless 

steel 316L 
60-Nitinol 

Density 
7509-7358 

Kg/m3 

6400-6500 

Kg/m3 

 

or 

 

6.45 g/cm3 

i.e. 6450 

Kg/m3 

 

or 

 

6.45 g/cm3 

i.e. 6450 

Kg/m3 

7540-8000 

Kg/m3 

 

or 

 

7.15 g/cm3 i.e. 

7150 Kg/m3 

7100-7200 

Kg/m3 

 

or 

 

7.9 g/cm3 i.e. 

7900 Kg/m3 

7.90 g/cm3 

i.e. 7900 

Kg/m3 

- 

Thermal 

expansi-

on 

coeffici-

ent, 10-6 

9.45-18.1 

(1/°C) 
6.6-11 (1/K) 17 (1/K) 17 (1/K) - 11.2 (1/°C) 

 

 

5.3 Potential of investigated Fe-SMA for thermomechanical applications 
 

Table 5.11 shows the preliminary conditions at which laser flash analysis (LFA) of the 

investigated Fe-SMA has been performed. The reference temperature is a temperature of the 

laboratory where the experiments have been performed, it is kept constant around the clock 
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inside the laboratory at a value of 20°C. It can also be called room temperature. Experiments 

have been performed under pure inert argon gas atmosphere. 

 
Table 5.11 

Preliminary conditions for experimental work 

Sr. # General Information during experimental work Experimental conditions 

1 Material Fe-15Mn-10Cr-8Ni-4Si SMA 

2 Instrument Netzsch LFA 427 

3 Sample 
Disk specimen of Fe-15Mn-10Cr-

8Ni-4Si SMA 

4 Reference temperature (Lab or Room temperature) 20°C 

5 Mass of sample “m” after blasting?? 1.94539g 

6 The volume of sample “v” after blasting?? 0.26314 cm3 

7 Type Single layer 

8 Coating Al2O3 25-50μm particles 

9 The thickness of the sample (average of five values)  2.5 mm 

10 The diameter of the sample (average of five values) 12.5 mm 

11 Atmosphere Pure inert argon gas 

12 Gas flow rate (argon gas) 75 ml/min 

 

Arc melting process has also been found to be suitable to produce a 15g button of the 

investigated Fe-SMA as discussed in the preceding chapter. The quantity of different elements 

in 15g button is given in Table 5.12. 

 
Table 5.12 

The quantity of different elements in 15g investigated Fe-SMA used in LFA measurement 

Quantity of elements Fe Mn Cr Ni Si 

Theoretical 9.45g 2.25g 1.5g 1.2g 0.6g 

Actual 9.4520g 2.2462g 1.4909g 1.1942g 0.6002g 

 

 

5.3.1 Thermal diffusivity of the investigated Fe-SMA 

 

The prediction of response time of active materials is significant for efficient use as actuators. 

This thermal diffusivity of the investigated Fe-SMA over a range of temperatures (α (T)) found 

out by LFA measurement, is required to be used in Eq. 3.1 for the calculations of thermal 

conductivity over a range of temperatures (λ (T)). Table 5.13 shows the results in terms of 

average thermal diffusivity of four/five different values at laser shots during LFA measurement 

of the sample alloy. Five measurements have been taken at 25.8°C by means of five laser shots, 

five measurements have been taken at 50.4°C by means of five laser shots, four measurements 

have been taken at 99.1°C by means of four laser shots, four measurements have been taken at 

199.8°C by means of four laser shots, four measurements have been taken at 300°C by means 

of four laser shots, and four measurements have been taken at 400.2°C by means of four laser 

shots. Afterwards, averages of four/five different measurements of thermal diffusivity have 

been taken which are mentioned in Table 5.13. The data has not been recorded between 25.8°C 

to 50.4°C, 50.4°C to 99.1°C, 99.1°C to 199.8°C, 199.8°C to 300°C and 300°C to 400.2°C 

because LFA technique is completely different from that of DSC and dilatometry measurements 

in which measurements are taken while heating and cooling at some specific heating/cooling 

rate; contrary in LFA it has been waited until some special temperature reaches as described 

earlier. Table 5.13 also shows the data related to the dependence of thermal diffusivity on 

temperature during the temperature range of 20°C to 400°C. The data of thermal diffusivity 

mentioned in Table 5.13 has been plotted as thermal diffusivity-temperature diagram shown in 
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Fig. 5.20. Such type of data is very significant while using SMA as thermally activated actuators 

which require a short-time response. 

 
Table 5.13 

Thermal diffusivity of the investigated Fe-SMA at different temperatures 

Sr. # Laser Shot Number 
Temperature 

(°C) 

Average 

Thermal 

Diffusivity “α” 

(mm2/s) 

1 1, 2, 3, 4, 5 25.8 3.308 

2 6, 7, 8, 9, 10 50.4 3.364 

3 11, 12, 13, 14 99.1 3.552 

4 15, 16, 17, 18 199.8 3.894 

5 19, 20, 21, 22 300 4.151 

6 23, 24, 25, 26 400.2 4.427 

 

 
Fig. 5.20: Thermal diffusivity-temperature diagram for investigated Fe-SMA 

 

In fact, the shape of the experimental curve in Fig. 5.20 shows that while heating from 25.8°C 

to 50.4°C, the thermal diffusivity of investigated Fe-SMA increases with less slope and the 

curve tends to be straight, afterward, the slope of the curve increases until it reaches the 

maximum temperature. 

 

Fig. 5.21 shows the features of thermal diffusivity for Nitinol that there is a drastic decrease 

and then increase of thermal diffusivity during M-A transformation. It is mainly due to the heat 

capacity change [105]. 
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Fig. 5.21: Thermal diffusivity-temperature diagram for Nitinol [105] 

 

A small temperature variation of Nitinol between Mf and Af can produce large changes in 

properties like critical stresses and initial modulus because Nitinol is very sensitive to 

temperature between this transformation range of Mf and Af which is very important 

characteristic in the sense that it helps to keep the operating temperature outside the 

transformation range while designing Nitinol actuators. Such a characteristic is also very 

important to be investigated for the design of other SMA actuators [117]. The sensitivity of 

SMA seems to be an intrinsic disadvantage [57]. 

 

However, Fig. 5.20 shows that the investigated Fe-SMA is not very sensitive to a temperature 

between that transformation range, also, there is no sudden decrease and increase of thermal 

diffusivity during M-A transformation contrary to that of Nitinol (Fig. 5.21). 

 

 

5.3.2 Thermal conductivity calculations for the investigated Fe-SMA 

 

The best method to find out thermal conductivity as a function of temperature is to compute 

using Eq. 3.1. It is utmost important to determine the potential of any material for 

thermomechanical applications. The thermal diffusivity of the investigated Fe-SMA over a 

range of temperatures (α (T)) has been found out by LFA measurement in subsection 5.3.1, the 

density of the investigated Fe-SMA over a range of temperatures (ρ (T)) has been found out by 

dilatometry measurement in subsection 5.2.1 whereas the specific heat capacity of the 

investigated Fe-SMA over a range of temperatures (CP (T)) has been found out from Fig. 5.6 

using DSC measurement in subsection 5.1.3. Now, the thermal conductivity of the investigated 

Fe-SMA over a range of temperatures (λ (T)) can be calculated by means of Eq. 3.1. 

 

Table 5.14 shows the values of density of the investigated Fe-SMA at temperatures of 

24.846°C, 49.846°C, 99.846°C, 199.846°C, 299.846°C, and 397.846°C; obtained from 

dilatometry results. 

 
Table 5.14 

The density of investigated Fe-SMA at different temperatures measured by dilatometry 

Sr. # 
Temperature 

(°C) 

Density “ρ” 

(g/cm3) 

1 24.846 7.509056281 

2 49.846 7.503019813 
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3 99.846 7.486824402 

4 199.846 7.447223771 

5 299.846 7.402780736 

6 397.846 7.35806137 

 

However, it is necessary to get the values of density of investigated Fe-SMA at LFA special 

temperatures of 25.8°C, 50.4°C, 99.1°C, 199.8°C, 300°C, and 400.2°C. These values have been 

calculated by unity method and the obtained values of density at LFA special temperatures of 

25.8°C, 50.4°C, 99.1°C, 199.8°C, 300°C, and 400.2°C; are mentioned in Table 5.15. 

 
Table 5.15 

The density at LFA special temperatures calculated by unity method 

Sr. # 
Temperature 

(°C) 

Density “ρ” 

(g/cm3) 

1 25.8 7.508825929 

2 50.4 7.502840368 

3 99.1 7.487066038 

4 199.8 7.447223771 

5 300 7.402710463 

6 400.2 7.356987193 

 

The obtained values of specific heat at LFA special temperatures of 25.8°C, 50.4°C, 99.1°C, 

199.8°C, 300°C, and 400.2°C; are mentioned in Table 5.16. These values of specific heat have 

been taken from the DSC results described in section 5.1; except the first value of 0.47516 

J/(g*K) at 25.8°C which has been obtained by extrapolating the logarithmic behavior of DSC 

curve by means of Eq. y = 0.0354ln(x) + 0.3601 mentioned on DSC curve shown in Fig. 5.22. 

This value of CP at 25.8°C was not available in DSC results because DSC measurement was 

started at a slightly higher temperature. 

