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Abstract

This Thesis presents results of a study of Fe-Mn-Si alloys and Ni-Ti intermetallics which exhibit shape
memory effect. Such materials are commonly used in a broad area of applications, such as: engineering or
medicine. In particular, Fe-Mn-Si can be used e.g. for constructions, and Ni-Ti - in medicine or micro-electro
mechanical devices (MEMS). Within this work, materials prepared with pulsed-current sintering method
were studied. Main focus was put on the thorough characterization and description of physical properties of
the materials and phases involved as well as on the interplay between them and dependence on the
composition and preparation conditions.

As the technological novelty a single-step route for preparation of Ni-Ti shape memory micro foil
alloys from pure element foils has been designed. Three starting configurations of elemental foils of properly
adjusted thicknesses were used: a simple Ni/Ti as well as sandwich-like Ni/Ti/Ni and Ti/Ni/Ti. A good shape
memory recovery effect. reaching 100 %. was obtained for Ni/Ti/Ni configuration derived alloy. A complex
characterization of the materials obtained included X-Ray Diffraction, Scanning Electron Microscope with
EDS elemental mapping, Differential Scanning Calorimetry, magnetometry, electrical resistivity and
magnetoresistance. The results revealed the phases occurring in the material at different preparation
conditions with respect to the completeness of the diffusion process leading to the formation of the Ni-Ti
shape memory alloy. A comparison was made to the materials prepared from the cold-rolled foils,
subsequently annealed which shows a much higher effectiveness of the pulsed-sintering method.

For the Fe-Mn-Si system the materials obtained with mechanical alloying of elemental powders and
subsequent pulsed-current sintering process were studied. The same characterization methods as for Ni-Ti
system were also used here. Except for them, Mdssbauer spectroscopy and the specific heat measurements
were carried out. The as annealed and thermally processed samples were studied and the properties of the
phases involved were characterized. The study showed that the austenitic fcc phase is ferro or ferri magnetic
and exhibits exchange bias behavior, depending on the heating temperature. A linear-like temperature
dependencies of the inversed magnetic susceptibility reveal a Curie-Weiss character corresponding to
localized moments. A very small magnetic splitting derived from iron Mdssbauer spectra indicates that the
magnetism is governed by manganese. For the material with 0.1 wt.% carbon added for improvement of
shape memory effect a peak at 250 K in the specific heat is observed. It is almost insensitive to the applied
magnetic field up to 9 T was observed, indicating transition to antiferromagnetic-like state of the martensite
hcp phase. The exchanged bias effect observed for the fcc phase at some thermal treatment conditions
samples and a nucleation of reversed domain character of their virgin magnetization curves reveals a

nanometric size of the austenitic fcc phase precipitation, not detectable with XRD, in the martensite matrix.
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Chapter 1. Introduction

Shape memory alloys are special materials which exhibit shape memory effect. This is
a big family of materials, commonly used in broad area of applications, such as: medicine and
engineering. Due to differences in their specific properties their applications are different. For
example: Fe-Mn-Si can be used e.g. in constructions, and NiTi e.g. in medicine or micro-
electro mechanical devices (MEMS).

In 1982 A. Sato discovered SME in Fe-Mn-Si alloy with stress induced martensitic
transformation between y (fcc; austenite; Fm3m; ) phase and & (hcp; martensitic; P6s/mmc
(N° 194)) [1]. It occurs due to the motion of Shockley partial dislocations in the fcc structure
(the Burgers vector a/6[112] gcc glides between two (111) layers of the fcc lattice). Silicon
and manganese atoms randomly interchange iron atoms, which stabilizes the y phase at high
temperatures [2]-[5]. Reverse transformation occurs during heating: from ¢ to y phase [4], [5].
Other alloying elements can be used for the improvement of properties. Some studies showed
improvement of properties upon doping carbon, but it is still a controversial subject. Reasons
for improvement are that it can stabilize and strengthen the austenite [6][7]. As the phase
diagrams suggest, it can produce unwanted particles or support creation o’-phase which can
degrade properties of the alloy [6], [8]-[12]. Magnetic properties of Fe-Mn-Si alloys are
reported as mainly antiferromagnetic [13] [14]. In Fe-Mn alloys, e-hcp exhibit itinerant
electron antiferromagnetism (with increased electrical resistivity), y-fcc is reported also as
antiferromagnetic, with higher magnetic moment, and a-bcc phase is ferromagnetic [15].
Addition of silicon into Fe-Mn system decreases Néel temperature of austenite, enhances the
strength of matrix, reduces the stacking fault energy of austenite [16], increases electrical
resistivity, decreases volume per atom of fcc phase [17], increases volume per atom of hcp
phase, reduces stabilization of austenite and causes appearance of Kondo-like effect [18]. In
contrast to that, increase of Mn content rises the Néel temperature, decreases the driving force
of martensitic transformation, increases volume per atom of fcc/hcp phase [17] and has
significant impact on the shape memory effect [19][20]. The thermo-induced martensitic
transformation from paramagnetic to antiferromagnetic state is reported in [2][12][21]. A
complex study of Fe-Mn-Si system with electron spin resonance (ESR) and transmission
electron microscopy measurements is reported in [22]. A preference of silicon location in the
nearest neighbor shell to iron was postulated. The presence of paramagnetic Curie-Weiss and
Pauli-like susceptibility was found and attributed to Mn localized moments and conduction

electrons, respectively. These alloys were also studied with neutron diffraction and
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magnetometry [23]. Dominant antiferromagnetic structure was found with a possibility for
some ferromagnetic component of 0.6 ps. However, magnetic measurements revealed a
ferromagnetic moment of 0.05 ug only.

As one can see, the knowledge about the properties of the phases occurring in the Fe-
Mn-Si shape memory alloys and the interplay between them is neither unambiguous nor
complete. Thus, a thorough study of their structure, magnetism, heat capacity, electrical
conductivity and magneto-resistance as well as the influence of carbon doping on them has
been undertaken within this Thesis. The materials obtained with mechanical alloying of
elemental powders and subsequent pulsed-current sintering process were used.

In order to compare the alloy-like shape memory materials represented by Fe-Mn-Si
with a compound-like one, the study was complemented with the investigation of the Ni-Ti
system in application to micro-foils also produced by current sintering method. In addition to
the study of the properties of the phases and the interplay between them, the technological
procedure of a single step production of the NiTi shape memory micro-foils has been
designed and tested.

In 1959 William J. Buehler discovered shape memory effect in Ni-Ti compounds, and
dr. Frederick E. Wang in 1962 discover theoretical description of the mechanism [24]. Taking
into account group of the materials which exhibit shape memory effect, Ni-Ti system is
named as an alloy, but it is a compound by crystallographic standards. Transition occurs due
to a thermal treatment, which induced crystal structure change: between B19’ martensite
(monoclinic) and B2 austenite (cubic). Generally their properties depends on the composition
and thermo-mechanical treatment. They exhibit biocompatibility properties [25].

Over the years, many publications have been reporting different synthesis approaches
for shape memory materials. Synthesis methods depend in a natural way on the size/shape of
the desired output material and on the production scale. Thin films can be obtained e.g. by
deposition methods [26], [27], [36], [28]-[35]. Another approach includes multilayer
deposition of different elements with similar thermal post processing [27], [31]. The most
common and simple method in bulk alloy production is induction/arc vacuum furnace. This
process involves heating of pure input elements above melting points with simultaneous
mixing in the crucible, which can be easily contaminated by spurious elements (e.g. carbon)
[37]-[41]. Also simple and less energy consuming methods include pure element powders
milling and further sintering [42]-[46]. Hot/cold rolling is excellent way for the mass
production of sheets and foils [47], [48], [57]-[59], [49]-[56]. This concerns e.g. nickel and



titanium foils multilayer hot rolling and folding with a composition adjusted by different foil
thicknesses [60], [61]. Production of wires can be realized by hot and cold working [62]-[66].
Till now there is a little reports on the current sintering approach regarding NiTi production
from pure nickel and titanium foils, in particular to micrometric thickness.

Concerning the Ni-Ti system, in the paper [67] the authors shown that Ni-Ti thin foil
can be produced by diffusion bonding of relatively thick nickel and titanium foils. Further
processing required etching it from the foils residue. The [68] study also used diffusion
bonding method to obtain Ti>Ni/NiTi micro-laminated composites, which exhibit shape
memory effect, and tensile test show cracks propagation along Ti2Ni compound layers.
Interesting results were reported by Garay in [69] and further in [70], [71]. In the studies
direct current synthesis was used for intermetallic phases creation and to study the current
parameters influence on it.

Chapter 1. of this Thesis presents the overview of the data on the shape memory
materials studied, including their properties, applications, preparation methods, etc. It also
includes literature review of recent trends in their studies. Further, a description of pressure
assisted pulsed-current sintering method used for materials preparation is presented. Chapter
2. describes briefly all of the experimental methods and apparata used for materials
characterization, i.e.: X-Ray Diffraction (XRD), X-Ray Absorption Near Edge Structure
(XANES), Extended X-Ray Absorption Fine Structure (EXAFS), Scanning Electron
Microscopy (SEM) with Energy Dispersive Spectroscopy (EDS), Mdssbauer Spectroscopy
(MS), Differential Scanning Calorimetry (DSC), bending test (for Shape Recovery Rate
(SRR) measurement and Physical Properties Measurement System (PPMS). In the last
subsections the Heat Capacity, Vibrating Sample Magnetometry (VSM) and resistivity
measurement method are described.

Chapter 3. focuses on Fe-Mn-Si type shape memory alloys properties prepared by
pulsed-current sintering method. Properties of the Fe-30Mn-6Si (wt.%) after heating up to
different temperatures during reverse martensitic transformation and the alloy with small
carbon addition (0.1 wt.%) at the cost of the silicon content reduction are studied. The XRD
structural characterization at room temperature and at elevated temperatures has been carried
out. As the magnetic characterization reported in the literature is rather poor, a detailed
magnetic study of the materials has been carried out. It included full susceptibility and
magnetization dependences on temperature and the applied field. Also, the specific heat

measurements have been carried out for the carbon containing alloy. They were carried out



also at the applied magnetic field up to 90 kOe, in order to determine the character of the
observed transition.

Further parts of the Thesis shows a study of the Ni-Ti shape memory compound. In
recent years big development in Ni-Ti production has been made, however, there is a little
reports on the possibility of pulsed current application in microfoils production, shape
memory properties of the materials prepared, possible advantage of this method and its impact
on boundary conditions during synthesis. In Chapter 4. a comparison of preparation process
of diffusion couples prepared by cold rolling and post thermal treatment with the pulsed
current sintering method is presented and compared to other studies. Chapter 5. focuses on the
process of optimization with application of novel (as for this purpose) technique — pulse
current sintering and its advantages to cold rolling combined with thermal treatment with
respect to micro-foil intermetallic production in one-step process. Differences between results
obtained with application of pulse and direct current are discussed.

Conclusions are drawn in Chapter 6. to all the results obtained and presented in this
Thesis.

This Chapter focuses on literature overview regarding shape memory effect and alloys
— especially Fe-Mn-Si and Ni-Ti alloy. Their description involves: shape memory effect
mechanism, types of alloys, other properties, preparation methods and applications.

1.1 Shape memory effect

Shape Memory Effect (SME) was discovered in 1932 by Olander in Gold-Cadmium
alloy [72]. It was firstly known as “rubber like effect”. In 1959 William J. Buehler discovered
this effect in Ni-Ti alloys, also known as NITINOL (from Nickel Titanium Naval Ordnance
Laboratory). Materials which exhibit such an effect are known as Shape Memory Alloys

(SMA) or intelligent materials.

Martensite
(Deformed)
Stress Heating
Martensite Cooling Austenite
(Room temperature) (High temperature)

Figure 1. 1: Illustrative representation of the thermally induced shape memory effect in Ni-Ti alloys.
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Figure 1. 2: SMA stress-strain curves: green — austenite, blue - martensite and orange - superelastic behavior.

Dr. Frederick E. Wang in 1962 discover theoretical description mechanism of this effect [24].
The effect is based on temperature thermoelastic transformation between martensite (low
temperature phase) and austenite (high temperature phase) — see Figure 1. 1. This
phenomenon is strictly based on composition. Any deviations from it can drastically change
transformation temperature. During heating crystal structure is changing, based on twinning

effect between B19’ (monoclinic structure) and B2 (cubic) for NiTi compound [73]-[76].



Table 1. 1: Selected Shape Memory Alloys and their important characteristics. Taken from: [77].

Al Composition Transformation Transformation
oy:
range: temperature range [°C]: hysteresis [°C]:
Ag-Cd 44/49 at.% Cd -190to-50 ~ 15
Au-Cd 46.5/50 at.% Cd 30to 100 ~ 15
_ 14/14.5 wt% Al
Cu-Al-Ni ) -140 to 100 ~ 35
3/4.5 wt% Ni
Cu-Sn ~ 15 at.% Sn -120to 30 -
Cu-Zn 38.5/41.5 wt% Zn -180to-10 ~ 10
Cu-Zn-X (X =
) a few wt% of X -180 to 200 ~ 10
Si, Sn,Al)
In-Ti 18/23 at.% Ti 60 to 100 ~4
Ni-Al 36/38 at.% Al -180 to 100 ~ 10
Ni-Ti 49/51 at.% Ni -50to0 110 ~ 30
Fe-Pt ~25 at.% Pt ~-130 ~4
Mn-Cu 5/35 at.% Cu -250 to 180 ~25
) 32 wt% Mn, 6
Fe-Mn-Si -200 to 150 ~ 100

wt% Si

They also exhibit superelastic behavior, which occurs in austenite phase — see Figure 1. 2
(orange curve). After application of external stress the alloy deforms (austenite stress
transformation into martensitic phase), but with removal of the force it goes back instantly to
the original shape (martensitic phase reverse to austenite phase). Due to small inhomogeneity
in the material (presence of NisTis or Ti2Ni particles) additional phase can appear: R-phase
(trigonal or rhombohedral distorted austenite phase). Ti:Ni particles appear in titanium rich
NiTi, and NisTis in nickel rich alloys [[78], [79], [80], [81]]. It appears during temperature
transformations between martensite and austenite (M—R—A and A—»R—M) [26], [81]-[84].

Table 1. 1 shows examples of alloys in which SME was discovered and their

properties. Each alloy possess different properties and they can be used for different

applications.




Figure 1. 3: General examples of Ni-Ti applications: a) eyeglass frame, b) cellular phone antenna [85], c), d)
orthodontic wires and e), f) neurosurgical stent. Taken from: [86].
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Figure 1. 4: Ni-Ti applications as (micro) devices. Taken from: [87].