 
Table 5.16 

The specific heat at LFA special temperatures measured by DSC 

Sr. # 
Temperature 

(°C) 

Specific Heat “CP” 

(J/(g*K)) 

1 25.8 0.47516 

2 50.4 0.49571 

3 99.1 0.53253 

4 199.8 0.53854 

5 300 0.56306 

6 400.2 0.57498 
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Fig. 5.22: Extrapolation of DSC curve to obtain the value of specific heat at 25.8°C 

 

Now, thermal conductivity can be calculated by means of Eq. 3.1 at temperatures of 25.8°C, 

50.4°C, 99.1°C, 199.8°C, 300°C, and 400.2°C as mentioned in Table 5.17 which also implies 

the data related to the dependence of thermal conductivity on temperature. The values of 

average thermal diffusivity in m2/s obtained from Table 5.13, the values of density in Kg/m3 

obtained from Table 5.15, and the values of specific heat in J/Kg*K obtained from Table 5.16; 

at LFA special temperatures of 25.8°C, 50.4°C, 99.1°C, 199.8°C, 300°C, and 400.2°C are 

mentioned in Table 5.17. Thermal conductivity values in Table 5.17 have been calculated by 

multiplying the values of α, ρ and Cp stated in the same Table 5.17. 

 
Table 5.17 

The thermal conductivity of the investigated Fe-SMA calculated at different temperatures 

Sr. # 
Laser Shot 

Number 

Temperature 

(°C) 

Average 

Thermal 

Diffusivity 

“α” 

(m2/s) 

Density “ρ” 

(Kg/m3) 

Specific 

Heat “CP” 

(J/(Kg*K)) 

Thermal 

Conductivity 

“λ” 

(W/m*K) 

1 1, 2, 3, 4, 5 25.8 0.000003308 7508.825929 475.16 11.80259245 

2 6, 7, 8, 9, 10 50.4 0.000003364 7502.840368 495.71 12.51149981 

3 11, 12, 13, 14 99.1 0.000003552 7487.066038 532.53 14.16213401 

4 15, 16, 17, 18 199.8 0.000003894 7447.223771 538.54 15.617385 

5 19, 20, 21, 22 300 0.000004151 7402.710463 563.06 17.30207431 

6 23, 24, 25, 26 400.2 0.000004427 7356.987193 574.98 18.72674344 

 

The data of thermal conductivity mentioned in Table 5.17 has been plotted as thermal 

conductivity-temperature diagram as shown in Fig. 5.23. 
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Fig. 5.23: Thermal conductivity-temperature diagram for investigated Fe-SMA 

 

M. K. Stanford stated the thermal conductivities of several conventional bearing materials. 

These materials are M50 bearing steel, 440C stainless steel, 304 stainless steel, Stellite 6B and 

Hastelloy C [108]. It has been observed that their thermal conductivities are in the same range 

as that of investigated Fe-SMA in this work. Consequently, it can be stated that the range of 

thermal conductivity of investigated Fe-SMA is in the range of a variety of conventional 

engineering alloys used in bearings. 

 

Thermal conductivity of the investigated Fe-SMA in this work is also comparable with that of 

60-Nitinol which is useful to make different tools. It has also the useful properties like hardness 

(22 RC to 64 RC), high strength, low density, fine surface finish, low modulus, low thermal 

conductivity, low CTE, non-magnetic, and corrosion resistant [108][118]. Consequently, it can 

be stated that the range of thermal conductivity of investigated Fe-SMA is in the range of an 

alloy (60-Nitinol) used to make several tools. 

 

The following Table 5.18 shows the thermal conductivities of numerous materials along with 

their applications in bearings, turbine blades, several pipe joints, rods, pipes, bolts, nuts, wires, 

studs, screws, allen keys, flange plates, seals, tools and washers; whose values are comparable 

with that of investigated Fe-SMA. 

 
Table 5.18 

Numerous materials and their applications whose thermal conductivities match with that of investigated Fe-SMA 

Sr. # Material 

Thermal 

Conductivity “λ” 

(W/m*K) 

Applications Reference 

1 
304 stainless 

steel 
15.1 

Bearings, several pipe joints like 

elbow, rods, pipes, bolts, allen 

keys, flange plates, washers and 

so on. [108] 

2 Stellite 6B 14.7 

Bearings, several pipe joints, 

rods, pipes, Nuts, bolts, flange 

plates and so on. 
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3 Hastelloy C 11.5 

Bearings, several pipe joints, 

rods, pipes, Nuts, bolts, flange 

plates, seals and so on. 

4 
M50 bearing 

steel 
25.9 Bearings 

5 Silicon nitride 22 Bearings 

6 Titanium 19-23 Bearings 

7 Antimony 18.5 Bearings 

Engineering 

Toolbox 

8 

Chrome Nickel 

Steel (18% Cr, 8 

% Ni) 

16.3 Bearings and tools 

9 Monel 26 

Bolts, nuts, several pipe joints, 

flange plates, rods, wires, studs, 

screws, and washers etc 

10 Silicon Carbide 15.2 Bearings 

11 Inconel 15 

Turbine blades, several pipe 

joints, rods, pipes, bolts, nuts, 

flange plates, washers and so on 

12 Incoloy 12 

Several pipe joints, rods, pipes, 

bolts, nuts, flange plates, washers 

and so on 

13 

60-NITINOL 

(water-

quenched) 

8.9-13.7 Tools [108][118] 

 

Table 5.19 shows the comparison of thermal diffusivity and thermal conductivity which have 

been investigated in this work for the investigated Fe-SMA with state-of-the-art SMAs and 

some well-known conventional materials e.g. Nitinol, stainless steel, 60-Nitinol, and two 

different Cu-SMAs. The values of thermal diffusivities for stainless steel and two different Cu-

SMAs mentioned in Table 5.19, have been calculated by means of λ = α * ρ * CP i.e. (i) for 

CuZnAl, the equation becomes 84 W/m.K = α * 440 J/Kg.K * 7150 Kg/m3, which gives thermal 

diffusivity “α” as 2.670057216x10-5 m2/s or 0.267 cm2/s; where W shows Watt which is equal 

to J/s, (ii) for CuAlNi, the equation becomes 69 W/m.K = α * 390 J/Kg.K * 7900 Kg/m3, which 

gives thermal diffusivity “α” as 2.239532619x10-5 m2/s or 0.224 cm2/s, and (iii) for Stainless 

steel 316L, the equation becomes 16.3 W/m.K = α * 500 J/Kg.K * 7900 Kg/m3, which gives 

thermal diffusivity “α” as 4.126582278x10-6 m2/s or 0.0413 cm2/s. 

 
Table 5.19 [63][108][110][111] 

Comparison of obtained thermal properties of investigated Fe-SMA with that of well-known materials 

Property 

Fe-15Mn-

10Cr-8Ni-

4Si 

SMA 

Nitinol CuZnAl CuAlNi 
Stainless 

steel 316L 
60-Nitinol 

Thermal 

conductivity 

(20°C) 

 

(Watt/meter

*kelvin) 

11.8-18.7 

W/m K 

8.6-18  

W/m K 

 

or  

 

10-18  

W/m K 

84-120  

W/m K 

 

or 

 

84 W/m K 

30-75 W/m K 

 

or 

 

69 W/m K 

16.3 W/m K 
8.9-13.7 

W/m K 

Thermal 

diffusivity  

0.03308-

0.04427 

cm2/s 

0.125 cm2/s  0.267 cm2/s 0.224 cm2/s  0.0413 cm2/s  - 

 

Zanotti et al. [105] proved from their numerical work that the data related dependence of 

thermal diffusivity, density, specific heat and thermal conductivity on temperature is necessary 
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to start numerical computations. The parameters in the below-mentioned Table 5.20 have been 

used to perform numerical work. 
 

Table 5.20 [105] 

Parameters used to start numerical work 

Sr. # Parameter Symbol Unit 

1 specific heat CP J/(Kg K) 

2 thermal conductivity K or λ J/(m s K) 

3 thermal diffusivity α m2/s 

4 density ρ Kg/m3 

5 sample cross-sectional area A m2 

6 
convection heat transfer 

coefficient 
h J/(m2 s K) 

7 surface reflectivity index r - 

8 sample perimeter S m 

9 temperature T K 

10 time t s 

11 1D space abscissa x m 

12 heated surface emissivity ε - 

13 Boltzmann constant σ - 

14 reference ref - 

15 heated surface 0 - 

16 cold surface e - 

17 
sample surrounding 

atmosphere 
g - 

18 lateral (cylindrical surface) s - 

 

 

5.4 Uniaxial compression analysis 
 

In this section, a series of uniaxial compression tests is performed to investigate numerous 

aspects of mechanical behavior of Fe-SMA. These tests have been performed on the samples 

shown in Fig. 4.4b by means of Zwick/Roell Z100 materials testing machine operating in axial 

strain control. Two samples are tested at room temperature, third sample at 200°C, whereas 

fourth one at 400°C. The quasi-static load has been applied during the tests with a loading speed 

of 5.8x10-4 mm/s. Unlike static and dynamic load, the quasi-static load is slow enough in a way 

that its inertial effects are negligible. Table 5.21 shows the preliminary conditions at which 

uniaxial compression tests of the investigated alloy have been performed. 

 
Table 5.21 

Preliminary conditions for experimental work 

General information during experimental work 

Machine 
Zwick/Roell Z100 

materials testing machine 

Measuring mode Compression 

Sample 

Cylindrical specimen of 

Fe-15Mn-10Cr-8Ni-4Si 

SMA 

Initial length of the specimen, Linitial 6mm (ideal) 

Initial diameter of the specimen, Dinitial 4mm (ideal) 

Initial cross-sectional area of the specimen (A=πr2) 12.5664 mm2 

Loading speed during uniaxial compression 5.8x10-4 mm/s 

Temperature 
Room temperature (20°C), 

200°C, 400°C 
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Following results have been obtained from these monotonic tests at room temperature as well 

as at elevated temperatures. The results have also been tabularized as well as approximated 

values are taken e.g. 8000 MPa instead of 7990 MPa. 

 

 

5.4.1 Uniaxial compression at room temperature 

 

The first specimen has been compressed by applying an axial compressive force, Fzz shown in 

Fig. 5.24; up to a maximum value of 6100N at a loading speed of 5.8x10-4 mm/s. The strain is 

the ratio of the deformation of an object over its original dimension. For axial strain there should 

be axial deformation shown in Fig. 5.24 in the same direction to the applied force. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.24: The representation of axial plastic deformation and transverse plastic deformation 

in the sample used for uniaxial compression analysis of the investigated Fe-SMA 

 

The total deformation in the length of cylindrical specimen over the original length equals axial 

strain. The strains εxx, εyy, and εzz are aligned x, y, and z of coordinate system in Fig. 5.24. 

 

The total strain (εzz) is the sum of elastic strain (εe, zz) and the plastic strain (εp, zz) i.e. εzz = εe, 

zz + εp, zz. 

 

The curves in this section 5.4 are not perfectly straight in the very beginning which can be due 

to the disturbance effect because at the start of experiments the specimens are not perfectly in 

contact and aligned with pressing plate. The specimens are first kept on the lower plate then 

upper plate is moved towards the specimens. A perfect contact is built on each specimen in 

order to make the plates aligned with these specimens. While doing this process the material is 

supposed to be the softer material thus the curve is not perfectly straight in the very beginning. 

After achieving the required contact and alignment, the material is possible to be compressed 

perfectly and precise material behavior is obtained. 

 

The axial compressive displacement (∆Lzz) of first specimen at different values of force (Fzz) is 

mentioned in Fig. 5.25 which shows a maximum axial compressive displacement of 0.6mm that 

means the initial undeformed length (Linitial) having a value of 6mm for first specimen reduces 

by an amount of 0.6mm after compression. That’s why, 0.6/6*100 = 10% is the total axial 

compressive strain after compression as shown in Fig. 5.26. However, a part of the displacement 
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Dfinal 
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(0.6mm) is recovered after removing the load because the investigated alloy is SMA as 

elaborated below. Likewise, a part of total axial compressive strain (10%) is recovered after 

removing the load as indicated in Fig. 5.26. The data has been obtained in .TRA file which is 

transferred in excel file before plotting. 

 

 
Fig. 5.25: Force-deformation behavior for uniaxial compression of first specimen of the 

investigated Fe-SMA at room temperature 

 

The stress has been calculated by means of σzz = Fzz/A, where Fzz is the axial compressive force 

mentioned in Fig. 5.24 and Fig. 5.25 and A is the initial cross-sectional area of the cylindrical 

specimen. The axial compressive force is in N whereas area is in mm2, therefore, the unit of 

stress is N/mm2 (MPa). 

 

Besides, the strain percentage has also been calculated by means of εzz = ∆Lzz/Linitial*100, where 

∆Lzz is the axial compressive displacement mentioned on x-axis of Fig. 5.25 and Linitial is the 

initial length of the specimen before compression. 

 

Note: There should be minus sign with axial compressive displacement due to uniaxial 

compression, however, it is not mentioned in this section 5.4 therefore the results are in first 

quadrant instead of third quadrant. 

 

The stress-strain curve has now been plotted in Fig. 5.26. The yield strength evaluated from 

Fig. 5.26 is 170 MPa and the range of elastic strain is about 2%. The total axial compressive 

strain after compression is 10% which has been elaborated earlier, a part of it is recovered after 

removing the load as shown in Fig. 5.26. The value of initial length (Linitial) of undeformed first 

specimen used at room temperature is 6mm. The final length of first specimen after 

compression should be 6mm – 0.6mm = 5.4mm, however, it expands to a small extent after 

removing the load because it is SMA thus final length (Lfinal) becomes 5.81mm. Now the axial 

plastic deformation, ∆Lp, zz under uniaxial compression can be obtained as follows; 

 

Axial plastic deformation, ∆Lp, zz = Linitial – Lfinal = 6mm - 5.81mm = 0.19mm 

 

Note: The value of axial plastic deformation, ∆Lp, zz cannot be greater than the maximum 

displacement described in force-deformation diagram. 
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The axial plastic strain, εp, zz of first specimen after compression is obtained by Eq. 5.3, then 

axial strain recovered is possible to be calculated. 

 

𝜀𝑝,   𝑧𝑧 =
∆𝐿𝑝,   𝑧𝑧

𝐿𝑖𝑛𝑖𝑡𝑖𝑎𝑙
=  

0.19

6
= 0.032          (5.3) 

 

Note: The axial plastic strain is positive in case of tension but negative in case of compression 

because final length decreases in compression. However, the positive convention is used in this 

thesis as discussed earlier. 

 

In other words, the specimen with 6mm length is displaced to a value of 0.6mm (shown in Fig. 

5.25) but the remaining length after deformation is 5.81mm (instead of 6mm – 0.6mm = 5.4mm) 

which is 96.8% of 6mm, consequently, the remaining 100 – 96.8 = 3.2% is the axial plastic 

strain (εp, zz) as located on x-axis of Fig. 5.26. The total axial compressive strain on x-axis of 

Fig. 5.26 is 10% out of which 3.2% is axial plastic strain, therefore, the remaining 6.8% is the 

axial strain recovered. There is an imaginary unloading curve (linearly approximated) because 

exact unloading curve could not be obtained due to unavailability of unloading analysis on 

uniaxial compression machine. 

 
Fig. 5.26: Stress-strain behavior for uniaxial compression of first specimen of the investigated 

Fe-SMA at room temperature 

 

Modulus of elasticity of a material is the ratio of stress (force per unit area) and strain 

(proportional deformation) in linear elastic regime. It is also a measure to the stiffness of a solid 

material. Stiffness is the extent to which a material resists the elastic deformation in response 

to an applied force. 

 

The elastic part has been plotted in Fig. 5.27. The data on x-axis is dimensionless strain 

(∆Lzz/Linitial) instead of percent strain in order to calculate the modulus of elasticity for the 

investigated Fe-SMA which is possible to be calculated by slope of this curve in elastic range. 

The modulus of elasticity evaluated from Fig. 5.27 is 8000 MPa, in fact it is austenitic modulus 

of elasticity denoted by EA because the material is in austenitic state at room temperature as 

shown by XRD results in subsection 5.1.7. 
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Fig. 5.27: Stress-strain behavior in elastic range for uniaxial compression of first specimen of 

the investigated Fe-SMA at room temperature 

 

All the obtained results of uniaxial compression of first specimen at room temperature, are 

tabularized in Table 5.22. These are experimental investigations which are expected to be the 

exact values due to lack of research on Fe-15Mn-10Cr-8Ni-4Si SMA. 

 
Table 5.22 

The investigated mechanical properties for Fe-SMA of interest at room temperature (first specimen) 

Sr. # Mechanical property Value 

1 Yield Strength, σy 170 MPa 

2 Elastic strain, εe, zz 2.02% 

3 Total axial compressive strain after compression 10%   

4 Modulus of elasticity, EA 8000 MPa 

5 Axial plastic strain, εp, zz 3.2% 

6 Axial strain recovered 6.8% 

 

The second specimen has also been tested at room temperature on the same conditions as that 

of first specimen. The quite similar results have been obtained by second specimen as described 

below. 

 

The force-deformation diagram showing axial compressive displacement of second specimen 

at different values of force is mentioned in Fig. 5.28 which shows a maximum axial 

compressive displacement of 0.63mm that means the initial undeformed length (Linitial) having 

a value of 6.18mm for second specimen reduces by an amount of 0.63mm after compression.  

That’s why, 0.63/6.18*100 = 10.2% is the total axial compressive strain after compression as 

shown in Fig. 5.29. However, a part of displacement as well as a part of total axial compressive 

strain is recovered after removing the load as indicated in Fig. 5.29. 
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Fig. 5.28: Force-deformation behavior for uniaxial compression of second specimen of the 

investigated Fe-SMA at room temperature 

 

The stress-strain diagram for second specimen at room temperature is mentioned in Fig. 5.29. 