Most commonly used alloy exhibiting SME is Ni-Ti. It shows good corrosion
resistance (like stainless steel or titanium alloys) [77], [88], [89], super-elasticity and other
superior mechanical features [77]. For improvement of this properties thermomechanical
treatments procedures are used [90], [91]. Preparation process, on the other hand, is very
difficult and costly uses expensive elements and the material is hard-workable, hard-welding
(laser welding is effective) [92]-[95]. It is believed that materials based on nickel can be
dangerous. Moreover, there are also some concerns regarding elemental release due to critical
deformations/destruction. [25], [96]-[98]. There are studies showing NiTi alloys excellent
biocompatibility [25], [98], [99]. This is owing to titanium presence on its surface where there
is instantaneously created thin titanium oxide (TiO2) layer, which protects from nickel
diffusion into the human body [100]. On the other hand, easy titanium oxidation also makes

difficulties during alloys synthesis. Presence of oxygen or other extra element (like carbon)
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can influence alloys properties. It changes nickel to titanium ratio due to of oxides/carbides
creation, such as: Ni2TisO, TiO, TiO2 and TiC. This influences e.g. transformation
temperatures — higher nickel content decreases transformation temperature. It is believed that
0.1 at% nickel content increases/lowers it by 10K [101]-[104]. There is also a bright side of
additives — they can modify or even improve some properties. For example, iron addition into
NiTi alloy results in a decrease of phase transformation temperatures. Similar effect can be
observed in TiNiCu alloys with zirconium substitution. Chromium and nickel substitutions in
Fe-Mn-Si alloy improves corrosion resistance and shape memory effect [105], [106], [115],
[107]-[114]. Popularity of the Ni-Ti alloy is also based on many other applications in
different industries, such as: biomedicine (e.g. Simon vena cava filter, atrial septal occlusion,
surgical endoscopic instruments, orthodontic wires, hingless grasper, drills and paragon stent)
[86], [116]-[118], engineering (structural vibration control, seismic isolation, morphing
aircraft, robotics, biomimetic, parts of engine, parts of fuselage, etc.) [85], [119]-[121],
[121]-[123] and, especially, for this study purpose - in microelectromechanical systems
(MEMS; thin film stents, micro-valve, -gripper, etc.) [35], [87], [124], [125] - see Figure 1. 3
and Figure 1. 4. Shape memory alloys are still of a big scientific interest. Recent selected
papers focus on ferromagnetic shape memory alloys [126]-[133], their synthesis by laser
melting [134], [135], additives [109], [110], [112], [115], [136] and new measurement method

for stress-temperature phase diagram [137].
Table 1. 2: Comparison of selected properties of NiTi and FeMnSiCr alloys. Taken from:[122], [138].

) max.
Young's Yield o
Recovery recovery Resistivity
Alloy: modulus strength )
strain [%]: stress [uQ-m]:
[GPa]: [MPa]:
[MPa]:
| austenite 70-98 100-800
NiTi i 8 600-900 0.5-11
martensite 27 50-300
FeMnSi 140 ~200 3.4 400 1.0-1.3
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Figure 1. 5: Fe-Mn-Si alloy as: a), b) pipes connecting material and c), d) fishplate connector. Taken from: [139].

In 1982 A. Sato discovered SME in Fe-Mn-Si alloy [1]. Their SME is stress induced
martensitic transformation: between y (fcc; austenite) phase and ¢ (hcp; martensitic). It occurs
due to the motion of Shockley partial dislocations in the fcc structure (the Burgers vector
a/6[112] pcc glides between two (111) layers of the fcc lattice). Further silicon and
manganese atoms positions are randomly changed between iron atoms in o (BCC) structure,
which stabilized the y phase in the room temperature [2]-[5]. Reverse transformation occurs
during heating: from ¢ to y phase [4], [5]. They are important alloys from the point of view of
this study. They exhibit SME in iron composition range: 60-65 wt.%. In comparison with
NiTi alloy they are not suitable e.g. for biomedical applications but they are much less
expensive (with respect to the elements used). They possess high strength and Young
modulus. Alloying with additional elements improve properties. They superior properties in
ferrous SMA family have Fe-28%Mn-6Si-5Cr (wt.%) alloy. For high recovery strain (up to
1000 MPa) and corrosion resistance Fe-Ni-Co-Ti alloy should be used [122]. A comparison of
chosen properties differences between NiTi and FeMnSiCr are summarized in Table 1. 2.
Figure 1. 5 presents example applications as a pipes and fishplates joining material. They can
be also applied as e.g. seismic damper (JP Tower Nagoya) [3]. One of the studies show
promising results regarding its application as a biodegradable material [140]. Other alloying

elements can be also used. Few studies showed improvement of properties upon carbon
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addition, but it is still a controversial subject. For example, it was reported that it can stabilize
and strengthen the austenite [6]. Based on phase diagrams, it can produce unwanted particles
or support creation o’-phase which can degrade properties [6], [8]-[12].

Magnetic properties of Fe-Mn-Si alloys are reported as antiferromagnetic ones. In Fe-
Mn alloys, e-hcp exhibits itinerant electron antiferromagnetism (also increased electrical
resistivity), y-fcc is also antiferromagnetic, but with higher magnetic moments, and a-bcc is
ferromagnetic [15]. Addition of silicon into Fe-Mn system decreases Néel temperature of
austenite, enhances the strength of matrix, reduces the stacking fault energy of austenite [16],
increases electrical resistivity, decreases volume per atom of fcc phase [17], increases volume
per atom of hcp phase, reduces stabilization of austenite and causes appearance of Kondo-like
effect [18]. In contrast to that, increased Mn content raises Néel temperature, decreases the
driving force of martensitic transformation, increases volume per atom of fcc/hcp phase[17],
and has impact on the shape memory effect [19][20]. The thermo-induced martensitic

transformation from paramagnetic to antiferromagnetic state was reported in [2] [12] [21].

1.2 Preparation of shape memory alloys

Over the years, many publications shows different synthesis approaches for shape
memory alloys and the alloys generally. Synthesis methods depend on the size/shape of the
desired output material and on the production scale. Taking it into account production of thin
films can be obtained by deposition methods such as: pulse laser deposition, magnetron
sputtering or chemical vapor deposition. There are many different approaches depending on
their thickness and applications e.g. first nickel and next titanium deposition on it
with/without heating and further annealing [26], [27], [36], [28]-[35]. Another approach
includes multilayer deposition of different elements with similar thermal post processing [27],
[31]. The most common and simple method in bulk alloy production is induction/arc vacuum
furnace. This process involves heating of pure input elements above melting points with
simultaneous mixing in the crucible. Output product possess very good properties, but can
easily be contaminated by external elements (e.g. carbon) [37]-[41]. Also simple and less
energy consuming methods include pure element powders, which are mixed together and
shredded in mills (e.g. rotary mills). Output amorphous powder material is sintered and
annealed [42]-[46].
From economic point of view, industrial (mass) production is most favorable. Hot/cold rolling
is excellent method for this purpose. It is mainly used in sheets and foils production — plastic

working and forming [47], [48], [57]-[59], [49]-[56]. An approach was reported regarding
11



nickel and titanium foils multilayer, which first were heated and further rolled and folded
several times, and composition could be adjusted by different foil thicknesses [60], [61]. In

wires production it can be realized by hot and cold working [62]-[66].

1.3 Diffusion process

Diffusion process is describing movement of each element atoms: within the same
material volume — called self-diffusion and into another material, when an interface is
established between materials which are in this case termed diffusion couples. It is described
by Fick’s laws. Connection between materials is established by mechanical pressing (e.g.
hydraulic press and rolls) or all kinds of welding methods. Element movement speed is
characterized by its diffusion coefficient in their material studied. It is specific for each

element.

Nickel (wt%)
0 10 20 30 40 50 60 70 80 90 100

Temperature

Nickel (at%)

Figure 1. 6: Phase diagram of the Ti—Ni system, taken from: [141]. Red dot — lowest melting point for titanium rich
alloy and blue dot - lowest melting point for nickel rich alloy.
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Figure 1. 7: A comparison between: a) well-chosen volume of input materials and b) wrong chosen for similar
diffusion time and ¢) wrong when diffusion process is completed. Based on [67], [69]-[71], [142]-[144].

Diffusion process should be designed basing first on the phase diagram. For Ni-Ti system it is
presented in the Figure 1. 6. Diffusion effect consideration in this study focuses on
examination of joining methods used and depending on the process time, temperature and
composition. NiTi shape memory alloy phase existence can be observed between ~49 - 57
(at.%) [145]. One of the main two goals of this study is to obtain NiTi shape memory alloy in
the full material volume from input foils. Based on the phase diagram (NiTi composition
range) initial foils should have properly chosen thicknesses, which should be set at the initial
stage, before the synthesis — see Figure 1. 7. Next important parameter is the proper
temperature of the synthesis. Basing on the phase diagram minimal temperature should be
~630 °C, but not exceed melting point (for nickel 1455 °C, for titanium 1668 °C and for NiTi
1300 °C [146]). Pressing force and annealing time have to be also set. Compressive force
holds materials steady, improve their interface (better contact without undesired micro-voids)
and increases diffusion rate. Too high force can introduce unnecessary too high internal
stress. This is well known method for alloys preparation in powder metallurgy. Material
protection during synthesis process is also an important factor. Materials should be
surrounded by unreactive atmosphere, which can protect them from contaminations (e.g.
oxygen, carbon or nitrogen). For this purpose, best option is high vacuum or high purity argon
gas atmosphere. Few studies report on NiTi preparation by diffusion process (hot pressing)
from initial material thickness starting from 40 um and higher [67], [68], [71], [142]. Basing
on powder metallurgy it is easier to set initial composition and adjust other parameters to
obtain homogenous material in its whole volume. The process is getting harder if it is
necessary to obtain full volume alloy based on synthesis time for desirable thickness. Proper

chemical (e.g. etchants) or mechanical treatment (e.g. laser cutting) are usually necessary to
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include to the process. Disadvantages of this way are unwanted material losses and additional

treatments involvement, which makes the process more complex.

a) b) c)
Nickel
Ni;Ti Nickel Nickel

NiTi Ni,Ti Ni;Ti
Ti,Ni Titanium Ti;Ni
Titanium Titanium

Figure 1. 8: Illustrative representation of phases creation during diffusion process between pure nickel and titanium
input materials: a) at the temperature range of NiTi phase. b) and c) lower temperature or too short diffusion time.

During diffusion process different intermetallic phases are created depending on the
conditions. For Ni-Ti system phases creation based on composition and temperature are
showing in Figure 1. 6. In the diffusion couple at the interface region, at the beginning the
NisTi phase appearance can be seen. It evolves in time into layers of two phases: Ti>Ni and
NisTi. Between them the layer of the NiTi phase is created — see Figure 1. 8. Ti2Ni and NisTi
phases are used as a “fuel” for NiTi phase volume growth during diffusion process. Their
thicknesses and phases content depends strongly on annealing temperature and time [67],
[69]-[71], [142]-[144].

Bastin, et al. in the studies [143], [147] presents experimental results of chemical
diffusion coefficient in different kinds of diffusion couples (Ti-TiNi, Ti-TiNisz, Ti2Ni-TiNis,
Ti2Ni-Ni and TiNi-Ni). They are showing NiTi phase composition range and layer width
squared dependence on temperature and time. Simple linear dependences can be seen. For
example to obtain NiTi content of 5-10* um? at 940 °C, 100 h of annealing is necessary.
Width squared strongly falls for lower temperatures — at 850 °C for the same time 1-10™* um?
can be obtained. Based on this, to obtain in such a way a relatively high phase thickness, long
annealing time is necessary, which can be counted in days. The example presented showing
that to obtain thicker foils layers faster, long annealing at high temperatures haves to be used
or preparation method has to be changed.

Good alternative for it can be hot pressing/sintering method. Based on their source of heating
and design, they can be divided into following types:
- conventional hot pressing a powder metallurgy method used for obtaining dense materials
from powders. Initial material is placed in a die (commonly made from graphite) and pressed.
Heating is provided by external heater located around die in the pressing chamber [148],
[149].
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Pulse

Phenonmenon Effects Practical Advantages
Voltage
Generation of spark Low short-lome
ON plasa sinterng
Purification

Generation of spark
plasma impact pressure

Sintering of hard-to-sinter
matenials (without catalyst)
bonding of dissimilar materials

Local stress

Efficient heating, plastic

Local hegh- C]

Action of electnic field

High speed ion migration High-density energy
supply

> Short-time sintering |

—| Uniform sintenng in short time ]

Efficiont generation of
pulse voltage

Dispersed movement of
dscharge point

Quick cooling of
intergranular bonding

- |

Quick cooling of

intergr ing Sinterina of metastable phase ]

OFF Thermal diffusion

Heat transter from
High temperature genarating point

Low temoerature sinterina ]

Figure 1. 9: Table summarizing direct current heating effects. Adapted from [150].

- Spark Plasma Sintering (SPS)/Field Assisted Sintering Technology (FAST) Direct hot
pressing (also known as Pulsed Electric Current Sintering (PECS)), is a technique which is
based on pulsed/un pulsed electric current flow through the sample material and graphite dies
under compressive force. It can be used for conductive, partial conductive materials and for
some ceramics (heated by high electric current flowing through graphite dies generates high-
temperature zone [150]). Temperature is measured on the graphite die surface, close to the
sample, by thermocouple. Output is a dense material [151]. Pulsed current heating effects are
shown in Figure 1. 9.

- Inductive Hot Pressing is a method based on induction heating of the sample material. It can
be used for experiments with high heating rates, with or without applied external compressive
force [152].

Figure 1. 10: a) Boron Nitride (BN) spray and b) example of output foil obtained after synthesis process.
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Figure 1. 11: Pulse-current pressure sintering equipment (PLASMAN, SS Alloy): a) main, b) sintering in high
temperature and c) chamber inside view.

As it was mentioned before, their application can shorter processing time. For the
process, special lubricants have to be used to protect material (sample) surface of sticking to
press molds. For the study presented in this thesis boron nitride (BN, Whity Coat, h-BN,
package can be seen in Figure 1. 10 a)) was used for covering both foil surfaces. It can be
safely used up to 800 °C and has very high thermal conductivity [153]-[155]. Without it,
application of hot pressing techniques to micro-foils would be problematic. Output foil after
synthesis process, before cleaning, can be seen in Figure 1. 10 b). Initial unnecessary foils
residue can be seen around processed sample area. Protective atmosphere in this study was
low vacuum, which is a part of immanent feature of this technological process. Pulse-current
pressure sintering machine (pulse width 50%, pulse frequency dependent on the samples and
current amperage dependent on desired temperature - maximum 500 A) used in this study is
presented in Figure 1. 11.

In the paper [67] the authors shown that Ni-Ti thin foil can be produced by diffusion

bonding of relatively higher nickel and titanium foils — between intermetallic phases are
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created with NiTi in the center. Further processing required etching it from the foils residue.
The [68] study used also diffusion bonding method to obtain Ti2Ni/NiTi micro-laminated
composites, which exhibit shape memory effect, and tensile test show cracks propagation
along Ti2Ni compound layers. Interesting research was shown by Garay [69] and further by
[70], [71]. In the studies direct current was used to study its influence on intermetallic phases
creation. Based on the newest research, it was shown that current does not have directional
influence on their growth. However, current can significantly increase the growth rate, as was
first shown by Garay [69]. They also observed that a dendritic structure was formed inside of
NiTi, which is related to high titanium diffusion. Also the columnar crystals were formed at
temperature higher than 882 °C (titanium transformation between a and B-phase) initially
inside the NisTi matrix — with further progress of Ti diffusion, the NisTi phase vanished and

surprisingly pure titanium layer appeared adjacent to Ni.
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Chapter 2. Characterization techniques

2.1 Crystal structure and phase content

Basic information regarding crystallographic structure and phase content in the
samples is possible to obtain by X-Ray Diffraction (XRD) measurements and their data
processing software. Two XRD machines were used: SmartLab, Rigaku Corporation
(Technoplaza, Shibaura Institute of Technology) and Siemens/Bruker D5000 — see Figure 2. 1

and Figure 2. 2, respectively for images and characteristics.

Parameter name: Value:
Anode: Cu
Voltage [kV]: 20-60
Current [mA]: 2-60
Step [°]: 0.0001
2Theta max [°]: 4-158
Measurement accuracy 2Theta 0+0.005
[°]:
Heating stage: -

Figure 2. 1: Image of: on the left SmartLab, Rigaku Corporation (Technoplaza, Shibaura) [156] and
characterization table on the right.

Parameter name: Value:
Anode: Cu
Voltage [kV]: 20-55
Current [mA]: 20-60
Step [°]: 0.01
2Theta max [°]: 1-160
Heating/Cooling stage: +
Temperature range [K]: 2- 500
Container: zero background
/amorphous

Figure 2. 2: Image of: on the left Siemens d5000 (SSPD, AGH) and characterization table on the right.

X-Ray Diffraction on polycrystalline samples was performed in Bragg-Brentano geometry
and was based on Bragg equation (see equation 2.1). X-rays emitted from source X-rays

(commonly Cu anode) are scattering from the sample (with finite penetration depth depending
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on the material). Detection is done in the selected angle range and angle step (at the circle
around sample).

2dsinfd = nl (2.1)
Where: d — interplanar distance, 8 — scattering angle, n — positive integer and A — ray
wavelength.
Depending on the sample crystallographic structure peaks can appear at appropriate angles in
XRD pattern. For amorphous materials low angle diffraction bumps appear. From obtained
pattern it is possible to establish e.g. material crystal structure with atom positions, phases
content, crystalline size, internal strains and compare their differences between samples. In
this study X’Pert High Score Plus (PANalitycal) was used to XRD patterns analysis. It
provides easy user interface with many possibilities of data processing. Rietveld refinement
analysis (which is included in the software) is a powerful tool for many applications. It
simulates theoretical curve based on the established model of crystal structure and compares it
with measurement data of the sample. Peaks positions are depended on the lattice parameters
and space group. The intensities are also characteristic for the real crystal structure.
The X-Ray Absorption Spectroscopy (XAS) provides information on the local structure,
chemical state and uniform environment of individual elements. X-Ray Absorption Near Edge
Structure (XANES) and Extended X-Ray Absorption Fine Structure (EXAFS) measurements
were performed at Swiss Light Synchrotron (SLS) on the super XAS beamline. They were
performed in Partial Fluorescence Yield (PFY) mode. Qualitative analysis was performed
between samples — Athena software (DEMETER, Bruce Ravel). XANES provides
information regarding absorbing atom e.g. chemical environment, oxidation states (energy of
absorption edge shifts) and its chemical bonds. It is a complex and demanding method due to
lack of a simple theory. EXAFS analysis gives structural information on the nearest and next
neighbor shells of individual elements. For example the distance of atoms in those shells from

the absorbing atom can be determined [157].

2.2 Microstructure and elemental composition

Scanning Electron Microscopy (SEM) is based on electron interactions with sample
surface (in vacuum). The electron beam is created in electron gun and accelerated by high
voltage. Surface image is created based on detector used. Secondary Electrons (SE; most
common method) and Back-Scattered Electrons (BSE; gives more information regarding

material microstructure) are used. There are also specific detectors dedicated to analysis of
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material composition with Energy Dispersive Spectroscopy (EDS), and for e.g. crystal
structure and its orientation - Electron Back-Scattering Diffraction (EBSD).

Figure 2. 3: Images of: a) sample between fixation clip, b) resin holder with fixation clip and sample inside and c) resin

holder with samples cross-sections after grinding and polishing process.

In this thesis, SEM equipped with EDS was used for microstructure and elemental
composition study. Taking into account diffusion occuring between two thin foils, it is
important to get information about composition near foils interface and element distribution
from it. For this purpose samples cross-sections were prepared and studied. The samples were
prepared at Faculty of Metals Engineering and Industrial Computer Science of the AGH
University. Pieces of foils were put between 6 mm fixation clip (Struers, see Figure 2. 3 a))
and inserted into graphite resin (KEM 70 Pulver, ATM GMBH, see Figure 2. 3 b)). After 24
hours of drying, resin holder is ready for cutting and grinding process. Starting from 200 and
finishing on 3000 of sand paper granulation, holders are ready for polishing process: initially
with aluminium oxide and finally with silicon oxide. At the end of the process it is necessary
to remove undesirable pollution from the surface by washing with ethanol and drying (Figure
2.30)).
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Parameter name: Value:
Acceleration voltage [kV]: 0.2-30
Magnification: Over 500 000x
BSE: +
EDS: +
EBSD: +
WDS: +

Figure 2. 4: Image of: on the left FEI Nova NanoSEM 450 Scanning (at Faculty of Metals Engineering and
Industrial Computer Science, AGH University of Science and Technology) and characterization table on the right. Taken
from [158].

Parameter name: Value:
Acceleration voltage [kV]: 0.2-30
Magnification: x10 - 1000000
BSE: +
EDS: +
EBSD: +
WDS: -

Figure 2. 5: Image of: on the left JSM-7100F (JEOL Ltd., at Technoplaza, Shibaura Institute of Technology) and
characterization table on the right. [156].

Two types of Scanning Electron Microscope (SEM) were used in this study: FEI Nova
NanoSEM 450 Scanning (at Faculty of Metals Engineering and Industrial Computer Science,
AGH University of Science and Technology) and JSM-7100F (JEOL Ltd., at Technoplaza,
Shibaura Institute of Technology). Their images and characteristics are presented in Figure 2.
4 and Figure 2. 5, respectively. All of them are equipped with Energy Dispersive Detectors
(EDS).

For a preliminary sample surface characterization, optical microscope was also involved in
this study. Measurements were performed on Opton Axioplan apparatus at Laboratory of
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Microanalysis, Faculty of Geology, Geophysics and Environmental Protection, AGH
University of Science and Technology.

2.3 Magnetic properties

Magnetic properties of the samples were studied by Vibrating Sample Magnetometry
(VSM) which is a part of Physical Properties Measurement System (PPMS) and Mdssbauer
Spectroscopy. The measurements were performed in Solid State Physics Department at the

AGH University of Science and Technology.

Velocity
0

v

/
S

Rel. Intensity

Figure 2. 6: lllustrative representation of Mgssbauer spectrums: a) single line (singlet) b) two lines (doublet) and c)
six lines (sextet).
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Maossbauer Spectroscopy allows for the study of magnetism and structural site location of iron
or other Mdssbauer element in pure elements, alloys and compounds. It is very sensitive
method which can detect changes occurring at nucleus. A source placed on the vibrating stage
emits gamma rays which energy is changing due to relativistic Doppler effect. Next they
penetrate sample volume where they can be recoilless absorbed by Mossbauer nuclei. Finally,
transmitted gamma rays are collected by detector. Those which are recoilless absorbed in the
sample are causing a decrease of intensity in the Mdssbauer spectrum — the respective
absorption lines creation. The following hyperfine interactions parameters are obtained from
the spectra: isomer shift (spectrum is shifted due to s-electron density change at nucleus) - see
Figure 2. 6 a), quadrupole splitting (due to electric field gradient and nucleus quadrupole
moment interaction — see Figure 2. 6 b)) and hyperfine field (Zeeman effect — energy levels
splitting due to interactions between magnetic field and nuclear spin - see Figure 2. 6 c)).
Except for the conventional transmission measurement method there is also Mossbauer
Spectroscopy technique which is based on inner conversion electrons detection — Conversion
Electron Mdssbauer Spectroscopy (CEMS). This method characterizes the sample surface
properties up to 500 nm.

Sample
powder

Figure 2. 7: Mssbauer Spectroscopy sample preparation process.

Sample preparation for this method, involved copper rings, high purity aluminium foil
(thickness: 0.038 + 0.007 mm and purity: 99.9995%), glue and sample powder. The whole
process is presented in Figure 2. 7. Copper ring was glued to aluminium foil, filled with
sample powder (sealed with another layer of aluminium foil. This way prepared absorber was
fixed into sample holder (see Figure 2. 8 a)) and ready for measurement.
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Figure 2. 8: a) Sample inside holder, b) gas flow cryostat and ¢) Mdssbauer Spectroscopy measurement setup.

Maossbauer Spectroscopy system used allows for room and low temperature measurements. It
consists of: gas flow cryostat with sample holder, connected liquid nitrogen/helium container
(depending on required temperature) and turbomolecular pump — see Figure 2. 8 c).
Measurements are performed with >'Co in Rh source.

Analysis of the results was performed with “Mos1” (Dr. J. Zukrowski) and “Origin Pro”
(OriginLab Corporation) fitting software.

r e -~

Figure 2. 9: Images of Physical Properties Measurement System with 9 T superconducting magnet: a) PC with
PPMS electronics cabinet and b) Dewar/probe (with mounted VSM module, Quantum Design).

The method used for DC magnetic properties measurements is Vibrating Sample (DC)
Magnetometer (VSM) — magnetic moment dependences. Based on the VSM results it is
possible to characterize different magnetic types of materials. It is an option of Physical
Properties Measurement System (PPMS) manufactured by Quantum Design company (see
Figure 2. 9 a)). It allows for measurements at the temperature range from 4 K to 380 K and
magnetic fieldupto 9 T.
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Figure 2. 10: VSM sample holder with inserted sample (foil).

VSM sample preparation involved weighting and inserting the powdered sample into plastic
container (see Figure 2. 10 a)), placed then in trough-shaped sample holder (see Figure 2. 10
b)) and adjustment of the sample container position on special stage (see Figure 2. 10 c¢)). The
sample in holder is then placed inside of PPMS probe part — inside of the Evercool cryostat
Figure 2. 9 b).

The placed in the coil sample is moved by a linear motor vibrating with an amplitude range of
2 mm at the frequency of 40 Hz, allowing the measurement accuracy better than 10 emu.
The movement is inducing a response in pick up coil in form of voltage changes. It is based
on magnetic Faraday induction law (induction phenomenon) and sample magnetic moment m
can be derived from (equation 2.3.1) [159]

V = 2nfCmAsin(2nft) (2.3.1)

Where: V — pick up coil voltage, A — amplitude of oscillations, f — frequency of oscillations
and C - coupling constant. The coupling constant is determined from calibration

measurement.

2.4 Heat capacity, electrical and thermal properties

Heat capacity studies were carried out by a two-tau relaxation method at the
temperature range 1.85 K — 360 K using a heat capacity option (HC) of the Quantum Design
PPMS platform. Care was taken to shape bulk Fe0.600Mn0.286Si0.110 C0.004 (at.) sample
to a flat square geometry in order to ensure good thermal contact with the sample platform.

The electrical properties of samples were investigated by using the Resistivity option
of Physical Properties Measurement System (PPMS) in Solid State Physics Department at

AGH University of Science and Technology — see Figure 2. 9 a). It allows for resistance and
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magnetoresistance measurements at the temperature range from 400 K down to 1.8 K and at
magnetic field up to 9 T. For this purpose four-point method is used with two voltage and the

current connections.

Figure 2. 11: lllustration of four point method: black lines — wires and red numbers — pressing pin positions.

The method is presented in Figure 2. 11 — grey rectangle is the sample, black lines represent a
wires connected by pressing pins to the sample. Current wires are in the positions 1 and 4, and
voltage wires in 2 and 3. This method measures resistance between points 2 and 3, rest is
based on Ohm law. It is commonly used for precise resistance measurement.
Magnetoresistance is measured in the same way, but in the presence of required magnetic
field.

Figure 2. 12: Images of resistivity option sample: puck a), b) upper part (connection pin board from the top and
bottom respectively), c) lower part: three channel sample puck, d) assembled and e) in the user bridge board.

Samples dimensions are measured and the samples are placed in the puck, which can
be seen in Figure 2. 12 (with different views) - specially designed for this system. It provides
fast and easy mounting of up to three samples before measurement. Without the connection

board it is necessary to solder each wire to the sample and the puck (in total: four between one
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sample and puck). Each pin is separated by 2 mm. The puck with the mounted samples is next

inserted into the sample chamber of PPMS system [160].

Parameter name: Value:
Device name: DSC-60
Company: SHIMADZU
Measuring principle: Heat-flux type
Temperature range [°C]: -150 - 600
Temperature speed [K/min or 0-99
K/hourl:
Measuring power range [mW]: +40
Noise level [uW]: 1
Atmosphere: air, argon or argon
flow

Figure 2. 13: Image of DSC-60 (SHIMADZU) device (on the left) and characterization table (on the right). Taken

from [161].

Thermal transformation between martensite and austenite phase was investigated by
Differential Scanning Calorimetry (DSC), more precisely - by power compensating DSC
(DSC-60, SHIMADZU at Shibaura Institute of Technology — see Figure 2. 13). Sample and
references sample are placed in separate pans (each is equipped with heater and thermometer)

in aluminium containers with similar weights and under argon flow. It allows for

measurements at the temperature range from -150 to 600 °C and power range: =150 mW with

adjustable heating/cooling speed. As a reference sample aluminium oxide (Al203) is used, and

for low temperature measurement liquid nitrogen is required. Data analysis is performed on

included software “ta60”.
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a
) Exothermic

b)
Endothermic

1 Exothermic

Temperature

Heat flow

Figure 2. 14: Example of DSC curve with following transitions marked: a) melting, b) crystallization and c) glass
transition for exothermal and endothermal reactions.

The principle of the method is based on temperature comparison between pans and any
thermal event is compensated by the heater. By measuring the heater power or difference, it
allows to distinguish endothermic (power decreases) and exothermic (power increases)
reactions, such as: melting point, crystallisation and glass transition — see Figure 2. 14. It is

commonly used in kinetic, phase transition and crystallinity determination studies.

Cooling down
Af—

As Ag

Heat flow

Heating up

v

Temperature

Figure 2. 15: Example of shape memory alloy DSC curve with marked transformation temperatures: As — austenite

start, Ar — austenite finish, Ms — martensitic start and Mr — martensitic finish.

Example of DSC curves for martensite-austenite transformation of SMA is presented in the
Figure 2. 15. During heating it should appear at some temperature endothermic peak (from

martensite to austenite transformation), and during cooling - exothermic peak (from austenite
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to martensite). It is important to note that too big heating rate can influence measurement
accuracy — it will shift transformation temperature. The contact between sample surface, and

pans can also affect measurement accuracy.

2.5 Shape Recovery Rate
Shape Recovery Rate (SRR) is a parameter allowing a comparison of shape
memory effect in different materials. For this purpose home-made bending test machine was

prepared based on study [162] — the scheme is presented in Figure 2. 16.

Original position

Figure 2. 16: Bending test diagram. Taken from [162].
The SRR can be derived based on following equations:
T
E = E (12)

(0;—0y)

SRR = 5

(1.3)

where: € — bending strain, T — sample thickness, R — bending machine rod radius, SRR —

Shape Recovery Rate, 6; —bending angle and 6, — final angle (after heat treatment).

Bending rod diameter was adjusted to the samples thickness for desired bending strain. The
system consists of the heater, camera and container with: mineral oil, sample holder and
thermometer (placed close to the sample position). Shape recovery (angle change) recorded
by a camera placed above the sample and heated to different temperatures in the range from
ambient temperature to 120 °C. Sample dimensions were: 5 mm x 2 mm, and the thickness
was dependent on the studied sample. Temperature was measured by simple K-type probe
within range of: -20 - 1200 °C and accuracy: +1 °C.

29



Chapter 3. Fe-Mn-Si alloys — results and discussion

In this Chapter results of investigations of Fe-Mn-Si type materials, which exhibit
shape memory effect during martensitic transformation are presented and discussed. In the
next subchapters results obtained for “heated” samples and with small carbon addition will be
presented. It is well known that characteristics of the shape memory alloy can vary
significantly, depending on their composition. In Fe-Mn-Si system, alteration of the properties
by the addition of elements is possible. In particular, the parent phase reinforcement with a
solid solution with carbon addition is known to improve the shape memory characteristic
[163].

Study includes samples preparation process, crystal structure (X-Ray Diffraction, X-
ray Absorption Near Edge Structure and Extended X-Ray Absorption Fine Structure) and
magnetic properties at low and room temperature (Mdssbauer Spectroscopy, Conversion
Electron Mdssbauer Spectroscopy and Vibrating Sample Magnetometry). Also specific heat
was measured in the 2 K to 350 K temperature range at zero field and at applied magnetic
field up to 90 kOe. Short overview of techniques used can be found in previous Chapter.
Samples preparation and the study of their properties were performed in collaboration with
Shunsuke Miyazawa (Shibaura Institute of Technology student).