The yield strength evaluated from Fig. 5.29 is 180 MPa and the range of elastic strain is about 

2.4%. The total axial compressive strain after compression is 10.2% a part of which is recovered 

after removing the load as shown in Fig. 5.29. The value of initial length (Linitial) of undeformed 

second specimen used at room temperature is 6.18mm. The final length of second specimen 

after compression should be 6.18mm – 0.63mm = 5.55mm, however, it expands by unloading 

because it is SMA thus final length (Lfinal) becomes 5.77mm. Now the axial plastic deformation, 

∆Lp, zz under uniaxial compression is; 

 

Axial plastic deformation, ∆Lp, zz = Linitial – Lfinal = 6.18mm - 5.77mm = 0.41mm 

 

The axial plastic strain, εp, zz for second specimen after compression is evaluated by Eq. 5.4, 

then axial recovery strain is possible to be calculated. 

 

𝜀𝑝,   𝑧𝑧 =
∆𝐿𝑝,   𝑧𝑧

𝐿𝑖𝑛𝑖𝑡𝑖𝑎𝑙
=  

0.41

6.18
  = 0.066           (5.4) 

 

In other words, the specimen with 6.18mm length is displaced to a value of 0.63mm (shown in 

Fig. 5.28) but the remaining length after deformation is 5.77mm (instead of 6.18mm – 0.63mm 

= 5.55mm) which is 93.4% of 6.18mm, consequently, the remaining 100 – 93.4 = 6.6% is the 

axial plastic strain (εp, zz) as located on x-axis of Fig. 5.29. The total axial compressive strain on 

x-axis of Fig. 5.29 is 10.2% out of which 6.6% is axial plastic strain, therefore, the remaining 

3.6% is the axial strain recovered. 
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Fig. 5.29: Stress-strain behavior for uniaxial compression of second specimen of the 

investigated Fe-SMA at room temperature 

 

The stress-strain diagram in elastic part for second specimen at room temperature is mentioned 

in Fig. 5.30. The modulus of elasticity, EA evaluated from the slope of this curve is 7500 MPa. 

 
Fig. 5.30: Stress-strain behavior in elastic range for uniaxial compression of second specimen 

of the investigated Fe-SMA at room temperature 

 

All the obtained results of uniaxial compression of second specimen at room temperature, are 

tabularized in Table 5.23. 

 
Table 5.23 

The investigated mechanical properties for Fe-SMA of interest at room temperature (second specimen) 

Sr. # Mechanical property Value 

1 Yield Strength, σy 180 MPa 

2 Elastic strain, εe, zz 2.4% 

3 Total axial compressive strain 10.2% 
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4 Modulus of elasticity, EA 7500 MPa 

5 Axial plastic strain, εp, zz 6.6% 

6 Axial strain recovered 3.6% 

 

In this subsection 5.4.1, there are two experiments at same conditions (room temperature). It 

seems these two experiments are not sufficient to achieve reliable results for Young’s modulus 

as well as for other correlated material parameters because the results from both experiments 

are not exactly similar. It has been concluded that the said difference of results for the 

parameters like Young’s modulus, E is 8000 MPa in first experiment whereas 7500 MPa in 

second experiment; is due to the different number of obtained experimental values from two 

experiments. The number of obtained experimental values from first experiment (specimen#1) 

are 240, however, from second experiment (specimen#2) are 350; which means the time of 

second experiment has been enhanced, consequently, the obtained mean values (results) differ. 

Statistically this is a slight difference which is not considerable, besides, if mean of only 240 

experimental values for both experiments are taken, then, there remains a minor difference and 

the results of two experiments almost coincide (e.g. Young’s modulus, E is 7484 MPa for first 

experiment and 7393 MPa for second experiment. 

 

 

5.4.2 Microstructure after deformation 

 

To analyze the effect of uniaxial compression on microstructure, the microstructure of the 

specimen deformed by uniaxial compression at room temperature has been examined. The 

martensite is brittle because its microstructure contains many needle-shaped features. The 

emergence of stress-induced hexagonal close-packed (HCP) ε-martensite is observed in 

microstructure of the investigated Fe-SMA after uniaxial compression deformation as shown 

by black needle-shaped features in Fig. 5.31. These needles show the reoriented de-twinned 

martensite, whereas the other remaining part of microstructure shows the twinned martensite. 

 

 
Fig. 5.31: Optical microscopic (OM) microstructure after deformation 

ε 
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5.4.3 Uniaxial compression at an elevated temperature of 200°C 

 

The third specimen has been compressed by applying a compressive force and speed as that of 

first and second specimen, however, it is compressed at an elevated temperature of 200°C. The 

axial compressive displacement (∆Lzz) for third specimen at different values of force (Fzz) is 

stated in Fig. 5.32 which shows a maximum axial compressive displacement of 1.17mm that 

means the initial undeformed length (Linitial) having a value of 6.2mm for third specimen reduces 

by an amount of 1.17mm after compression. That’s why, 1.17/6.2*100 = 18.87% is the total 

axial compressive strain after compression as shown in Fig. 5.33. However, a part of 

displacement as well as a part of total axial compressive strain is recovered after removing the 

load as shown in Fig. 5.33. 

 
Fig. 5.32: Force-deformation behavior for uniaxial compression of third specimen of the 

investigated Fe-SMA at 200°C 

 

Now, the stress and strain percentage have been calculated by the method discussed earlier. 

Then the stress-strain curve at an elevated temperature of 200°C is plotted in Fig. 5.33. The 

yield strength evaluated from Fig. 5.33 is 190 MPa and the range of elastic strain is about 3.2%. 

The total axial compressive strain after compression is 18.87% a part of which is recovered 

after removing the load as shown in Fig. 5.33. The value of initial length (Linitial) for third 

specimen before heating as well as before compression is 6.2mm, which is then put into the 

chamber of machine for experiment. After that, the chamber is closed. The compression of third 

specimen is started when a temperature of 200°C reaches inside the chamber. The final length 

(Lfinal) of the specimen after compression is 5.31mm. Now, axial plastic deformation, ∆Lp, zz 

under uniaxial compression at 200°C is; 

 

Axial plastic deformation, ∆Lp, zz = Linitial – Lfinal = 6.2mm – 5.31mm = 0.89mm 

 

The axial plastic strain, εp, zz of this specimen after compression is given by Eq. 5.5, then axial 

recovery strain can be calculated. 

 

𝜀𝑝,   𝑧𝑧 =
∆𝐿𝑝,   𝑧𝑧

𝐿𝑖𝑛𝑖𝑡𝑖𝑎𝑙
=  

0.89

6.2
= 0.1436           (5.5) 
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In other words, the specimen with 6.2mm length is displaced to a value of 1.17mm (shown in 

Fig. 5.32) but the remaining length after deformation is 5.31mm (instead of 6.2mm – 1.17mm 

= 5.03mm) which is 85.64% of 6.2mm, consequently, the remaining 100 – 85.64 = 14.36% is 

the axial plastic strain (εp, zz) as located on x-axis of Fig. 5.33. The total axial compressive strain 

on x-axis of Fig. 5.33 is 18.87% out of which 14.36% is axial plastic strain, therefore, the 

remaining 4.51% is the axial strain recovered. 

 
Fig. 5.33: Stress-strain behavior for uniaxial compression of third specimen of the 

investigated Fe-SMA at 200°C 

 

The elastic part for uniaxial compression of third specimen at 200°C has been plotted in Fig. 

5.34. The modulus of elasticity, EA evaluated from the slope of the below-mentioned diagram 

is 6700 MPa. 

 
Fig. 5.34: Stress-strain behavior in elastic range for uniaxial compression of third specimen of 

the investigated Fe-SMA at 200°C 
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All the obtained results of uniaxial compression of third specimen at 200°C, are tabularized in 

Table 5.24. 

 
Table 5.24 

The investigated mechanical properties for Fe-SMA of interest at 200°C (third specimen) 

Sr. # Mechanical property Value 

1 Yield Strength, σy 190 MPa 

2 Elastic strain, εe, zz 3.2% 

3 Total axial compressive strain 18.87% 

4 Modulus of elasticity, EA 6700 MPa 

5 Axial plastic strain, εp, zz 14.36% 

6 Axial strain recovered 4.51% 

 

 

5.4.4 Uniaxial compression at an elevated temperature of 400°C 

 

The axial compressive displacement (∆Lzz) of fourth specimen at different values of force (Fzz) 

at an elevated temperature of 400°C is plotted in Fig. 5.35 which shows a maximum axial 

compressive displacement of 1.1mm that means the initial undeformed length (Linitial) having a 

value of 6.33mm for fourth specimen reduces by an amount of 1.1mm after compression. That’s 

why, 1.1/6.33*100 = 17.38% is the total axial compressive strain after compression as shown 

in Fig. 5.36. However, a part of displacement as well as a part of total axial compressive strain 

is recovered after removing the load as shown in Fig. 5.36. 

 
Fig. 5.35: Force-deformation behavior for uniaxial compression of fourth specimen of the 

investigated Fe-SMA at 400°C 

 

The stress-strain diagram for fourth specimen at 400°C is plotted in Fig. 5.36. The yield strength 

evaluated from Fig. 5.36 is 145 MPa and the range of elastic strain is about 3.4%. The total 

axial compressive strain after compression is 17.38% a part of which is recovered after 

removing the load as shown in Fig. 5.36. The value of initial length (Linitial) for fourth specimen 

before heating as well as before compression is 6.33mm, which is then put into the chamber of 

machine for experiment. After that, the chamber is closed. The compression of fourth specimen 

is started when a temperature of 400°C reaches inside the chamber. The final length (Lfinal) of 
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the specimen after compression is 5.41mm. Now, axial plastic deformation, ∆Lp, zz under 

uniaxial compression at 400°C is; 

 

Axial plastic deformation, ∆Lp, zz = Linitial – Lfinal = 6.33mm - 5.41mm = 0.92mm 

 

The axial plastic strain, εp, zz of this specimen after compression is given by Eq. 5.6, then axial 

recovery strain can be calculated. 