3.1 Preparation of the samples

Sample preparation process is schematically presented in the Figure 3. 1. Several
physical and thermal treatments had been used on mixed pure iron (electrolytic Fe (99.9%)),
manganese (electrolytic Mn (99.9%)), silicon (atomized Si (99.9%)) and graphite powders
(scaly graphite carbon (99.9%)). The alloying process was carried out using a planetary ball mill
(Pulverisette 7, Fritsch) with a stainless steel vial (volume = 45 ml). The ball-to-powder weight
ratio was 8:1. The powder mixture was milled with stainless steel balls (15 mm diameter) in the
atmosphere of Ar gas at a rotational speed of 600 rpm. It allows to obtain fine powder mixture —
a-Fe phase transformation to y-phase and its stabilization [4]. The mechanically alloyed powder
obtained (MA powder) was put into a graphite die and sintered by means of pulse-current
pressure sintering equipment (PLASMAN, SS Alloy). The sintering was performed at
temperature of 900 °C, rate of rise of temp. 50 °C/min, under an external uniaxial compression
pressure of 20 MPa, duration 10 min and in vacuum. The samples obtained were cylindrical with
a diameter of 10 mm and a height of about 20 mm. Further, the materials were subjected to
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annealing (temperature: 600 °C, rise of temp. 5 °C/min, duration 1 hour and in vacuum under
high vacuum conditions (10-3 Pa)) process. Thermal processing improved crystal structure and
the sample in the shape of an elongated pellet was obtained. Further treatment involved
deformation compression in uniaxial geometry parallel to the external stress of the sintering
(rate: Imm/min, 4% deformation in room temperature) and subsequent heating at 200, 400, 500
and 600 °C depending on the sample. It gave in total seven samples which were investigated as
presented in this Chapter (see Table 3. 1) [4], [5], [164]. More detailed information about used

techniques can be found in the Chapter 2.

Fe powder Mechanical alloying
(54 wi %) Duration: 30 h
Mn powder e Rotation speed: 600 rpm
(30 Wt.%) | vixng | | Ball-to-powder weight
Si powder ratio: 1:8
(6 Wt.%) Atmosphere: Argon
Deformation
Compression: Annealing
uniaxial geometry Rise of temp.:
Subsequent heating in furnace parallel to the 3 °C/min
Temperature: 200. 400. 500 external stress of the Temperature: 600°C
and 600°C sintering. Duration: 1h
Rate: | mm/min Vacuum: 10~*Pa
4 % deformation
Room temperature
Figure 3. 1: Samples preparation process.
Table 3. 1: Overview of the samples.
Elements (wt.%0): o
Alloy number: i Description:
Fe Mn Si C
1 As annealed
2 Heated 200 °C
3 6 - Heated 400 °C
64 30
4 Heated 500 °C
5 Heated 600 °C
7 5.9 0.1 0.1wt% C
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3.2 Structural and magnetic properties

In comparison, one material with 0.1 wt.% of carbon addition was chosen due to best

shape memory properties — see Figure 3. 2.

2.0

1.0r

- (A)As-annealed statel]
@ (B)After one cycle of training

Shape recovery strain [%]

0 0.1 0.2 0.3
Content of carbon [wt%]

Figure 3. 2: Dependence of shape recovery strain on C content of the alloys. (A) As-annealed state. (B) After one
cycle of training, Prendota et al. [163]

Structural properties of the samples prepared were measured with X-Ray Diffraction and
X-Ray Absorption Near Edge Structure (XANES)/Extended X-Ray Absorption Fine Structure
(EXAFS) method.

Maossbauer spectra for MA10h and MA30h of “0.1 wt.% C” are shown in Figure 3. 3
and Figure 3. 4, respectively.

Relative transmission [a.u.]

-2 ) 6 é Arl é 8
Velocity [mm/s]

Figure 3. 3: Mossbauer spectra for “0.1 wt.% C” powders after MA for 10 h, Prendota et al. [163].
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Figure 3. 4: Mossbauer spectra for “0.1 wt.% C” powders after MA for 30h, Prendota et al. [163].

The spectrum after 10 h of MA shows a weak sextet and a dominant single peak, which

correspond to the ferromagnetic and the paramagnetic (or diamagnetic) component,

respectively. This reveals presence of a mixture of a and y phases, showing that MA process

was incomplete. For the Mossbauer spectrum of the powder subjected to MA for 30 h, only a

single peak is observed and the ferromagnetic component seen for the powder after 10 h of

MA, did not appear. Therefore, it can be concluded that the formation of the y phase is
complete for the 30 h of MA.
Figure 3. 5 presents XRD patterns for “As annealed” and “0.1 wt.% C” after 30h of

milling.

Intensity (a.u.)

—— Fe30Mn6Si (wt.%), 30h |

g
[1—v phase
g O
T rrrTrrrrrTTrT T T T T T T T
15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90
0

15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90

2Theta (deg)

Figure 3. 5: X-Ray Diffraction patterns for “As annealed” (black line) and “0.1 wt.% C” (red line) after 30 h of

mechanical alloying.
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It provides also confirmation of the y-phase existence without additional phases — only peaks
corresponding to paramagnetic phase can be seen and there is no difference in comparison
with the sample without carbon additions.

Figure 3. 6 shows XRD patterns obtained for “As annealed” and Figure 3. 7 for “Heated
600 °C” sample.
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Figure 3. 6: Room temperature X-Ray Diffraction patterns for “As annealed” sample. Detected phase: e-hcp
(hexagonal close-packed).
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Figure 3. 7: Room temperature X-Ray Diffraction patterns for “Heated 600 °C” sample. Detected phase: e-hcp
(hexagonal close-packed).
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Table 3. 2: Elemental cell parameters obtained after Rietveld refinements for XRD patterns of “As annealed” and
“Heated 600 °C” sample.

Sample name: e-hep
Content
- a[A]: c [A]: V [A%):
[%]:
As annealed 100 2.5465(4) 4.1306(5) 23.197(5)
Heated 600 °C 100 2.5486(8) 4.1378(7) 23.28 (1)

Based on analysis performed, one phase can be distinguished: e-hcp (hexagonal close-packed).
Elemental cell parameters obtained from Rietveld refinements are summarized in Table 3. 4.
Samples differ in peaks relative intensities which may indicate presence of texture. There is no
traces of y-phase content in the diffractograms of the “As annealed” and “Heated 600 °C”
samples.

Figure 3. 8 - Figure 3. 10 presents XRD patters with Rietveld refinements for the “0.1
wt.% C” sample at 75, 295 and 423 K.
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Figure 3. 8: X-Ray Diffraction patterns for “0.1 wt.% C” in 75 K (experimental data - black dots, differential
pattern - red line and blue line — fitted pattern).

35



Intensity (a.u.)

1
e — ) m‘j‘fw“*r‘\wwj‘b, e e o P et
30 40 50 60 70 80 90 100
20 (deg.)

Figure 3. 9: X-Ray Diffraction patterns for “0.1 wt.% C”

in 295 K (experimental data - black dots, differential

pattern - red line and blue line — fitted pattern).
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Figure 3. 10: X-Ray Diffraction patterns for “0.1 wt.% C” in 423 K (experimental data - black dots, differential
pattern - red line and blue line — fitted pattern).
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Figure 3. 11: X-Ray Diffraction patterns for “0.1 wt.% C” in 75 (black line), 295 (red line) and 423 K (blue line).

At all temperatures two phases can be distinguished: -hcp (dominant) with some y-fcc. Their
content change slightly between different temperatures, and refinements parameters are
summarized in Table 3. 3. Figure 3. 11 shows all the diffraction patterns collected together.
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Table 3. 3: Crystallographic unit cell parameters obtained after Rietveld refinements for XRD patterns of “0.1 wt.%
C” sample at 75, 295 and 423 K.

Temperature e-hcp
[KI: Content [%]: a[A]: ¢ [A]: V [AY]:
75 94(5) 2.5483(8) 4.142(1) 23.30(1)
295 90(7) 2.546(1) 4.133(1) 23.205(16)
423 94(6) 2.5490(9) 4.1418(14) 23.305(13)
y-fcc
Content [%]: a [A]: V [A%:
75 5.8(7) 3.6106(5) 47.07(2)
295 10.4(1.6) 3.6063(7) 46.900(16)
423 6(1) 3.6109(7) 47.080(13)
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Figure 3. 11: High temperature XRD patterns for “0.1 wt.% C” alloy at several heating temperatures, Prendota et
al. [163].

The crystallographic structure of the bulk alloy synthesized from the MA treated powder and
subjected to the compressive strain was studied with high-temperature X-ray diffraction. The
XRD patterns for “0.1 wt.% C” alloy at several heating temperatures are shown in Figure 3.
11 (A) shows the XRD pattern of the bulk alloy after 4 % deformation. All the peaks are
broad and the & phase peaks are pronounced. Peaks broadening indicates an increase in lattice
strain. Since the ¢ phase peaks are relatively large, it suggests that y — & stress-induced

martensitic transformation occurred due to the deformation. With increasing heating
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temperature, the intensities of ¢ phase peaks decrease and, eventually, the ¢ phase peaks
disappear when the sample is heated at 600 °C. In contrast to that, the diffraction peaks of the
v phase continue to increase with temperature rise and are pronounced at temperatures higher
than 400 °C. Thus, with the heating, the amount of ¢ phase is reduced and the y phase
increases its content, suggesting that the ¢ — vy reverse transformation occurred. So, these
high temperature X-ray diffraction results indicate, that this alloy can have shape memory.
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Figure 3. 12:XANES (on the left side) and EXAFS (on the right side) for iron (upper images) and manganese
(lower images) K edge measurements of “As annealed” and “Heated 600 °C” samples.

XANES and XAS measurements were performed at Swiss Light Source (SLS) in Paul
Scherrer Institut (PSI1) in Switzerland. Results obtained are presented in the Figure 3. 12 for
the samples “As annealed” and “Heated 600 °C”. The shape of the absorption edge with a
characteristic shoulder indicates a metallic state of both Fe and Mn. A lack of differences
between samples observed in the XANES region indicates unchanged electronic state of the
elements. Fourier transforms for the Fe K-edge EXAFS part reveal peaks at 1.96 and 2.06 A
for the “As annealed” and “Heated 600 °C”, respectively. For the Mn K-edge obtained peaks
are as follows: 2.09 (“As annealed”) and 1.99 A (“Heated 600 °C”). This small change has
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opposite tendencies for Fe and Mn and may indicate a slight change of the nearest neighbour
shell distances: an increase for Fe and a decrease for Mn.

Magnetic properties characterization involved Maossbauer Spectroscopy (MS) and
Vibrating Sample Magnetometry (VSM). MS samples preparation process is shown in
Chapter 2, and results of measurements are presented in Figure 3. 13 - Figure 3. 17 and Table
3. 4.

Heated 600 °C
—— Heated 500 °C
Heated 400 °C
—— Heated 200 °C
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Figure 3. 13: Mdssbauer spectra for all samples obtained at room temperature.
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Figure 3. 14: Mossbauer spectra for all samples obtained at low temperature. The right panel shows a zoom of the
spectra at low velocity range.
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Figure 3. 15: Mossbauer spectra for sample “As annealed” obtained in different temperatures. The right panel
shows a zoom of the spectra at low velocity range.

Table 3. 4: Summarized Isomer Shifts and FWHM values for all samples in low and room temperature. At the

lower part temperature dependence FWHM of “As annealed” sample.

Sample
name:

As annealed Heated 200 °C Heated 400 °C Heated 500 °C Heated 600 °C

Temperature
[K]:
Isomer Shift
Powder -0.08 | -0.08 | -0.07 | -0.07 | -0.03 | -0.08 | -0.09 | -0.12 | -0.09 | -0.11
[mm/s]:
FWHM
Powder 1.05 0.56 1.02 0.79 0.79 0.52 0.91 0.52 0.88 0.71
[mm/s]:
FWHM
Bulk - 0.48 - 0.43 - 0.49 - 0.49 -
[mm/s]:

12.5 300 | 7.401 | 300 4.2 300 4.2 300 4.2 300

Temperature

[K]:

FWHM
Powder 1.05 0.98 0.71 0,59 0.56
[mm/s]:

12.5 82 140 200 300
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Figure 3. 16: Isomer shift for all samples at ambient (black squares) and liquid helium temperature (red dots).

m  As annealed
e Heated 400 °C

0.03],
-0.04 1
-0.05 1 .

ft (mm/s)

-0.06 -

5 -0.071

_008_ L PY n

Isomer

-0.09 +

] [
-0.10 - n

'O. 11 T T T T T T T T T T T T
0 50 100 150 200 250 300
Temperature (K)

Figure 3. 17: Isomer Shift for “As annealed” and “Heated 600 °C”.

There can be seen only one, slightly broadened line of the >'Fe spectrum in the whole
temperature region for all the samples. It shows a small asymmetry from positive velocity

side, so that two component were used for spectrum fitting. Slight line broadening at low
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temperatures is observed. The small linewidth with no magnetic splitting visible indicates that
Fe bears no magnetic moment in the materials studied. The values of Isomer Shift (IS)
summarized in Table 3. 4 are similar for the samples at helium and room temperatures and are
also similar to the value obtained in previous work [4]. Only slight variations in mean values
of isomer shift (I1S) and full width at half maximum (FWHM) indicate a lack of significant
differences of electronic and magnetic states between all samples at the low and the room
temperature.

A comparison of magnetic properties between the pure (“As annealed”’) and with small
carbon addition (“0.1 wt.% C”) samples have been also performed. Results obtained from
Mossbauer Spectroscopy at room temperature (RT) and 80 K for powdered samples are

shown in Figure 3. 18.
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Figure 3. 18: Mdssbauer spectra: a) room temperature and b) 80K for “As annealed” and “0.1 wt.% C” alloys.

A single peak is observed for all the spectra. Differences of isomer shift (listed in Table 3. 5)

observed at both temperatures indicate, that carbon enters the bulk of the alloy.
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Table 3. 5: Isomer shift values at room temperature and 80K.

Isomer shift at room )
Sample name; Isomer shift at 80 K [mm/s]:
temperature [mm/s]:
As annealed -0.06 -0.05
0.1wt.% C -0.23 -0.07

This is also consistent with a larger line width observed for the carbon containing sample.
For both samples a significant broadening of the spectrum (by more than two times) on
lowering the temperature from 293 K to 80 K is observed. It can be attributed to the
appearance of a small magnetic field at the Fe site at the lowest temperatures. A much larger
linewidth for “0.1 wt.% C” sample is attributed to the effect of carbon entering the bulk of the
alloy. The presence of the y-fcc phase in the material with carbon addition can be attributed to
its support to austenite formation.

In the Figure 3. 19 Conversion Electron Mdssbauer Spectroscopy results at room

temperature for bulk samples are presented.
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Figure 3. 19: CEMS spectra for “As annealed” (black dots), “Heated 200 °C” (red dots), “Heated 400 °C” (blue
dots) and “Heated 500 °C” (cyan dots) sample (dark yellow line —fit).

We can observe the spectra, which can be fitted simply by one line for each sample. They reveal a
lack of magnetic moment on Fe at room temperature in all of the heated samples. Isomer Shift
values are presented in the Table 3. 4. It can be seen that they slightly change with increasing

heating temperature to more negative values. A much larger line width for powdered samples
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than for bulk ones can be attributed to defects and strain introduced with preparation of powders
done by filing.

Further materials characterization involved magnetometric method. For the “As
annealed” sample hysteresis loops at all the temperatures can be observed - see Figure 3. 20 -
Figure 3. 22. Figure 3. 21 presents its virgin magnetization curves. For the other heated samples
magnetic behaviour looks very similar. A small contribution of ferromagnetic (or ferromagnetic)
phase is detected in the samples. Almost linear dependence between magnetic moment and field
with the slope increasing with decreasing temperature can also be seen. Thus a dominant
antiferromagnetic or paramagnetic behavior can be concluded. Hysteresis loops combining with
linear component can be observed at all temperatures. A very small value of saturation

magnetization, calculated after linear contribution removal, are summarized in Table 3. 6.
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Figure 3. 20: Hysteresis loops for the “As annealed” sample at all the temperatures.
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Figure 3. 21: Virgin magnetization curves for the “As annealed” sample at all the temperatures.