 

𝜀𝑝,   𝑧𝑧 =
∆𝐿𝑝,   𝑧𝑧

𝐿𝑖𝑛𝑖𝑡𝑖𝑎𝑙
=  

0.92

6.33
= 0.1453    (5.6) 

 

In other words, the specimen with 6.33mm length is displaced to a value of 1.1mm (shown in 

Fig. 5.35) but the remaining length after deformation is 5.41mm (instead of 6.33mm – 1.1mm 

= 5.23mm) which is 85.47% of 6.33mm, consequently, the remaining 100 – 85.47 = 14.53% is 

the axial plastic strain (εp, zz) as located on x-axis of Fig. 5.36. The total axial compressive strain 

on x-axis of Fig. 5.36 is 17.38% out of which 14.53% is axial plastic strain, therefore, the 

remaining 2.85% is the axial strain recovered. 

 
Fig. 5.36: Stress-strain behavior for uniaxial compression of fourth specimen of the 

investigated Fe-SMA at 400°C 

 

The elastic part of the results of fourth specimen at 400°C has been plotted in Fig. 5.37 whose 

slope gives the value of modulus of elasticity, EA as 4600 MPa. 
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Fig. 5.37: Stress-strain behavior in elastic range for uniaxial compression of fourth specimen 

of the investigated Fe-SMA at 400°C 

 

All the obtained results of uniaxial compression of fourth specimen at 400°C, are tabularized 

in Table 5.25. 

 
Table 5.25 

The investigated mechanical properties for Fe-SMA of interest at 400°C (fourth specimen) 

Sr. # Mechanical property Value 

1 Yield Strength, σy 145 MPa 

2 Elastic strain, εe, zz 3.4% 

3 Total axial compressive strain 17.38% 

4 Modulus of elasticity, EA 4600 MPa 

5 Axial plastic strain, εp, zz 14.53% 

6 Axial strain recovered 2.85% 

 

 

5.4.5 The force-deformation behaviors at different temperatures 

 

The results mentioned in Fig. 5.25, Fig. 5.28, Fig. 5.32, and Fig. 5.35 are combined in Fig. 5.38. 

It can be observed from Fig. 5.38 that value of the required force for phase transformation 

decreases by increasing the temperature. 
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Fig. 5.38: Force-deformation behavior for uniaxial compression of four specimens of the 

investigated Fe-SMA at room temperature and elevated temperatures 

 

 

5.4.6 Effect of temperature on the onset transformation stress 

 

The results of stress-strain behavior mentioned in Fig. 5.26, Fig. 5.29, Fig. 5.33, and Fig. 5.36 

are combined in the following Fig. 5.39 which shows the stress-strain responses for the 

investigated Fe-SMA, as a function of temperature. The results of four uniaxial compression 

tests are mentioned in Fig. 5.39 in order to see the effect of temperature on the onset 

transformation stress. The results illustrate that the transformation mechanism is temperature 

dependent. It can be observed that the plateau concerning the transformation onset stress 

(austenite to martensite transformation onset, σAM) decreases by increasing the temperature. In 

fact, bonding strength decreases by increasing the temperature. The vibration of atoms increases 

by increasing the temperature, consequently, atomic distance in crystal structure increases so 

atomic force decreases. As ductility increases commonly by increasing the temperature, 

therefore, a material fabricator wishes to deform a material at high temperature (hot working) 

to take the advantage of lower required stress as well as higher ductility. 

 

It has also been observed by Fig. 5.26, Fig. 5.29, Fig. 5.33, and Fig. 5.36 (by Table 5.22 to 

Table 5.25 too) that elastic strain, εe, zz as well as axial plastic strain, εp, zz for investigated Fe-

SMA increase by increasing the temperature from room temperature to 200°C, however, there 

is almost no increase from 200°C to 400°C. 
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Fig. 5.39: Stress-strain curves for the investigated Fe-SMA at different temperatures under 

uniaxial compression tests 

 

The σAM(20°C) is about 340 MPa, σAM(200°C) is about 190 MPa and σAM(400°C) is about 110 

MPa as shown in Fig. 5.39. Now, (i) the difference of stress between 20°C and 200°C (200°C 

– 20°C = 180°C difference) is 340 - 190 = 150 MPa, therefore, the decrease rate of 

transformation onset stress between 20°C and 200°C is ≈80 MPa/100°C, (ii) the difference of 

stress between 200°C and 400°C (400°C – 200°C = 200°C difference) is 190 - 110 = 80 MPa, 

therefore, the decrease rate of transformation onset stress between 200°C and 400°C is ≈40 

MPa/100°C, and (iii) the difference of stress between 20°C and 400°C (400°C – 20°C = 380°C) 

is 340 - 110 = 230 MPa, therefore, the decrease rate of transformation onset stress between 

20°C and 400°C is ≈60 MPa/100°C which is the average value; as shown in Fig. 5.40. 

 
Fig. 5.40: Transformation onset stress-temperature diagram for the investigated Fe-SMA 

under uniaxial compression tests 
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5.4.7 Effect of temperature on modulus of elasticity of investigated Fe-SMA 

 

The results related to stress-strain behavior in elastic range mentioned in Fig. 5.27, Fig. 5.30, 

Fig. 5.34, and Fig. 5.37 are combined in the following Fig. 5.41 which shows that modulus of 

elasticity, EA decreases by increasing the temperature (with an average decrease rate of 

900MPa/100°C as illustrated below). The XRD results have shown that ά-martensite (bcc) 

phase also exists at room temperature, however, there exists only γ-austenitic (fcc) phase at 

higher temperatures. Consequently, it can be concluded that the martensitic modulus of 

elasticity (EM) is less than austenitic modulus of elasticity (EA) i.e. EM < EA. 

 
Fig. 5.41: Stress-strain behavior in elastic range of uniaxial compression for four specimens of 

the investigated Fe-SMA at different temperatures 

 

In order to find out the decrease rate of modulus of elasticity, EA with temperature, the below-

mentioned Fig. 5.42 is drawn. It shows that the decrease rate during temperature difference of 

180°C (20°C to 200°C) is 1300 MPa so decrease rate comes out as 720 MPa/100°C whereas 

the decrease rate during temperature difference of 200°C (200°C to 400°C) is 2100 MPa 

therefore decrease rate is 1050 MPa/100°C; as shown in Fig. 5.42. The overall decrease rate 

20°C to 400°C comes out as ≈900 MPa/100°C. 
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Fig. 5.42: Modulus of elasticity-temperature diagram for the investigated Fe-SMA under 

uniaxial compression tests 

 

 

5.4.8 Effect of temperature on yield strength of investigated Fe-SMA 

 

The yield strength usually decreases by increasing the temperature. In order to analyze the effect 

of temperature on yield strength, σy of the investigated Fe-SMA, the below-mentioned Fig. 5.43 

is drawn. It has been observed that there is very slight increase of yield stress, σy from room 

temperature to 200°C, however, it decreases from 200°C to 400°C. The yield stress, σy 

decreases to 45 MPa during temperature difference of 200°C (200°C to 400°C) so decrease rate 

comes out as 22.5 MPa/100°C. 

 

 
Fig. 5.43: Yield strength-temperature diagram for the investigated Fe-SMA under uniaxial 

compression tests 
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The ultimate compressive strength σuts is not possible to be calculated because the specimen is 

not broken. 

 

 

5.5 Biaxial compression analysis at room temperature 
 

In this section, a short explanation of the execution is given that biaxial compressive (2D) test 

is to load a (4.2mm x 4.2mm x 1mm) sample of investigated Fe-SMA in compression along 

two perpendicular directions (x- and y-axis as shown in Fig. 5.44). The main difficulty in this 

test is to apply the uniform load on each face of the sample with no friction between 

experimental setup and sample. Load is transferred from four plungers (shown in Fig. 5.45) of 

biaxial testing machine to four faces (shown in Fig. 5.44) of the sample. 

 
Fig. 5.44: Different faces of biaxial compression sample 

 

Moreover, all the reported strains in these experiments are measured with strain gauges as 

shown in Fig. 5.45. All the four plungers move simultaneously with a speed of 1 mm/min 

(1.67x10-2 mm/s) during loading as well as unloading. The sample has been loaded equally in 

each direction as shown in Fig. 5.45, afterwards, four plungers along both axes (x- and y-axis) 

are driven back by unloading until the force reaches zero. At first, the forces and displacements 

on each face of the sample are measured during loading and unloading. 

 

 
 

Fig. 5.45: Biaxial compression of the sample along two perpendicular directions [119] 
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All the experiments performed under section 5.5 are displacement controlled, therefore, there 

is a displacement of 0.07mm on each face of the sample with biaxial compression. The 

maximum displacement of each face of the sample after compression is 0.07mm which is 1.67% 

of 4.2mm. Therefore, the movement of opposite plungers went up to a maximum strain of 

3.34% (strain along each axis) during loading because ε = ∆L/L*100. 