The curves show a positive curvature at the origin indicating the nucleation of reverse domains
mechanism in the magnetization process. At high temperatures this curvature is much more

pronounced than at low temperatures.
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Figure 3. 22: Hysteresis loops for “As annealed” sample at all the temperatures without paramagnetic contribution.
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Table 3. 6: Mean values of saturation magnetization at 80 kOe.

M Mean Mean Mean Mean
ean
] Saturation Saturation Saturation Saturation
Saturation o o o o
Sample No.: o magnetization | magnetization | magnetization | magnetization
magnetization
at 30K at 100K at 175K at 300K
at 3K [emu/q]:
[emu/g]: [emu/g]: [emu/g]: [emu/g]:
As annealed 3.00 2.85 2.24 1.66 1
Heated 200°C 1.50 1.34 1.21 0.98 0.74
Heated 500°C 1.84 1.66 1.28 - 0.98
Heated 600°C 3.31 3.13 2.61 2.16 1.74

Remnant magnetization values for “0.1 wt.% C” sample were also derived from hysteresis
loops presented in Figure 3. 23, Figure 3. 24, and summarized in Table 3. 7. Intersection with
positive and negative axis are included and marked with + and -, respectively. Their average,

termed as “mean” is also included.
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Figure 3. 23: Hysteresis loops for “0.1 wt.% C” sample at all the temperatures.
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Figure 3. 24: Hysteresis loops for “0.1 wt.% C” sample at all the temperatures - zoomed.

Table 3. 7: Values of remnant- remnant+ and mean remnant magnetization for “0.1 wt.% C” sample.

Remnant Remnant Mean Remnant
Temperature [K]: Magnetization - Magnetization + Magnetization
[emu/g]: [emu/g]: [emu/g]:
3 0.85 0.85 0.85
20 0.23 0.23 0.23
50 0.20 0.20 0.20
100 0.16 0.16 0.16
150 0.13 0.13 0.13
200 0.097 0.099 0.098
225 0.08 0.08 0.08
250 0.065 0.066 0.0655
275 0.052 0.53 0.291
300 0.043 0.043 0.043
325 0.036 0.036 0.036
350 0.031 0.031 0.031
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Linear slope values obtained from magnetization curves for all the samples are shown in
Figure 3. 25.
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Figure 3. 25: Temperature dependence of slope values for paramagnetic contributions (linear part). Dashed lines are
guides for eyes.

The slope, i.e. the values of the magnetic susceptibility increase with decreasing temperature
for all the samples except for the carbon doped one, where a peak is observed at 250 K,
indicating a magnetic transition there. The part of the magnetic susceptibility increasing with
decreasing temperature, according to Gavriljuk et al. [22], can be attributed to localized Mn
moments corresponding to the magnetically isolated atoms. Thus, carbon doping decreases
the number of such atoms and the Pauli-like temperature independent susceptibility of
conduction electrons dominates.

Figure 3. 26 - Figure 3. 30 present temperature dependence of coercivity values for
each sample.
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Figure 3. 26: Coercivity values for “As annealed” sample
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Figure 3. 27: Coercivity values for “Heated 200 °C” sample.
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Figure 3. 28: Coercivity values for “Heated 500 °C” sample.
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Figure 3. 29: Coercivity values for “Heated 600 °C” sample.
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Figure 3. 30: Coercivity values for “0.1 wt.% C” sample.

They show coercivity values obtained from both sides of hysteresis loop as well as their mean
value. Their values are asymmetrical for heated samples, except for the 600 °C heated and the
“0.1 wt.% C” samples, where they are symmetrical. The asymmetry reveals the presence of
the exchange bias effect, which can be attributed to a coupling of this ferro- or ferrimagnetic
phase to an antiferromagnetic one. As such the phenomenon is effective at the length scale of
nanometers, the regions exhibiting asymmetric hysteresis are of nanometric size. They can be
attributed to the austenitic phase precipitations in the antiferromagnetic-like martensite
matrix. Mean absolute value of coercivity at low temperature decreases with increase of
thermal processing temperature and it shows two times lower values for the “0.1 wt.% C”
sample than for the “As annealed” one. The highest asymmetry of the hysteresis loops, i.e. the
strongest exchange bias effect is observed at the temperature range of 20 — 175 K. An upturn

in the coercivity values at high temperatures for the “0.1 wt.% C” sample is worth noting.

Saturation magnetization values show that the highest temperature differences between low
and room temperature, of four times occurs for “0.1 wt.% C” sample. For the “As annealed”
sample this change is only two times. Thus it can be concluded that even low temperature
treatment has influence on magnetic properties of the samples, which is related to martensitic
reverse transformation.
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Figure 3. 31: Saturation Magnetization corresponding to the field of 80 kOe after subtraction of paramagnetic

(linear) contribution from magnetization curves at various temperatures.

For the “0.1 wt.% C” sample the zero field cooled (ZFC) and the field cooled (FC)

temperature dependences of the magnetic susceptibility were measured, Figure 3.32.
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Figure 3. 32: ZFC and 100 Oe FC of “0.1 wt.% C”.

The FC and ZFC curves depart at about 300 K, which indicates an onset of the magnetic

phase, possibly of a spin-glass character there. Magnetic susceptibility was also measured for
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other samples and at higher fields. Dependences of inverse susceptibility are presented in
Figure 3. 33 - Figure 3. 36 for different values of the applied magnetic field: 100 Oe, 10 kOe
and 80 kOe (for “0.1 wt.% C”: 50, 70 and 90 kOe), respectively.

Magnetic Field: 100 Oe
— As annealed
5\ _ — Heated 200 °C
£ 18- —— Heated 500 °C
o —— Heated 600 °C
= — 0.1wt.% C
(@]
@ 1,6 1
o
< 1,4+
£,
:_§ il
o
21,04
?
> 0,8+
)]
(&)
= 0,6 1
(O]
504 —
20,4
g 4
— 012 T T

0 50 100 150 200 250 300
Temperature (K)

Figure 3. 33: Inverse magnetic susceptibility versus temperature of all samples in the magnetic field of 100 Oe.
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Figure 3. 34: Inverse magnetic susceptibility versus temperature of all samples in the magnetic field of 10 kOe.
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Figure 3. 35: Inverse magnetic susceptibility versus temperature of all samples in the magnetic field of 80 kOe
(besides 0.1 wt.% C).

Linear dependence of the inverse susceptibility shows up at higher fields, decreasing
with temperature (see Figure 3. 35). The most linear dependences are obtain for samples
“Heated 200 °C” and “Heated 600 °C”. Carbon doped material exhibit different magnetic
susceptibility dependence in comparison with other samples, with linear dependence of
inversed susceptibility at higher temperatures starting from about 325 K. At lower
temperatures a dip appears at about 250 K, indicating a magnetic transition. Based on room
temperature XRD (see Figure 3. 6 and Figure 3. 7) in “Heated 600 °C” and “as annealed”
samples, € phase is detected — at higher fields its inverse magnetic susceptibility is almost
linear.

The inverse susceptibility curves obtained for various applied magnetic field values

for the “0.1 wt.% C” sample are presented in Figure 3. 36.
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Figure 3. 36: Inverse mass magnetic susceptibility versus temperature of the “0.1 wt.% C” sample at 10, 50, 70 and
90 kOe.

Their linear character reveals presence of a Curie-Weiss type paramagnetic
contribution.

Table 3. 8: Summarized fitted parameters to the inversed mass magnetic susceptibility of “0.1 wt.% C” sample at
different magnetic field values.

H [kOe]: Gew [K]: 20 [(106cm®/g]: | C [(103 cm3K/g]: | pett [pus/Mn)]
50 169(5) 9.6(8) 6.23) 3.01(8)
70 141(2) 7700 7.04(5) 3.21(1)
90 120(4) 7.0(5) 7.60(24) 3.34(5)

Based on the equation (3.1) and experimental data presented in Figure 3. 36, Curie-
Weiss function were fitted, and obtained parameters are summarized in Table 3. 8 for sample

mass: 20.890 mg and molar mass: 52.34 g.
Ao = %o T C/(T-0cw) (3.1)
where: y - volume magnetic susceptibility, y , — its temperature independent contribution, C -

material-specific Curie constant, T — temperature and 0y — Weiss constant.
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The volume magnetic susceptibility and the corresponding fitted values of the Weiss and
Curie constants and the effective magnetic moment vary with the value of the external
magnetic field used. This is possibly due to antiferromagnetic correlations, which are
gradually suppressed by the increasing applied magnetic field. The value of the paramagnetic
moment derived corresponds to about 3 ug per Mn atom, if no magnetic moment of Fe is
realized.

In the Figure 3. 37 - Figure 3. 39 heat capacity temperature dependences are presented
for the same “0.1 wt.% C” sample (m=20.890 mg, Mmoi=52.34 Q).
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Figure 3. 37: Heat capacity temperature dependence with polynomial fit (blue line) and magnetic heat capacity
(pink area).

A typical temperature dependence is observed with an extra peak at about 250 K, where the
anomaly in the magnetic susceptibility was found. To check the low temperature behavior the
C,/T dependence vs. T2 was plotted.
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Figure 3. 38: Specific heat versus squared temperature dependence for “0.1 wt.% C” sample in the low temperature range.

This dependence shows a deviation from linearity expected for a metal, indicating presence of

a considerable nonlinear contribution, possibly of a magnetic origin. The measurements at

high temperatures have been carried out also at the applied magnetic field up to 90 kOe and

the results are shown below.
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Figure 3. 39: Heat capacity temperature dependence measured in different magnetic fields for “0.1 wt.% C” sample.

The excess peak has been subtracted from the data by polynomial fitting. The magnitude of

the peak slightly decreases with increasing field and shifts to lower temperatures, indicating

antiferromagnetic character of the transition.
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Figure 3. 37 presents heat capacity temperature dependence at zero field with
polynomial fit and the excess heat capacity of magnetic origin. The curve at zero field was
integrated at the temperature range of: 200 — 275 K (see equation 3.2) and the results obtained
are presented in the Figure 3. 40.

_ (T Cexc
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Figure 3. 40: Magnetic entropy temperature dependence measured for “0.1 wt.% C” sample.
Accounting for magnetic origin of the peak in specific heat and the corresponding entropy we
can put Sex. = Spmag and the calculation procedure allows now for total magnetic moment

determination. General expression for magnetic entropy is shown with equation 3.3. Its
further transformation is presented in equation 3.4.

Smag = RIn(2J + 1) (3.3)

where: ] is total magnetic moment, R is (R = 8.3144621(75) ﬁ) Smag = 0.03833 ——

mol-K
Sma
Jun = () [exp (2222) — 1] = 0.008125  (3.4)
where: Sy IS magnetic entropy and R is a gas constant (R = 8.3144621(75) ﬁ ).

This allowed for total magnetic moment determination at approximately 0.016 ps.
Temperature dependences of the electrical resistivity for the “As annealed”, “Heated
600 °C” and “0.1 wt.% C” samples are collected in Figure 3. 41.
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Figure 3. 41: Temperature dependence of the resistivity for: “As annealed”, “Heated 600 °C” and “0.1 wt.% C”
samples.

The resistivity shows similar values for all the samples with a strong upturn on lowering the
temperature, which has already been attributed in literature to a Kondo-like effect. This upturn
starts AT about 280 K, which is slightly higher than the temperature of the magnetic peak in
the specific heat.

Magnetoresistance, i.e. (R(H)-R(0))/R(0) of ““As annealed”, “Heated 600 °C” and “0.1
wt.% C” samples was measured at the temperatures: 2 — 300 K and magnetic field range: 0 -

90 kOe. Results are presented in Figure 3. 42.
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Figure 3. 42: Magnetoresistances of “As annealed”, “Heated 600 °C” and “0.1 wt.% C” samples at different
temperature.

They are virtually independent on the magnetic field, which indicates an extremely small

mean free path of the electrical carriers in the whole temperature range.

3.3 Summary of results for Fe-Mn-Si alloys

In the Chapter presented, the influence of heating temperature and small carbon addition on
the properties of Fe-30Mn-6Si (wt.%) shape memory alloys was studied. Summarized results
are as follows:

- X-Ray Diffraction patterns revealed phase content of the samples and its change after
deformation and during heating up to 600 °C. The results are in good agreement with
literature.

- No differences are found in the Fe electronic states between all thermally treated
samples at room temperature based on XANES. The shape of the absorption edge
indicates a metallic character of both Fe and Mn.
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Low temperature and room temperature iron Mdssbauer spectra indicate no magnetic
moment on iron, thus magnetism of these materials is deduced to be governed by
manganese.

A Curie-Weiss paramagnetic behaviour shows up at higher fields (at low fields it is
masked by ferromagnetic contribution until its saturation), indicating existence of
localized moments in the materials, in addition to the temperature independent Pauli
paramagnetic part due to conduction electrons.

The ferro- or ferrimagnetic behaviour observed, with exchange bias dependent on the
thermal treatment driven reverse martensitic transformation, is attributed to the
austenitic fcc phase.

Nanometric size of the austenitic fcc phase precipitations not detectable by XRD
method in the martensite matrix is concluded, based on the exchange bias effect and
nucleation of reversed domain character of virgin magnetisation curves.

Maossbauer spectroscopy measurements show that carbon doped at 0.1 wt.% enters the
bulk of the alloy causing the appearance of larger regions of austenite phase and
decreasing the Curie-Weiss susceptibility, which reflects a decreased number of
paramagnetic Mn atoms.

Paramagnetic moment of 3 pg per Mn atom is derived from high temperature magnetic
susceptibility.

Specific heat measurements for the alloy with 0.1 wt.% of carbon reveal a peak at 250
K, only slightly sensitive to the applied magnetic field up to 90 kOe, which is
attributed to magnetic transition to a glass-like state of the martensite hcp phase with a
very small net moment of 0.016 ps.

Electrical resistivity measurements show an upturn on lowering temperature attributed
to a Kondo-like effect. The magnetoresistance is independent on the magnetic field up
to 90 kOe at all the temperatures, indicating an extremely small mean free path of the

electrical carriers.
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Chapter 4. Cold rolled and annealed NiTi micro-foils — results and

discussion.

The study presented in this Chapter focuses on possibility of NiTi shape memory alloy
creation by cold rolling method combined with thermal processing. The results give also
insights into the diffusion process between nickel/titanium diffusion couples and oxidation —
which in the case of preparation of these materials is a very important problem. Sample
preparation process (cold rolling of heated foils) performed at Faculty of Non-Ferrous Metals
(AGH University of Science and Technology). Results obtained from Scanning Electron
Microscope with Energy Dispersive Spectroscopy detector and optical microscope are
presented. Optical microscope photographs were obtained at Faculty of Geology, Geophysics
and Environmental Protection, AGH University of Science and Technology. More details on

these methods are presented in the Chapter 2.

4.1 Annealing process

Diffusion couples used in this part of study are presented in Figure 4. 1. Pure nickel
and titanium foils of 100 and 50 um in the thickness were used, respectively. Sandwich like
samples were prepared, which provide increased diffusion process volume in comparison with
a simple Ni-Ti pair, in view of different diffusion coefficients of nickel/titanium and stronger

oxidation of titanium than nickel at elevated temperatures.

| e ——

50 um Ti foil

- 50 um Ti foil

Figure 4. 1: Illustrative representation of the cold rolled diffusion couples: a) 50 um titanium foil between two 100
um nickel foils and b) 100 um nickel foil between two 50 pum titanium foils.
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Figure 4. 2: Cold rolling machine at the Faculty of Non-Ferrous Metals, AGH University of Science and
Technology.

Table 4. 1: Cold rolling machine specification.

Parameter: Value:
Thickness of the batch (max): 5mm
Width of the batch (max) 100 mm
Thickness of the product (min) 0.01 mm
Rolling speed 1.5to 15 m/min
Rolling force (max) 120 kN
moment of rolling (max) 60 Nm
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sample into Heating up
graphite holders (1073K, 2h)

Cold Rolling

Figure 4. 3: A scheme of the process for heated up and rolled samples: 1. Protection of the sample, 2. heating up to
~830°C (2h), 3. hot sample transfer, 4. Cold rolling and 5. Sample ready for long annealing.

Diffusion couples preparation process involved usage of furnace, graphite dies and cold
rolling machine. Foils were put between graphite molds in the way presented in Figure 4. 1.
In such a way samples were inserted into hot furnace (~830 °C) and kept for two hours. After
that, graphite was removed and hot diffusion couples were inserted into cold rolling machine
— presented in Figure 4. 2. Machine specification is shown in the Table 4. 1. Maximum rolling
force was used. Output material foils were found to be well joined, but surface oxidation

could be observed by naked eye. A scheme of the process is presented in Figure 4. 3.

IR

2333333311313

IR

Figure 4. 4: a) Furnace and b) example of the sample sealed in quartz tube in vacuum.
The diffusion couples prepared were further used by annealing with different durations and
temperatures. The value of heating step was 5 °C/min and samples were then quenched in
water. Each sample was inserted into quartz tube pumped off by turbo-molecular pump (up to

~2.4 - 10~* mbar) and sealed — see Figure 4. 4. It was performed in such a way to prevent
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further oxidation process. Making use of the results of previous experiments, the annealing
was conducted at temperatures below 1000 °C.

4.2 Characterization of materials obtained

Results of annealing of diffusion couples prepared in the process discussed in the
previous subchapter are presented. Characterization process is started with surface properties
of the samples before annealing and the results are shown in Figure 4. 5 and Figure 4. 7.

Images were obtained with optical microscope.

Figure 4. 6: SEM images of 50Ti:100Ni:50Ti before annealing.
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Optical microscope images of diffusion couple consisting of 100 um nickel foil between two
50 pm titanium foils are presented in Figure 4. 5 and Scanning Electron Microscope images
are shown in Figure 4. 6. Local oxidation can be observed, which shows up in
blue/white/orange color. At the sub-point c¢) and d), thin black layer can be seen coming
possibly from surface contaminated locally by graphite molds during heating sample up
before rolling or from the surface of rollers. From the mechanical point of view the foils in the
obtained sample are well joined, but the surface looks deformed and wrinkled in the direction

perpendicular to rolling direction.

Figure 4. 7: 100Ni:50Ti:100Ni before annealing.
In the case of the sample consisting of 50 wm titanium foil between 100 um nickel foils - also
surface oxidation can be observed as a discoloration — see Figure 4. 7. Nickel external

surfaces are very smooth here and not wrinkled, unlike the titanium ones.

Figure 4. 8: The image of foils cold rolled without prior heating treatment.
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Figure 4. 9: The image of foils after secondary cold rolling of cold rolled heated foils.

It is important to note that for the foils cold rolled at room temperature without prior heat
treatment their joining failed — see Figure 4. 8. Lowered foils thicknesses can be observed
with significant roughness of their inner surfaces (between foils). A similar effect can be
observed in secondary cold rolling of previously cold rolled preheated foils — see Figure 4. 9.
Effect of foils cracking and wrinkling can also be seen.

In the next part the results of cross-section studies for the diffusion couples prepared
by rolling of heated foils, annealed at different temperatures will be discussed. Two general
kinds of samples will be discussed:  100pumNi:50umTi:100umNi  and
50pumTi:100pumNi:50umTi. Each kind of samples was divided into smaller pieces and
subjected to annealing process for 12 h sealed in quartz tubes (in vacuum) in 700 °C, 800 °C
and 900 °C. Next step was the preparation of cross-sectional elemental analysis — see Chapter
2 for samples SEM/EDS analysis preparation process. Results obtained for samples
100pumNi:50umTi:100umNi are presented in Figure 4. 10 (SEM images with EDS qualitative
analysis), Figure 4. 11 (SEM images with EDS elemental maps), Figure 4. 12 (quantitative
map in at.%) and Figure 4. 13 (intensity of elements line and composition dependence), and
for 50umTi:100pumNi:50umTi in the Figure 4. 14 (SEM images with EDS qualitative
analysis), Figure 4. 15 (SEM images with EDS elemental maps), Figure 4. 16 (quantitative
map in at.%) and Figure 4. 17 (intensity of elements line and composition dependence).
Quantitative elemental maps possess artifacts due to X-Ray scattering and microscope
software in place of gap between foils — see Figure 4. 17: c). The spurious effects of sample
preparation process: carbon (resin/cross-section surface contamination), aluminum (polishing
paste Al,O3) and oxygen (easy surface oxidation process of titanium) have not been taken into

account in quantitative analysis.
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Figure 4. 10: SEM images with EDS maps qualitative graphs for 100umNi:50pumTi:100pmNi sample a) as rolled
and after annealing for 12h in vacuum in: b) 700 °C, c) 800 °C and d) 900 °C.
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Figure 4. 11: SEM images and EDS maps for 100umNi:50umTi:100umNi sample after annealing for 12h in
vacuum in: a) 700 °C, b) 800 °C and c¢) 900 °C (green color — nickel, blue color — titanium and red - oxygen).
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Figure 4. 12: EDS quantitative maps for 100pumNi:50umTi:100umNi sample after annealing for 12h in vacuum in:
a) 700 °C, b) 800 °C and c¢) 900 °C (green color — nickel and yellow color — titanium) — scale in atomic percentage.
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Figure 4. 13: SEM image with line measurement and composition dependence with marked points of
100pumNi:50umTi: 100pmNi sample after annealing for 12h in vacuum in: a) 700 °C, b) 800 °C and c¢) 900 °C (yellow —
titanium, light green — nickel, dark green — oxygen, red — carbon and orange — aluminum). Distance is measured from
Ti/Tiz2Ni interface.
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Figure 4. 14: SEM images with EDS maps qualitative graphs for 50umTi:100pumNi:50umTi sample a) as rolled and
after annealing for 12h in vacuum in: b) 700 °C, ¢) 800 °C and d) 900 °C.
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Figure 4. 15: SEM images and EDS maps for 50umTi:100pmNi:50umTi sample after annealing for 12h in vacuum
in: a) 700 °C, b) 800 °C and c) 900 °C (green color — nickel and blue color - titanium).
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Figure 4. 16: EDS quantitative maps for 50umTi:100pumNi:50umTi sample after annealing for 12h in vacuum in: a)
700 °C, b) 800 °C and c¢) 900 °C (green color — nickel and yellow color — titanium) — scale in atomic percentage.
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Figure 4. 17: SEM image with line measurement and composition dependence with marked points of
50umTi:100umNi:50pumTi sample after annealing for 12h in vacuum in: a) 700 °C, b) 800 °C and c) 900 °C (yellow —
titanium, light green — nickel, dark green — oxygen, red — carbon and orange — aluminum). Distance is measured from the

Ti/Ti2Ni interface.

Based on the inspection of the Figure 4. 10: a) and Figure 4. 14: a) some changes in

the foils thickness can be concluded. In the case of 100umNi:50pumTi:100umNi sample,

nickel foils thickness drop down from initial 200 pm to ~42 um, and for titanium foil from 50

um to 41.5 um. 50umTi:100pumNi:50umTi sample shows also changes — nickel foil from

initial 100 to ~84 um and titanium foil from 50 to ~47 pum. Results corresponds to the area

with maximal thicknesses.

Graphs in Figure 4. 18, Figure 4. 19 and Figure 4. 20 present collective data of

medium thickness of following phases: NisTi, Ti-Ni and gaps (between foils), respectively.
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Figure 4. 18: Temperature dependence of medium NisTi phase thickness.

B 50pmTi:100pumNi:50pumTi
® 100umNi:50umTi:100pumNi

e
6
5 4

4 8

|

[ J

700 800 900
Temperature (°C)

Figure 4. 19: Temperature dependence of medium Ti2Ni phase thickness.
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Figure 4. 20: Temperature dependence of medium gap width.

Presence of small area of NiTi phase could be only seen in case of 50umTi:100pumNi:50umTi
annealed in 900 °C and in 100pmNi:50pumTi:100umNi in 700 °C. Regarding NisTi phase
thickness, it increases with temperature in both samples types, but in
50umTi:100umNi:50pumTi annealed in 900 °C is not observed. This is connected with
creation of Kirkendall voids in titanium/nickel interface and lack of nickel atoms transport
from nickel foil. After foil separation, NisTi phase at the Ti side transformed into NiTi phase.
Based on diffusion process at appropriate conditions (thermal and time), between NisTi and
Ti2Ni phase area should appear NiTi phase. In this situation, it is believed that annealing time
was too short and this is a reason why only in two samples (annealing conditions) the NiTi
phase can be detected. Ti>2Ni phase thickness increases with annealing temperature in both
samples type, but faster in 50umTi:100umNi:50umTi. Gaps in the interface increase with
temperature can be attributed to higher diffusion rate of nickel atoms into titanium foils and
with strains created during cold rolling between foils. Based on this, creation of Kirkendall
voids can be concluded — presence of very smooth walls around voids is visible. They occur
mainly in 50umTi:100umNi:50umTi type samples. In other regions destruction of oxidized
material during polishing or sample cutting can be involved (see Figure 4. 15: a)).

From measurements performed the information on the oxidation process can be treated
as qualitative one. It is important to note that EDS measurements are not so reliable for light
elements quantitative evaluation and titanium is very easy oxidizing element on which thin
oxide layer is created. An example of titanium oxidation problem is presented in Figure 4. 21

and Figure 4. 22 - 50umTi:100umNi:50umTi sample annealed for 12h in 700 °C. It can be
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seen that oxygen content measured in the direction from nickel foil into titanium increases
indicating stronger titanium oxidation — see Figure 4. 21: b).
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Figure 4. 21: A schematic example of oxidation of 50pumTi:100umNi:50pumTi sample after annealing in 700 °C for
12h in vacuum.

Line measurement presented in Figure 4. 22 shows intensity dependence of each element
along measurement line marked with red line.
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Figure 4. 22: SEM image with line measurement marked by red line and intensities lines represented by following

colors: yellow — titanium, light green — nickel, dark green — oxygen, red — carbon and orange — aluminum.

Oxygen content increases on moving from nickel to titanium area. SEM image also confirms

brittle phase content in the area with highest oxygen content. It is suspected that described

local oxidized holes are created during diffusion couples heating up to ~830 °C before cold

rolling. This is caused by a lack of protective atmosphere like argon or high vacuum and not

good contact between foils (creation of microvoids).

4.3 Summary of results for rolled and annealed NiTi micro-foils

In this Chapter preparation of NiTi shape memory alloys by heated up and rolled foils

and annealing was presented. Summarized conclusions are as follows:

TioNi phase thickness increases with annealing temperature in both samples type
(faster in 50umTi:100umNi:50pumTi samples),

NisTi  phase  thickness  increases  with  annealing  temperature in
100pumNi:50pumTi:100umNi.

NisTi phase thickness increases up to 800 °C annealing temperature in
50umTi:100pumNi:50umTi — at 900 °C annealing it was not observed (creation of
Kirkendall voids and transformation into NiTi/Ti2Ni phase).

Titanium oxidation occurs in microvoids appearing between Ni and Ti foils during
heating and cold rolling.

NiTi phase (small area) was observed only in two samples: 50umTi:100umNi:50umTi
(900 °C) and 100pmNi:50pumTi:100pumNi (700 °C).

Gap increase between foils with temperature can be related to higher diffusion rate of
nickel into titanium (creation of Kirkendall voids — very smooth walls) mainly in
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50umTi:100pumNi:50umTi type samples. In other regions, destruction of oxygenated
material/fragile phase during polishing can be involved.
The results show a potential for preparation of NiTi shape memory alloys by rolling of
preheated foils sandwich, but it is important to introduce protective atmosphere (argon gas or
high vacuum) to the preparation process and use much longer annealing time as well as
adequate starting composition ratio of nickel and titanium.
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Chapter 5. Sintering of NiTi micro-foils — results and discussion

In this part of the study, pulse-current pressure sintering method was used for Ni-Ti
diffusion couples and micro-foils preparation. The equipment of PLASMAN, SS Alloy was
used. The next subsections are focusing on Ni-Ti diffusion couples annealing process, micro-
foils: types of samples, composition, sintering time and thicknesses. At the end the magnetic,
electrical and thermal properties are presented and discussed. Samples preparation and the
study of their properties were performed in collaboration with Goto Koki and Yamada Eisuke

(Shibaura Institute of Technology students).

5.1 Annealing process
Diffusion couples were prepared at the previously mentioned pulsed-current sintering

machine — see Figure 5. 1.

Current >0 ‘

Graphite .
BRI Foils
High
Temperature

Figure 5. 1: Pulse-current pressure sintering samples preparation process.

Before synthesis, 100 um thickness nickel and titanium foils with diameter of 20 mm were
cleaned in ethanol bath for 20 minutes and put between graphite molds in sintering machine. 9
MPa of external uniaxial compression pressure was used in low vacuum (~40 Pa). Sintering
performed in 730 °C for 15 minutes (heating rate of ~49°C/min and machine cooling). The
material obtained was cleaned in ethanol and divided into smaller pieces for further annealing
processes. Two annealing temperatures were used: 700 (for: 24, 48 and 72 h) and 800 °C (for:
24 and 72 h). In total, five diffusion couples were prepared. Each one of them was sealed in
82



separate quartz tube in the high vacuum for annealing. Final stage of the process involved
water cooling. Due to small size of diffusion couples and location of diffusion interface, the
best analysis option was performing cross-sectional SEM/EDS measurement. Preparation
process was described in Chapter 2.

Figure 5. 2 and Figure 5. 3 presents SEM images with EDS cross-sectional line
measurements. They were performed for diffusion couples annealed in 700 and 800 °C for
different times.
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Figure 5. 2: Cross-sectional SEM/EDS line measurements of diffusion couples annealed in 700 °C: a) as sintered,

b) 24 h, c) 48 h and d) 72 h (yellow — titanium, light green — nickel, dark green — oxygen, orange — aluminum and red —
carbon).
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Figure 5. 3: Cross-sectional SEM/EDS line measurements of diffusion couples annealed in 800 °C: a) as sintered,
b) 24 and c) 72 h (yellow — titanium, light green — nickel, dark green — oxygen, orange — aluminum and red — carbon).

SEM images are showing interfaces with signs of diffusion for all samples. For the all
annealed samples presence of droplet-like features can be observed at titanium side. After
annealing, presence of dendritic structures can be seen. They cannot be observed for the as
sintered sample. In EDS line measurements five elements were taken into account: titanium,
nickel, oxygen, aluminum and carbon (properly marked in the images). Aluminum and carbon
presence comes from cross-section sample preparation procedure. Small increase of oxygen
level can be noticed on moving from the area of nickel to that of pure titanium. In comparison
with rolled samples, no excessively high oxidation is observed.

Figure 5. 4 and Figure 5. 5 presents compositional maps.
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Figure 5. 4: Cross-sectional SEM/EDS map measurements of diffusion couples annealed in 700 °C: a) as sintered,
b) 24 h, ¢) 48 h and d) 72 h (yellow — titanium and light green - nickel).
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Figure 5. 5: Cross-sectional SEM/EDS map measurements of diffusion couples annealed in 800 °C: a) as sintered,
b) 24 h and c) 72 h (yellow — titanium and light green - nickel).

It can be seen that diffusion occurred for all samples. Presence of small droplet-like particles
can be observed at the titanium area with their different compositions.
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Figure 5. 6: Cross-sectional SEM/EDS point measurements of droplet-like features and their elemental
compositions.