 

In this work of biaxial compression loading, the force components are denoted by F1, F2, F3 and 

F4 on face 1, face 2, face 3 and face 4 respectively, the displacements are denoted by S1, S2, S3 

and S4 on face 1, face 2, face 3 and face 4 respectively, the stress components are denoted by 

σxx and σyy in x- and y-directions respectively, whereas the strain components are denoted by 

εxx and εyy in x- and y-directions respectively. 

 

 

5.5.1 Force-deformation behavior of investigated Fe-SMA during biaxial compression 

at room temperature 

 

As discussed earlier that biaxial experiments are displacement controlled, therefore, the 

compressive displacement, S1 on face 1 (shown in Fig. 5.44) of the sample at different values 

of force, F1 applied on the said face is shown in Fig. 5.46 which shows that during loading of 

face 1 the maximum displacement is reached to 0.07mm which remains 0.035mm when the 

sample expands on unloading. There is a compressive force corresponding to the displacement 

followed by unloading until the force reaches zero. Besides, it is not possible to go from point 

D to point A (coming back to original shape) because there is no force anymore, it has already 

become zero at point D due to no more contact of plungers with sample. 

 

The peak/peaks before σs in Fig. 5.54 and Fig. 5.56 to Fig. 5.58 (which are stress-strain diagrams 

of face 1 to face 4 thus correspond to Fig. 5.46 to Fig. 5.49 respectively) might be due to the 

presence of ά-martensite phase (bcc) in the investigated Fe-SMA as shown in Fig. 5.46 to Fig. 

5.49 too. 

 

There are small acceptable lines in the microstructure of the investigated Fe-SMA shown in 

Fig. 5.55 which are due to grinding of the material. Unlike fine-grained microstructures, the 

coarse-grained microstructures have fewer, and larger discrete components. A coarse-grained 

description also concerns to large subcomponents. The investigated Fe-SMA has been produced 

by arc melting which is a type of casting. The microstructure of casted alloy is much coarser 

like that of the material used in this thesis. A homogeneous material means a material which 

has uniform microstructure, and uniform properties throughout. In the best case there should be 

homogeneous alloy comprising of same grains throughout without having subgrains.  However, 

the microstructure of the investigated Fe-SMA shows that it is inhomogeneous because it is 

very coarse microstructure. There is not only the Christmas tree but also the grains in 

microstructure. Besides, there are also small subgrains inside the grains. This is possibly the 

reason of tilting the curves especially at point C as shown in Fig. 5.46 to Fig. 5.49. 

 

However, the stress-strain diagrams shown in Fig. 5.54, Fig. 5.56, Fig. 5.57, Fig. 5.58, Fig. 5.59 

are better for further elaboration of the below-mentioned force-deformation diagrams (Fig. 5.46 

to Fig. 5.49). 
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Fig. 5.46: Force-deformation behavior of face 1 of the sample during loading and unloading 

under equibiaxial compression at room temperature 

 

The compressive displacement, S2 on face 2 (shown in Fig. 5.44) of the sample at different 

values of force, F2 applied on the said face is shown in Fig. 5.47 which shows that during 

loading of face 2 the maximum displacement is reached to 0.07mm which remains 0.028mm 

when the sample expands on unloading.  

 

Besides, Fig. 5.46 to Fig. 5.49 show that the specimen comes into full contact with plunger 

when the point A΄ (0.024mm) reaches. In other words, all the faces of specimen are finally 

loaded at point A΄, therefore, further elaboration in the respective stress-strain diagrams is from 

A΄ onwards. 

 
Fig. 5.47: Force-deformation behavior of face 2 of the sample during loading and unloading 

under equibiaxial compression at room temperature 
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The compressive displacement, S3 on face 3 (shown in Fig. 5.44) of the sample at different 

values of force, F3 applied on the said face is shown in Fig. 5.48 which shows that during 

loading of face 3 the maximum displacement is reached to 0.07mm which remains 0.028mm 

when the sample expands on unloading. 

 
Fig. 5.48: Force-deformation behavior of face 3 of the sample during loading and unloading 

under equibiaxial compression at room temperature 

 

The compressive displacement, S4 on face 4 (shown in Fig. 5.44) of the sample at different 

values of force, F4 applied on the said face is shown in Fig. 5.49 which shows that during 

loading of face 4 the maximum displacement is reached to 0.07mm which remains 0.035mm 

when the sample expands on unloading. 

 
Fig. 5.49: Force-deformation behavior of face 4 of the sample during loading and unloading 

under equibiaxial compression at room temperature 
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5.5.2 Force-deformation-time behavior of investigated Fe-SMA during biaxial 

compression at room temperature 

 

Fig. 5.50 to Fig. 5.53 show the force-deformation-time behavior during displacement-

controlled loading and unloading of different faces of the sample under equibiaxial compression 

at room temperature. In fact, the orange curve shows the behavior between compressive force 

and time, whereas the blue curve shows the behavior between compressive displacement and 

time. 

 

The sample is loaded at a loading speed of 1.67x10-2 mm/s by applying compressive force F1 

on face 1 (shown in Fig. 5.44) followed by unloading until the force reaches zero as shown by 

orange curve of Fig. 5.50. The compressive displacement, S1 on face 1 reaches at a maximum 

value of 0.07mm by applying the force on that face, after that, unloading starts and the material 

expands; as shown by blue curve of Fig. 5.50. It also shows that the compressive force, F1 

becomes zero but the material does not reach to its initial state so far. 

 

The microstructure of the investigated Fe-SMA shown in Fig. 5.55 is very complex. The SEM-

EDS analysis shows that there are five elements in the alloy as well as some impurities like S 

and Se as shown in Fig. 5.10, however, there is no carbon. The material behavior depends on 

the distribution of these elements which causes waviness of the data shown in Fig. 5.50 to Fig. 

5.53 because they become hurdle in the way of free dislocation motion. 

 

As stress-strain-time response gives the complete picture of the mechanical behavior of the 

material, therefore, the stress-strain-time diagrams will be better for further interpretation of 

force-deformation-time behaviors. 

 
Fig. 5.50: Force-deformation-time behavior of face 1 of the sample during loading and 

unloading under equibiaxial compression at room temperature 

 

The force-deformation-time diagram during displacement-controlled loading and unloading of 

face 2 of the sample is described in Fig. 5.51. 
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Fig. 5.51: Force-deformation-time behavior of face 2 of the sample during loading and 

unloading under equibiaxial compression at room temperature 

 

The force-deformation-time diagram during displacement-controlled loading and unloading of 

face 3 of the sample is described in Fig. 5.52. 

 
Fig. 5.52: Force-deformation-time behavior of face 3 of the sample during loading and 

unloading under equibiaxial compression at room temperature 

 

The force-deformation-time diagram during displacement-controlled loading and unloading of 

face 4 of the sample is described in Fig. 5.53. 
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Fig. 5.53: Force-deformation-time behavior of face 4 of the sample during loading and 

unloading under equibiaxial compression at room temperature 

 

 

5.5.3 Stress-strain behavior of investigated Fe-SMA during biaxial compression at room 

temperature 

 

The nominal compressive stress plotted in Fig. 5.54, Fig. 5.56, Fig. 5.57, Fig. 5.58, and Fig. 

5.59 has been calculated by means of σ = F/A, where F is the compressive force in N mentioned 

in Fig. 5.46 to Fig. 5.53 whereas A is the initial face area (3.36mm x 1mm) in mm2 of square 

sheet sample. The unit of stress is therefore N/mm2 (MPa). 

 

Hence, 

 

σxx = 
𝐹𝑥

𝐴
          (5.11) 

 

and 

 

σyy = 
𝐹𝑦

𝐴
          (5.12) 

 

where 

 

Fx force along x-axis (like F1 on face 1 and F3 on face 3) 

Fy  force along y-axis (like F2 on face 2 and F4 on face 4) 

A  initial face area of the sample 

 

The strain has been calculated by means of ε = ∆L/L*100, where ∆L is the compressive 

displacement mentioned in Fig. 5.46 to Fig. 5.53 whereas L is the total length (4.2mm) of square 

sheet sample. 
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The Fe-SMAs consist of three martensitic variants named according to the direction of their 

axis. If axis of a variant is parallel to x-axis, it is called variant type 1, similarly the axes of 

variant type 2 and variant type 3 are parallel to y-axis and z-axis, respectively. The variants 

reorient when force is applied until their axes become parallel to the stress direction, it is called 

as variant reorientation [120][121][122]. 

 

An inelastic deformation can be defined as if an object is stretched beyond its elastic limit and 

the object shrinks after removing the applied force however not return to its original size. The 

nominal stress-strain diagram for face 1 of the sample is plotted in Fig. 5.54. There is an elastic 

strain (A → B) until σs reaches. This σs shows the start of martensitic variants. It also shows 

the start of γ-austenite (fcc) to ε-martensite (hcp) transformation. There is an inelastic response 

(B → C) due to formation and reorientation of variants which continues until σf reaches. Most 

probably, at σf the formation and reorientation of martensitic variants in the direction of force 

is completed showing austenite to martensite transformation, the martensite comprises of three 

variants over here. After σf the material did not show any elastic response like that of Nitinol, 

it is probably due to stress concentration because of contact stresses applied by plungers that 

pressurize the sample. Consequently, there comes again an inelastic response during unloading 

(without prior elastic response like that of Nitinol) which is attributed to dispersal of variants. 

 

It has been reported if Fe-SMAs are subjected to biaxial compression with proper amounts of 

stresses, these materials can show pseudoelastic response. This pseudoelasticity is originated 

from variant reorientation while it is due to phase transformation in an SMA [123]. 

 

However, there is some residual strain, εr left inside the investigated Fe-SMA at point D shown 

in Fig. 5.54, which expresses the plastic deformation and unavailability of superelasticity at 

these deformation conditions because the material possesses certain amount of plasticity (at 

point D) due to stress until 24 MPa on face 1 (Fig. 5.54), 23 MPa on face 2 (Fig. 5.56), 26 MPa 

on face 3 (Fig. 5.57), and 24 MPa on face 4 (Fig. 5.58); which are probably high enough. 

 
Fig. 5.54: Nominal stress-strain behavior of face 1 of the sample in (σxx–εxx) plane during 

loading and unloading under equibiaxial compression at room temperature 
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behave differently. There can also be inhomogeneous redistributions of chemical composition 

inside the microstructure, causing inhomogeneous properties of the microstructure. It is 

possible that Christmas tree areas behave like superelastic material, but the phases in between 

cannot perform like this causing only TRIP (Transformation-Induced-Plasticity) effect 

producing residual strain. If phase distribution differs only 2 or 3% then it has no effect on 

behavior. 

 

The biaxial compression behavior is sometimes different from uniaxial compression behavior. 

The yield point of investigated Fe-SMA in case of biaxial compression might be much lower 

thus the stresses here (24 MPa, 23 MPa, 26 MPa, and 24 MPa for face 1, face 2, face 3, and 

face 4 respectively) are far above the yield strength, consequently, no superelasticity at these 

deformation conditions is observed. In order to see the superelasticity the stress should have 

been much lower and there should have been an idea of the value of yield strength for 

investigated Fe-SMA prior to perform the biaxial test. 

 

 
 

Fig. 5.55: SEM microstructure of the investigated Fe-SMA prior to biaxial compression 

deformation 

 

A schematic stress-strain response for face 2 of the sample is plotted in Fig. 5.56 where the 

stress is applied vertically along y-axis. The response is quite different from that of other faces 

i.e. there is congested response over here. The mechanical behavior also depends upon the 

orientation of grains and their size. It is typical for casted alloys that there is no special 

orientation of the microstructure along both axes, therefore, the material properties are different 

in vertical direction than that of horizontal direction. By loading, the grains elongate along one 

of the two axes (x- and y-axis) and differ the mechanical properties along both axes due to 

change in grain size (grains are much longer along one of the two axes) as well as their 

orientation. 
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Fig. 5.56: Nominal stress-strain behavior of face 2 of the sample in (σyy–εyy) plane during 

loading and unloading under equibiaxial compression at room temperature 

 

The nominal stress-strain diagram for face 3 of the sample is plotted in Fig. 5.57. 

 
Fig. 5.57: Nominal stress-strain behavior of face 3 of the sample in (σxx–εxx) plane during 

loading and unloading under equibiaxial compression at room temperature 

 

The nominal stress-strain diagram for face 4 of the sample is plotted in Fig. 5.58. 
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Fig. 5.58: Nominal stress-strain behavior of face 4 of the sample in (σyy–εyy) plane during 

loading and unloading under equibiaxial compression at room temperature 

 

The results of Fig. 5.54, Fig. 5.56, Fig. 5.57, and Fig. 5.58 are combined in Fig. 5.59 which 

clearly differentiates the results along x-axis and y-axis. In Fig. 5.59 the solid lines show the 

stresses along x-axis (face 1 and face 3) whereas the dotted lines show the stresses along y-axis 

(face 2 and face 4). The comparison of these lines shows that solid lines and dotted lines are 

not overlapping, in other words, the mechanical behavior of the investigated Fe-SMA is not 

identical along two axes (i.e. x- and y-axis). Therefore, the investigated Fe-SMA shows the 

condition of asymmetry. 

 
Fig. 5.59: Nominal stress-strain behavior of different faces of the sample in (σyy–εyy) plane 

during loading and unloading under equibiaxial compression at room temperature 
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5.5.4 Stress-strain-time behavior of investigated Fe-SMA during biaxial compression at 

room temperature 

 

Fig. 5.60 to Fig. 5.63 show the stress-strain-time behavior of the investigated Fe-SMA during 

loading and unloading of different faces under equibiaxial compression at room temperature 

whereas Fig. 5.65 shows all in one. In fact, the orange curve in Fig. 5.60 to Fig. 5.63 shows the 

schematic stress-time response, whereas the blue curve in Fig. 5.60 to Fig. 5.63 shows the 

schematic strain-time response. 

 

The stress-strain-time diagram for face 1 of the sample has been plotted in Fig. 5.60 which 

shows the nominal compressive stress, σxx increases due to loading followed by its decrease 

due to unloading until the stress reaches zero as shown by orange curve in Fig. 5.60, besides, 

the nominal compressive strain, εxx on the said face increases and reaches a maximum strain of 

1.67% due to loading followed by its decrease due to expansion of material while unloading as 

shown by blue curve in Fig. 5.60. 

 

It can be observed that σxx has become zero, however, the material does not reach to its initial 

state so far because all the oriented variants are no more oriented along x- and y-axis after 

unloading, consequently, there is residual strain describing plastic deformation. 

 
Fig. 5.60: Stress-strain-time behavior of face 1 of the sample during loading and unloading 

under equibiaxial compression at room temperature 

 

The stress-strain-time diagram for face 2 of the sample has been plotted in Fig. 5.61. 
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Fig. 5.61: Stress-strain-time behavior of face 2 of the sample during loading and unloading 

under equibiaxial compression at room temperature 

 

The stress-strain-time diagram for face 3 of the sample has been plotted in Fig. 5.62. 

 
Fig. 5.62: Stress-strain-time behavior of face 3 of the sample during loading and unloading 

under equibiaxial compression at room temperature 

 

The stress-strain-time diagram for face 4 of the sample has been plotted in Fig. 5.63. 
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Fig. 5.63: Stress-strain-time behavior of face 4 of the sample during loading and unloading 

under equibiaxial compression at room temperature 

 

The following Fig. 5.65 shows all the above-mentioned results of Fig. 5.60 to Fig. 5.63. 

 

It can also be observed by Fig. 5.65 that the strain 1, strain 3 and strain 4 at face 1, face 3 and 

face 4 respectively are overlapping, however, the strain 2 at face 2 differs from all the other 

strains because mechanical behavior also depends upon the orientation of grains and their size. 

It is typical for casted alloys that there is no special orientation of the microstructure along both 

axes, therefore, the material properties are different in vertical direction than that of horizontal 

direction. By loading, the grains elongate along one of the two axes (x- and y-axis) and differ 

the mechanical properties along both axes due to change in grain size as well as their orientation. 

 

Chen et al. performed biaxial (2D) compression experiments on Ni50Mn28.5Ga21.5 shape memory 

alloy at room temperature and found the results as shown in the Fig. 5.64. It has been found 

that the selected material has ability to work at high stress levels (plateau stress > 12 MPa), 

which are much larger than the blocking stress (< 3 MPa) in 1D configuration. The findings 

indicate that the selected material can work at high stress levels as well as at multi-axial stresses 

[123]. 
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Fig. 5.64: Nominal stress-strain curve (σyy–εyy) of Ni50Mn28.5Ga21.5 shape memory alloy 

during loading and unloading under biaxial compression at room temperature [123] 

 

By observing Fig. 5.59 and Fig. 5.65, it can easily be concluded that the investigated Fe-SMA 

in this thesis has also the ability to work in applications having high stress levels as well as at 

multi-axial stresses. 

 

The constant slope of the blue curve in Fig. 5.65 confirms that the load is applied displacement 

controlled. 

 

There is a shift in stress response (gap on left side in Fig. 5.65) between solid thick curves and 

dotted thick curves which shows the mechanical behavior of the investigated Fe-SMA is not 

identical along the two axes (i.e. x- and y-axis), therefore, it shows the condition of asymmetry. 

 

Moreover, the stress reaches zero by unloading but not the strain, it might be due to surface 

roughness and/or the opposite surfaces of sample are not parallel to each other. 

 

Besides, there is a shift in stress response (gap on lower side in Fig. 5.65) between different 

stress curves. The surface of sample has some topography, and this topography is compressed 

during the test. Consequently, there is a shift in stress response on lower side of Fig. 5.65. 
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Fig. 5.65: Stress-strain-time behavior of different faces of the sample during loading and 

unloading of all faces under equibiaxial compression at room temperature 

 

 

5.6 Hardness of the investigated Fe-SMA 
 

The hardness test is possibly least expensive and simplest method for mechanically 

characterizing the material because it does not need a special geometry of the specimen as well 

as the testing equipment is inexpensive and quick. In this section, hardness of Fe-15Mn-10Cr-

8Ni-4Si SMA is measured. Hardness is defined as the ability of a material to resist permanent 

indentation or deformation. In general, an indenter of known geometry and mechanical 

properties is pressed in the test material while measuring the hardness of material. As indenter 

is pressed in the material, therefore, hardness can also be viewed as the ability of material to 

resist compressive loads. 