Their formation as a continuous layer at the titanium surface and subsequent
“migration” as individual “particles” or their clusters into titanium can be seen in the Figure 5.
6. Their presence is related to sintering method of diffusion couples preparation and
electromigration effect of nickel atoms under electric current — they are not observed in the
case of rolled samples (see Chapter 4). A possible explanation considers very low melting
point of the Ti2Ni phase (942 °C), which enables fast diffusion leading to the formation of
“droplets” of this phase. In the material three types of intermetallic compounds can be
distinguished: Ti2Ni, NiTi and NisTi. In comparison with rolled samples no gaps can be seen
which indicates good interface joining. In the Figure 5. 7 layer thicknesses of individual

intermetallics obtained with annealing at 700 and 800 °C are presented versus annealing time.
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Figure 5. 7: Layer thicknesses of individual intermetallics thicknesses versus annealing time at: a) 700 and b) 800
°C.

It is worth noting that the amount of the NiTi phase after 24 hours of annealing is

more than two times bigger at 800 than at 700 °C.
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5.2 Characterization of micro-foils

Diffusion couples were prepared by pulse-current pressure sintering. A scheme of the
setup is presented in the Figure 5. 8. Samples were placed between 1 mm tantalum (Ta) foil
covered with boron nitride thin layers (BN) and graphite molds. Tantalum was used to block
carbon diffusion into the samples and BN as anti-adhesive coating material (simplify samples
extractions). Trials with graphite paper substitution were also conducted, but they resulted
with a sample material stacking inside of it. Samples were prepared at the heating rate of ~50

°C/min and were cooled with machine.

External pressure

Other conditions:

- High temperature
- Vacuum

l - With/Without pulse DC current

Graphite
molds

Ni - Nickel

Ti - Titanium

Ta - Tantalum

BN - Boron Nitride

Figure 5. 8: A scheme of the pulse-current pressure sintering sample preparation process.

Prepared samples can be categorized in two types according to starting configurations
of the foils: a simple one (one layer of nickel and one layer of titanium) and two sandwich-
like configurations: nickel/titanium/nickel and titanium/nickel/titanium - see Figure 5. 9.
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Figure 5. 9: Illustrative representation of the sintered samples types: a) single element layer, b) simple one and c)
sandwich-like.

In order to obtain desired thickness of each foil layer, the following pure metals foils
thicknesses combinations were used: 1, 2, 5 um and titanium: 2, 5 pm.

In order to obtain desired weight composition of the elements the respective
calculations have been carried out. For this purpose a “Foil Thickness Coefficient (FTC)” (see
equation 5.1) was introduced. It connects thicknesses of starting foils with desired
compositions of the final compound or alloys. Taking into account the density ratio (Ni/Ti) of
1.98, the FTC can be calculated as follows:

1.98'my;

FTC = =i (5.1)
hyi

myi
Based on this, it is possible to calculate the thicknesses of the input pure metals foils and
associate them with NiTi phase diagram. NiTi phase occurs for xy; € [54, 62] wt.% (at ~1390
K — the broadest occurrences), which is equivalent to FTC € [1.2,1.7]. Converting it to at.%
it occurs for xy; € [49,57] . It should be applicable for homogenous nickel/titanium
distribution in a whole volume, at finished diffusion process between starting metals,

negligible contamination, to meet the relevant composition conditions [145].

5.2.1 Comparison for different samples types

The two configurations previously mentioned are discussed in this subchapter — the
simple one and sandwich-like. Samples prepared in following conditions: compressive
pressure of 13 MPa of external uniaxial compression pressure (it increase up to 20 MPa
during heating), heating temperature of ~700 °C, sintering time of 60 minutes, 5 mm of mold

diameter and low vacuum. The samples thickness and input pure metals foils were adjusted to
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FTC (~1.7): 16 pum in total, 6 um of pure nickel and 10 um of pure titanium. For sandwich
type samples outer metal thickness was symmetrically divided (e.g. Ni/Ti/Ni: 3/10/3 um).
Experiment was conducted with following pulse current pattern: 210 A/190 A and 0.5 Hz

frequency.
Three methods were used for samples characterization: XRD, SEM/EDS and DSC.

Figure 5. 10 presents XRD patterns for all configurations.
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Figure 5. 10: X-Ray Diffraction patterns for Ni/Ti, Ni/Ti/Ni and Ti/Ni/Ti configuration. Right panel shows full
range and the left panel is a zoom.

The Ni/Ti configuration exhibits differences between both surfaces: NiTi B19” with Ni2TisO
phase from titanium, B2 NiTi and NisTi from nickel side. The Ni/Ti/Ni configuration surfaces
shows peaks in similar positions of NiTi B19’, B2 and Ni>TisO phases. NiTi B2 and Ni>Ti;O
phases are present at both sides of Ti/Ni/Ti configuration. The Ti/Ni/Ti configuration exhibit
presence of B2 NiTi, Ti2Ni and Ni2TisO phases, with dominancy of NiTi B2 phase.

Figure 5. 11, Figure 5. 12 and Figure 5. 13 shows SEM/EDS cross sectional point

measurements for all configurations.
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Figure 5. 11: SEM/EDS point measurements of Ni/Ti configuration (distance measured from upper surface).

The uncertainty is of the order of measurement point size. For Ni/Ti configuration partial
diffusion process can be observed. From the top of the image almost pure titanium with small
addition of nickel (~0.6 um), Ti2Ni phase (~2.4 um), NiTi (rich in titanium and further in
nickel, ~10.5 pum in total) and NisTi (~3-4 um) phase from the opposite surface. SEM image
show dendritic type microstructure in the area of NiTi phase. Based on the contrast, phases
with higher composition of nickel result in a brighter color, and titanium - in darker one. It
can be seen that higher NiTi phase thickness is produced in the area of initial titanium zone.
Also much more homogenized NiTi region is located at NisTi phase — in the initial pure
nickel zone. The titanium zone after diffusion is mainly characterized by dendritic structure of
NiTi phase, with its developed, rough boundary at the Ti>Ni phase region (between point 2
and 3). The last one shows elongated forms perpendicular to the sample surface towards
residual Ti, as reported in [71], [165].
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Figure 5. 12: SEM/EDS point measurements of Ni/Ti/Ni configuration (distance measured from upper surface).
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Ni/Ti/Ni configuration shows a significant difference in comparison with the previous
one. Diffusion occurred in the whole volume, and inhomogeneities are closer to both surfaces
(point 2 and 5). Central part of the material is well diffused (about 50:50 of at.% Ti/Ni), and
closer to the surfaces increase of titanium content is observed (although below 60 at.%).
Microstructure shows an increase of titanium rich particles area along both surfaces. In the
middle, small Kirkendall voids are present. During diffusion process, last undiffused phase in
such a configuration is Ti2Ni, which is in good agreement with composition of observed

particles.
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Figure 5. 13: SEM/EDS point measurements of Ti/Ni/Ti configuration (distance measured from upper surface).

The last configuration discussed is Ti/Ni/Ti. Diffusion occurred also in the whole
material volume. Higher titanium content is found closer to the surfaces, and small elemental
content variations around the 50:50 at.% in the center (see Figure 5. 13). The material show
interesting microstructure in comparison with the previous types. It is similar to that in the
NiTi area from the Ni/Ti configuration close to the titanium surface. Also small Kirkendall
voids in characteristic rows parallel to the sample surfaces can be observed. Higher titanium
content corresponds to Ti2Ni phase presence at both sample surfaces. Surprisingly, the top
surface microstructure is different from the bottom one, where possible oxidation occurred.

In the other part of the foil, undiffused NisTi phase area can be seen in the middle of
the image (see Figure 5. 14). Image denoted as a) show final steps of NisTi area
decomposition during the diffusion process. In the image b) higher magnification is shown,
where presence of small elongated particles (light grey color) in the NiTi matrix with
diameter of 0.1 um and length of ~0.5 - 1.3 pm. Closer to the surfaces, a collection of Ti2Ni
(dark grey color) particles of different size between NiTi phase dendrites can be seen. With

respect to the shape, these particles are very similar to NisTiz phase obtained after annealing
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of Ni-Ti nickel rich compound [166], [167] and powder sintering [80]. Also external stress
may be an influence [168]. Interestingly, lighter areas can also be seen in the region of NiTi
dendrites. It should be emphasized that, based on Ni-Ti phase diagram (see Figure 1. 6), this
particle composition can be specified as NisTi phase or, based on the study [80], as NisTis.
This illustrates a transformation of NisTi compound into NiTi phase, by it disintegration into
smaller longitudinal particles, which further are transformed into NiTi phase. In a closer look,
some similarities of their shape to NiTi dendritic structure can be noted. Due to the NiTi
phase growth, the NisTi phase content lowers [71]. It is considered that during diffusion
process, due to a concentration gradient, titanium from Ti2Ni phase diffuses into NisTi phase.
Nickel diffusion undergoes predominantly in the opposite direction from the rich in nickel
dendrites, which then transform into NiTi phase. Taking into account the SEM image, the
diffusion and elemental mixing result in appearance of needle-like particles. External pressure
creates stress, which additionally influences the process. It is worth noting, that the lowest
melting point (at ~942 °C) in the Ni-Ti phase diagram is in Ti - Ti2Ni phase area (see Figure
1. 7, red point). Next eutectic point is in the NiTi-NizTi zone — at ~1118 °C (see Figure 1. 6,
blue point). This may explain why the Ti>Ni and NisTi phases are initially formed and finally
the NiTi phase is created in such a synthesis process.

Figure 5. 14: SEM/EDS point measurements of Ti/Ni/Ti configuration in different area: a) whole cross-section and
b) zoom on the partial area.

It is worth noting that a possible reason between Ni/Ti/Ni and Ti/Ni/Ti configurations
is Ti2Ni phase position. When titanium foil is placed between nickel ones, dendritic structures
are created from both sides and tend towards interior of the material volume — in the opposite
directions. NisTi phase located closer to the both surfaces is converted into the NiTi phase due
to titanium diffusion. In the interior, dendrites are connecting, which results in faster

homogenization. Opposite situation can be seen for the Ti/Ni/Ti configuration, where
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dendrites are tending towards both surfaces and the external parts of the material are
homogenized poorer than interior.

DSC measurements for the Ni/Ti, Ni/Ti/Ni and Ti/Ni/Ti samples are presented in
Figure 5. 15.
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Figure 5. 15 Differential Scanning Calorimetry measurements of the Ti/Ni/Ti (black), Ni/Ti/Ni (red) and Ni/Ti
(green) configurations with marked transitions temperatures.

During cooling martensitic transformation can be seen (see Figure 5. 15 b) with marked
transition temperatures): they occur in similar temperature range. Ni/Ti and Ti/Ni/Ti samples
exhibit very narrow multistage transformations. For Ni/Ti/Ni configuration two peaks can be
distinguished. During cooling even three peaks can be observed, which can be attributed to
the R-phase occurrence between austenite and martensite. Similar effect was reported for NiTi
ageing process [144], [162], [169].

The Ni/Ti/Ni sample in a comparison with other configurations exhibit good plasticity
— other cannot be deformed and can be easily broken. It could be attributed to the Ti>Ni phase
detected close to the surface and the dominant B2 NiTi austenitic phase.

Results obtained for all configurations lead us to the conclusions that the most
effective configuration for obtaining a good shape memory micro-foil is Ni/Ti/Ni. It exhibits
transformations at the temperatures above room temperature and below 100 °C, which was
intended. The Ni/Ti and Ti/Ni/Ti samples show much weaker transitions in similar
temperature range.

Figure 5. 16 presents Shape Recovery Rate (SRR) dependence obtained from bending
test performed at room temperature. Test were performed for all configurations. The results
show that shape recovering starts at 55 °C and finishes at different temperatures depending on
the initial strain value. This is consistent with DSC data (see Figure 5. 15), where a multistep
transformation can be observed. The sample exhibits 100 % of SRR up to ~100 °C for the
maximum value of the used initial bending strain, and up to 85 °C for 1 %. Analogous test has
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been attempted for the Ni/Ti and Ti/Ni/Ti sample but it indicated its high elasticity with no
signs of plasticity. Its bending to a similar strain value as for the Ni/Ti/Ni sample caused its

breaking.
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Figure 5. 16: Shape Recovery Rate for Ni/Ti/Ni temperature dependence after bending strain of: 1 and 2 %.

Creation of Ti2Ni compound at the surfaces can be positive for applications. Taking
into consideration study [170], it was shown that Ti>Ni compound in porous compound

created during SHS process possess even better biocompatibility than NiTi.

5.2.2 Compositional dependence

Based on powder metallurgy and phase diagrams important thing for
alloys/compounds preparation is elemental composition. For this purpose six samples were
prepared with different foils thickness coefficient (FTC): from 1 to 1.8. Compressive pressure
of 13 MPa of external uniaxial compression pressure (it increase up to 20 MPa during
heating), heating temperature of ~700 °C, sintering time of 60 minutes for all samples
(besides 120 min for 1, 1.5 and 180 min for 1.2), 5 mm of mold diameter and low vacuum
atmosphere was used. Samples compositions are shown in Table 5. 1 with foils layers
thicknesses and used pulse current values with frequency of 0.5 Hz for all materials. This
property was evaluated by samples both sides XRD measurements - patterns are presented in
Figure 5. 17. SEM/EDS analysis is also presented in Figure 5. 20, Figure 5. 21, Figure 5. 22,
Figure 5. 23 and Figure 5. 24, respectively for 1, 1.2, 1.4, 1.7 and 1.8 of FTC values.
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Table 5. 1: List of the samples with different elemental compositions — values are estimated.

Nickel foils | Titanium foils o Modulated
. . ) Titanium
thickness thickness FTC: Nickel (at%): DC current
(at%):
[nm]: [nm]: [A]:
10 10 1.0 61 39 210/190
10 12 1.2 58 42 210/190
5 7 1.4 54 47 230/210
10 15 1.5 52 48 200/180
3 5 1.7 49 51 200/180
5 9 1.8 47 53 230/210

Sample with higher nickel content exhibit presence of NisTi phase from both sides.
When elemental composition is closer to 50:50 ratio, B2 phase main peak intensity appears.
It can be also detected in the samples with lower nickel content (52.5 at%). Only in the
sample with foils thickness coefficient equal to 1.7, B19’ phase can be detected. Based on
SEM/EDS results it can be seen that for FTC lower than 1.4, additional phase (NisTi) is
created from both surfaces sides — it can be also confirmed by XRD results. Based on
sintering time (180 minutes for 1 and 120 min for 1.2) it can be seen that longer annealing
time can lower NisTi thickness for advance of NiTi phase. Another explanation can be lower
initial foils thicknesses (~21 pum for 1 with ~2 um of NisTi phase and ~22 um for 1.2 with
~3.5 um of NisTi phase based on SEM images). Materials with 1.4 - 1.7 possess high
homogeneity of elements distribution in whole material thickness. Foil with FTC of 1.8
exhibits one side higher titanium content, which can be associated with Ti.Ni and another
with NiTi phase based on SEM/EDS. XRD results confirms presence of mentioned phases
and implies content of NisTiz or BN phase. All samples exhibit small surface oxidation [104],
[169], [171], [172] and NiTi compositional phases presence inside of the samples — with
different thicknesses. Foils with nearly homogeneous distribution of elements in whole its
volume can be obtained based on application of proper foils thicknesses — which can be
estimated by FTC. Samples with different FTC value from 1.7 do not exhibit plasticity, but
based on mechanical properties are brittle. It can be based on presence of intermetallic
compounds and dominant presence of austenite phase. From microstructure point: with nickel
increase, particles rich in titanium close to the surfaces can be seen (for FTC: 1.4). Highest

content results in separated layers creation (for FTC: 1 and 1.2). Higher titanium
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concentration results in Ti2Ni phase content. Shape memory effect was also checked on
temperature dependent XRD measurements for sample with FTC of 1.7 and 1.5. Sample with
1.7 was measured in three temperatures: 27, 60 and 120 °C — see Figure 5. 18. It can be seen
that between 60 and 120 °C phase transformation occurred (between martensite and austenite
phase). Patterns in 27 and 60 °C looks very similar — increase of B2 NiTi peak intensity can
be observe. For comparison sample with lower value of coefficient (1.5) measured in lower
temperatures: 75 (-198 °C) and 300 K — see Figure 5. 19. It is shown that there is no transition

between high temperature austenite phase and the low temperature martensite.
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Figure 5. 17: Both sides X-Ray Diffraction patterns for samples with different foils thickness coefficient. Right
panel shows full range and the left panel is a zoom.
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Figure 5. 18: X-Ray Diffraction patterns at various temperatures: red - ambient temperature (27 °C), blue - 60 °C
and green - 120 °C for sample with thickness coefficient of 1.7.
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Figure 5. 19: X-Ray Diffraction patterns at various temperatures: black - ambient temperature (300 K) and red - 75
K for sample with thickness coefficient of 1.5.
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Figure 5. 22: SEM/EDS point measurements of sample with FTC: 1.4 (distance measured from upper surface).
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Figure 5. 24: SEM/EDS point measurements of sample with FTC: 1.8 (distance measured from upper surface).