 

The indenter might be, (i) conical (Rockwell test HRB Rockwell B Hardness or HRC 

sometimes only RC showing Rockwell Hardness measured on C scale), (ii) pyramidal (Vickers 

test HV) or (iii) spherical (Brinell test BHN but now HBW. BHN have been used for many 

years, however, ASTM has changed the standard for Brinell test i.e. requiring the use of a 

carbide indention ball for all tests using a 3000 kg load and steel balls no longer allowed. ASTM 

has also changed the abbreviation for new standard from BHN to HBW). The hardness of Fe-

15Mn-10Cr-8Ni-4Si SMA is found to be 85 HRB. 
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Chapter 6 
 

 

Conclusions and Future Outlook 
 

 

 

 

 

The present thesis deals with the current status of research and commercialization of Fe-SMAs. 

It has been clearly observed from an extensive literature study that there is almost small quantity 

of research available on such type of cheap and commercially available Fe-SMAs which have 

ability to be the counterpart of Nitinol. The thesis also dwells upon the future directions in 

which research should be targeted as well as the future prospects of converting the research into 

components for commercial use. This chapter summarizes the conclusions and future outlook 

drawn from this thesis. 

 

 

6.1 Conclusions 
 

Based upon the evaluation of a series of experiments (chapter 4) and their results (chapter 5), 

the following conclusions can be drawn for the investigated Fe-SMA produced by arc melting. 

 

1. The transformation temperatures for the future FeMnSi-SMAs having different 

compositions can most probably be found out by means of keeping the DSC temperature 

range of -80°C to 400°C. 

2. The martensite start temperature (Ms) and the martensite finish temperature (Mf) of 

FeMnSi-SMAs exist between the temperature range of -80°C to 135.85°C. 

3. The austenite start temperature (As) and the austenite finish temperature (Af) of FeMnSi-

SMAs exist between the temperature range of 41°C to 400°C. 

4. Most of the FeMnSi-SMAs have Ms above room temperature which is taken to be about 

20°C to 25°C with an average of 23°C. 

5. The investigated Fe-SMA has a potential for thermomechanical applications in terms of its 

thermal conductivity. 

6. The thermal conductivity of investigated Fe-SMA increases by increasing the temperature 

over a range of 20°C to 400°C. Different values of thermal conductivity of the investigated 

Fe-SMA can be obtained from the curve in Fig. 5.23. It can be concluded that the range of 

thermal conductivity of the investigated Fe-SMA is in the range of a variety of conventional 

engineering alloys used in bearings and in the range of an alloy (60-Nitinol) used to make 

several tools. Table 5.18 shows thermal conductivities of numerous materials along with 

their applications in bearings, turbine blades, several pipe joints, rods, pipes, bolts, nuts, 

wires, studs, screws, allen keys, flange plates, seals, tools, and washers; these applications 
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also require the value of thermal conductivity in the range as that investigated for Fe-15Mn-

10Cr-8Ni-4Si SMA. 

7. The thermal diffusivity of the investigated Fe-SMA increases by increasing the temperature 

over a range of 20°C to 400°C. Different values of thermal diffusivity of the investigated 

Fe-SMA can be obtained from the curve in Fig. 5.20. In fact, the shape of the experimental 

curve in Fig. 5.20 shows that while heating from 25.8°C to 50.4°C, the thermal diffusivity 

of investigated Fe-SMA increases with a curve tending to be straight having less slope, 

afterward, the slope of the curve increases until it reaches the maximum temperature. The 

sensitivity of SMA seems to be an intrinsic disadvantage. Fig. 5.20 also shows that the 

investigated Fe-SMA is not very sensitive to temperature between M-A transformation 

range, also, there is no sudden decrease and increase of thermal diffusivity during M-A 

transformation contrary to that of Nitinol (Fig. 5.21). 

8. Table 5.1 shows the important findings through DSC in the range of 20°C to 400°C with a 

heating rate of 10K/min. It has also been concluded from subsection 5.1.3 where the sample 

alloy has been analyzed with prior dipping into liquid nitrogen to make it fully martensite; 

(i) thermally induced phase transition of Fe-SMA occurs only once at 60.6°C and this 

transition does not repeat itself like the case with no prior nitrogen dip, (ii) only one 

endothermic peak is left showing ε → γ thermally induced phase transformation, and (iii) 

the second endothermic peak is vanished which was showing ά → γ thermally induced 

phase transformation. In fact, the disadvantageous ά-martensite phase is vanished. 

9. The value of austenite start temperature (As) of the investigated Fe-SMA is higher than that 

of human body which does not make it suitable to be used inside the human body. It can be 

made suitable for human body probably by annealing. 

10. The density of investigated Fe-SMA decreases by increasing the temperature over a range 

of 20°C to 400°C. Different values of density of the investigated Fe-SMA can be obtained 

from the curve in Fig. 5.14. 

11. The dilatation of investigated Fe-SMA increases by increasing the temperature over a range 

of 20°C to 400°C. Different values of dilatation for the investigated Fe-SMA can be 

obtained from the curve in Fig. 5.15. 

12. The thermal expansion coefficient (CTE) of investigated Fe-SMA increases by increasing 

the temperature over a range of 20°C to 400°C. Different values of the thermal expansion 

coefficient for the investigated Fe-SMA can be obtained from the curve in Fig. 5.19. 

13. The findings of this thesis and their comparison in Table 5.2, Table 5.10, and Table 5.19 

show that the investigated Fe-SMA has a potential to be the counterpart of Nitinol. 

14. Table 5.22 to Table 5.25 show the important findings through uniaxial compression at room 

temperature as well as at elevated temperatures. The emergence of stress-induced hexagonal 

close-packed (HCP) ε-martensite is observed in microstructure of the investigated Fe-SMA 

after uniaxial compression deformation. 

15. Fig. 5.38 shows that value of the required force for phase transformation decreases by 

increasing the temperature. Fig. 5.39 illustrates that the transformation mechanism is 

temperature dependent. It can be observed that the plateau concerning the transformation 

onset stress (austenite to martensite transformation onset, σAM) decreases by increasing the 

temperature. The average rate of decrease of transformation onset stress between 20°C to 

400°C is ≈60 MPa/100°C. It has also been observed by Fig. 5.26, Fig. 5.29, Fig. 5.33, and 

Fig. 5.36 (by Table 5.22 to Table 5.25 too) that elastic strain, εe, zz as well as axial plastic 

strain, εp, zz for investigated Fe-SMA increase by increasing the temperature from room 

temperature to 200°C, however, there is almost no increase from 200°C to 400°C. 

16. The modulus of elasticity, EA decreases by increasing the temperature from 20°C to 400°C 

with an average decrease rate of 900MPa/100°C. The martensitic modulus of elasticity (EM) 

is less than austenitic modulus of elasticity (EA) i.e. EM < EA. 
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17. There is almost no increase in the yield stress, σy from room temperature to 200°C, however, 

it decreases from 200°C to 400°C with a decrease rate of 22.5 MPa/100°C. 

18. The displacement-controlled loading and unloading of the sample under equibiaxial 

compression (2D) at room temperature is performed. It has been concluded that the 

investigated Fe-SMA has ability to work in the applications having high stress levels as 

well as at multi-axial stresses. 

19. There is some residual strain, εr left inside the investigated Fe-SMA which expresses the 

plastic deformation and unavailability of superelasticity at 26 MPa which is probably high 

enough. In order to see the superelasticity the stress should have been lower and there should 

have been an idea of the value of yield strength for investigated Fe-SMA prior to perform 

the biaxial test. 

20. The mechanical behavior of the investigated Fe-SMA is not identical along two axes (i.e. 

x- and y-axis) which means it shows the condition of asymmetry along said axes. 

 

 

6.2 Future outlook 
 

For further considerations on this subject, a series of possible works can be done in future in 

order to obtain further useful features of such a valuable Fe-SMA. The following ones are some 

suggestions as a future outlook, 

 

1. Using experimental results to reproduce the experimental curves by means of numerical 

computations. 

2. The investigations of martensite start temperatures (Ms) and martensite finish temperatures 

(Mf) for Fe-15Mn-10Cr-8Ni-4Si SMA using DSC (built in with nitrogen cooling) or by 

electric resistivity. 

3. Different heat treatment techniques in order to bring the austenite start temperature (As) to 

human body temperature like that of Nitinol which is currently being used in human body.  

4. Keeping in view the importance of Fe-SMAs, it is recommended that the experimentations 

used in this thesis should be extended to other types of Fe-SMAs. 

5. Fatigue analysis of Fe-SMAs should be performed at different temperature levels. 

6. The rest investigations on Fe-15Mn-10Cr-8Ni-4Si SMA in order to make sure its use in the 

applications proposed in this thesis. 

7. An extensive experimental study is necessary for understanding and modeling the 

mechanisms in other Fe-SMAs under biaxial loading or other complex loadings. 

Consequently, there will be a considerable development in the field of Fe-SMAs in order to 

explore their mechanical behavior and applications under complex loadings. 

 

The author hopes that promptly growing development and research on Fe-SMAs will lead 

towards excellence and their application in many other fields in the coming near future. 
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