Presented data and results of other studies (e.g. from powder metallurgy) show that
initial composition is very important to obtain full volume compound from input materials.
Long distance diffusion is more complex phenomenon than it takes in powder sintering.
Initial powders are mix together and alloyed in rolling mills, which ensure homogenous
element distribution and much shorter diffusion distance. Long distance diffusion require
much longer annealing/sintering times. This study shows that it could be good for micro-
materials synthesis. Based on the study [68] and obtained results (see point 6 and 7 in the
Figure 5. 38), during diffusion in NiTi compound area can be seen different elemental content
at different sides of diffusion interface of this phase. It is proposed to subject foils for short
annealing process to stabilize elements distribution in lower temperatures. Proposed
coefficient can be useful for fast foil thicknesses calculation to obtain compounds with almost
desired composition. Mismatch in composition results in multi-phase compounds with

laminate-like structures - which were shown — see results for 1, 1.2 and 1.8 of FTC.
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Last results in this section are presented in Figure 5. 25. It is a naked eye proof of
shape memory effect observed in foil with coefficient value of 1.7. It is in good agreement
with literature data describing dependence of transformations temperatures and their
compositions [145], [173].

}
. . [ ] .

Figure 5. 25: Shape recovery effect observed at heating in boiled water for the sample with thickness coefficient of
1.7.

5.2.3 Dependence on sintering time

The study of influence of sintering time (for 20, 40 and 60 min) was also investigated
for 8 um in thickness samples in 700 °C (5 mm of mold diameter) under 13 MPa of external
uniaxial compression pressure and pulse current pattern of 220 A/200 A with frequency of 0.5
Hz for all materials in vacuum. XRD patterns for obtained materials are presented in Figure 5.
26. It can be seen that patterns for all sample are similar and main peaks corresponds to B19’

phase.
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Figure 5. 26: X-Ray Diffraction patterns from both sides of samples after 20,40 and 60 min of sintering time. Right
panel shows full range and the left panel is a zoom.

Figure 5. 27, Figure 5. 28 and Figure 5. 29 presents SEM images and EDS cross-
sectional point measurements with marked nickel and titanium content. It can be seen that
after 40 minutes of sintering elemental distribution is homogenous with small deviations close
to the both surfaces — possible due to oxidation process which cannot be stated for sure —
polishing process. After 20 minutes two areas can be distinguished with different elemental
composition: around 50:50 (NiTi) and 70:30 (NisTi) of Ni/Ti. In both regions nickel content
is higher, which could be based on the spatial diffusion. The samples thickness changes
through sintering time: ~10.34, ~8.34 and ~7.51 um for 20, 40 and 60 minutes, respectively. It
looks like the highest change with signs of cracking can be observed after 20 minutes.
Asymmetrical diffusion can be also seen, which is associated with uneven thicknesses of the
pure nickel from both materials sides. Changes can be associated with oxygen uptake through
the synthesis process and material swelling. Another explanation could be intermetallic

compounds creation during the process.
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Figure 5. 27: SEM/EDS point measurements of sample after 20 min of sintering (distance measured from upper
surface).
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Figure 5. 28: SEM/EDS point measurements of sample after 40 min of sintering (distance measured from upper
surface).
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Figure 5. 29: SEM/EDS point measurements of sample after 60 min of sintering (distance measured from upper
surface).
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Figure 5. 30: Results of Differential Scanning Calorimetry measurements for samples after 20 (black line), 40 (red

line) and 60 (green line)

minutes of sintering time with marked transformation temperatures.

DSC measurements performed in air with heating/cooling speed of 10 °C for 20 and

60 min, and 5 °C for 40 min sample. Based on DSC measurements presented in Figure 5. 30,

it can be seen that for all samples martensitic transformations and the reverse one occur at

temperatures in similar range

transformation also is seen.

, Which is in good agreement with other results. Multistage
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5.2.4 Dependence on the thickness

This subchapter is focused on properties of foils thickness: 8, 16 and 24 um. 8 um foil
were prepared from 2/5/1 um of Ni/Ti/Ni foils, 16 um from 3/10/3 um of Ni/Ti/Ni foils, and
24 um from 5/15/4 pm of Ni/Ti/Ni foils. Compressive pressure of 13 MPa (it increase up to
20 MPa during heating), sintering time of 60 minutes, heating temperature of ~700 °C, 5 mm
of mold diameter and low vacuum were used. For 8 and 24 um foils, pulse current pattern of
220 A/200 A, and for 16 um 230A/ 210A with 0.5 Hz frequency. Analysis like before focused
on three methods: XRD, SEM/EDS and DSC.

XRD patterns for obtained materials are presented in the Figure 5. 31. It can be seen
that patterns for all samples are similar and main peaks corresponds to B19’ phase. Material
with higher thickness (24 um) shows presence of NisTi phase. It is based on too short
sintering process and not homogenous elemental distribution. Markers for Ni>Ti4sO and Ti>Ni
phases are also show — possible surface oxidation. 8 and 16 um foils exhibit difference in

intensity of B2 main peak at 42.5 deg have been notice, which is associated with too long

synthesis time at chosen temperature [174].

1 B19' NiTi
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Figure 5. 31: Both sides X-Ray Diffraction patterns of samples with 8, 16 and 24 um thickness. Right panel shows
full range and the left panel is a zoom.

Figure 5. 32, Figure 5. 33 and Figure 5. 34 presents SEM images and EDS cross-
sectional point measurements with marked nickel and titanium content. It can be seen that
after sintering, elemental distribution is homogenous with small deviations close to the both
surfaces. In the center of the foils small void can be observed, and closer to the surface —
increase number of droplets. They are making a row-like structure in a similar distance from

the surfaces.
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Figure 5. 32: SEM/EDS point measurements of 8 um foil (distance measured from upper surface).
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Figure 5. 34: SEM/EDS point measurements of 24 um foil (distance measured from upper surface).
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DSC measurements for all foils can be seen in the Figure 5. 35, with marked
transformation temperatures. For 8 and 16 pum heating/cooling speed of 10 °C/min used, and
for 24 um — 5 °C/min. 8 and 24 pm measurements performed in air, and 16 pum in argon
atmosphere. Their peaks can be observed for all samples. Materials show that
austenite/martensite, start/finish temperatures are slightly different with more than one peak.
The weakest peaks can be observed for highest foil, which imply longer synthesis time —

uneven elemental distribution through whole cross-section.
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Figure 5. 35: Differential Scanning Calorimetry measurements for samples with 8 (black line), 16 (red line) and 24
(green line) um of thickness with marked transformation temperatures.
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All collected data show promising results regarding shape memory micro-foil

preparation for different thicknesses with multistage transformation and impact on sintering
time.

5.2.4 Dependence on the time profile of sintering current

This subchapter focuses on comparison of two types of electrical current, namely:
direct and pulsed direct used for synthesis. Influence of two current profile types were
investigated. It was found that to obtain 700 °C, it is necessary to use 200 A, and for pulsed
current 300/20 A at 0.5 Hz frequency. For both samples same foil configuration was used,
namely Ni/Ti/Ni (5/10/5 pm), 60 minutes of sintering time under 13 MPa of uniaxial pressure,

5 mm of mold diameter and vacuum of 10 Pa.

Figure 5. 36 presents a SEM/EDS cross-sections of the prepared materials.
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Figure 5. 36: SEM/EDS point measurements of foils prepared by: a) DC and b) pulsed current at 700 °C (points are
marked respectively).

It can be seen that for both material similar results were obtained. In the center of the foils,
probable small Kirkendall voids are observed with composition close to 50:50. Moving
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further to the outer surfaces, increase of Ti>Ni particles can be seen, which tends to increase
area close to the surfaces. Similar effect obtained in previous section regarding differences
between samples configurations. For pulsed current prepared sample, area with high nickel
content is presence. For DC material uniform Ti2Ni zones are located closely to both surfaces.

Figure 5. 37 presents example of DSC results of Ni/Ti/Ni sandwich type materials by
pulsed DC and DC in 700 °C for 60 minutes.
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Figure 5. 37: Differential Scanning Calorimetry measurements of foils prepared by DC and pulsed current at 700
°C.

It shows that transformation temperatures are similar, but character of it is different, which
suggest that pulses promotes introduction of local inhomogeneities in the bulk of material.
Materials produced by DC on the other hand show much more uniform distribution of
elements. It is in good agreement with SEM images on which Ti2Ni compound layer can be
seen next to the surfaces, and in pulsed — much more titanium rich particles spread near the
surfaces and no Ti2Ni layer presence.

Based on the results presented, differences between prepared samples can be observed.
Taking into account necessary direct current effective value to reach each temperature (700
°C by 190 A, respectively) and for pulsed DC (270/20 A with 0.5 Hz for 700 °C), lower value
is obtained for the latter one (145 A for 700 °C).

For the importance of the discussion, current flow through a graphite dies which are
holding sample foils covered by thin layer of boron nitride. Lubricant material has very good
thermal conductivity and at higher temperatures its electrical resistivity decreases [153]-

[155]. A comparison with the other studies in which lubricant were not used is now presented.

This study used Ni/Ti diffusion couple at following parameters: ~267 213 MPa and 1

cm?’
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hour, and NiTi thickness is ~ 10 um. In the first study [71], Ti/Ni/Ti sandwich was used with

each foil thickness of 40 pm for 30 minutes of sintering with current density: 334 2 and

om2
uniaxial pressure of: 30 MPa, and approximated NiTi thickness is ~ 7 um. In the other study
[68], diffusion bonding was used in 900 °C under 8 MPa of external pressure for 1 hour
between multifoil laminates configuration without current flow. Obtained thickness is ~ 7 um.
It can be seen that, superior results taking into account used temperature and time is second
study. They obtained smaller thickness but in the half of this study sintering time. Second one
is this study taking into account that in the last one, much higher temperature was used, and
obtained thickness is lower. Taking into account also external pressure, in this study was half
of the value of the former one. To sum up, it can be seen additional effect during the diffusion
process, which can be assigned to current flow. It have to be emphasized that BN layer is very
thin, and used sintering conditions could alter ion conduction. Observed titanium diffusion
current dependence in the study [71] is an another argument for the current effect. In the
microfoils with Ni/Ti/Ni configuration with appropriate composition, high titanium
concentration is present at the surfaces. This may positively influence the elasticity of the

material.

5.2.5 Magnetic, electrical and thermal properties
In the present subchapter magnetic, electrical and thermal properties of NiTi
microfoils are discussed. For this purpose samples samples with higher diameter (20 mm)
were prepared. Used apparatus were described briefly in Chapter 2. Two kind of samples are
studied in this subchapter with different thickness, namely: 26 um (from initial: 5/16/5 um
Ni/Ti/Ni foils) and 25 um (from initial: 5/15/5 um Ni/Ti/Ni foils) which are named S1 and S2,
respectively. Both samples were sintered for 120 minutes under uniaxial pressure of 3 MPa.
S1 obtained in 630 °C, and S2 in 700 °C (Pulse patterns: 500/500 A with 0.5 Hz frequency).
SEM/EDS point measurements obtained from samples cross-sections are presented in
Figure 5. 38 and Figure 5. 39. It can be seen that S2 is more homogenous with dotted other
intermetallic phases. For the S1 unfinished diffusion can be observed. From the top surface in
the image can be seen symmetrical distribution of following phases: NisTi (~1.9/2.5 um),
NiTi (~6.4/5.8 um), TizNi (~1.9/2.2 pum) and in the middle almost pure titanium with the
traces of nickel (~2.8 um). Different composition within the NiTi phase is observed between
point six (slightly higher titanium content: ~ 49.7/50.3 Ni/Ti at%) and seven (higher nickel
content: ~52/48 Ni/Ti at%). Figure 5. 40 show composition of rich titanium particles (point 2
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and 3) located close to the both foil surfaces. For both samples detected oxygen level is lower
than ~5 at.% and homogenous through whole foil cross-section.
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Figure 5. 39: SEM/EDS point measurements of S2 sample.
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Figure 5. 40: BSE-image and EDS results for the cross-sections of sample S2 with marked measurements points
and table with elemental composition on the right.
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Figure 5. 41: X-Ray Diffraction patterns of a) S1 and b) S2 sample.

XRD patterns for S1 and S2 are presented in the Figure 5. 41. Presence of NiTi B2 and B19’

phase peaks can be distinguished for S2. Other phases could not be detected. Opposite

situation is for S1 material dominant NisTi and Ti>Ni phases peaks are present. Weaker peaks

of B2, B19’ and pure Ni phase peaks are detected. Presented results are in good agreement.
DSC results for the S2 material are presented in the Figure 5. 42.
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Figure 5. 42: Differential Scanning Calorimetry measurement of S2 material.
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They exhibit similar temperature range of thermal transformation during cooling (~40/50 °C).
Figure 5. 43 presents results resistivity measurements for both samples and two foils
(pure nickel and titanium 5 pm in thickness) as a reference. It shows, that resistivity for pure
metals is lower than for NiTi foils (the lowest for nickel). Differences between S1 and S2
samples can also be observed. Residual resistance of S1 (0.201 (1) uOhm-m) is lower than for
S2 (0.260(9) nOhm-m). For pure metal foils the values are much lower: 0.0410 (3) pnOhm-m
and 0.0065 (2) uOhm-m for titanium and nickel, respectively. Both samples, S1 and S2
exhibit a bump occurring on cooling and is related to R-phase transformation at ~329 K/~56
°C and ~326 K/~53 °C (maximum) for S1 and S2, respectively. A similar effect was observed
in other studies [175]-[177]. For the sample S2 the bump is much higher than for the S1 one.
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Figure 5. 43: Resistivity results for S1, S2, pure nickel and titanium foils.

Magnetoresistance measurements were performed at different temperatures from 4 to
350 K and magnetic fields from 0 to 89 kOe. Its values were calculated from following
equation: (Ru-Ro)/Ro. Obtained results are shown in Figure 5. 44, Figure 5. 45, Figure 5. 46
and Figure 5. 47 for S1, S2, pure titanium and nickel, respectively. It can be seen that
magnetoresistance value for S1 is twice as big as for S2 and similar to that of titanium. Nickel
magnetoresistance values are more similar to S2. In Figure 5. 48 comparison of values in 300

and 4 K for all materials are shown. It can be seen that for all the samples, magnetoresistance
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values are much higher at 4 K than in 300 K, which reveals a much larger mean free path of
the electrical carriers at low temperatures. Between S1 and S2 there is a small difference in
values with similar tendency for both temperatures — higher for S1 containing unreacted

nickel, which is much better conductive than the NiTi compound or titanium.
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Figure 5. 44: S1 sample magnetoresistance dependences at different temperatures.
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Figure 5. 45: S2 sample magnetoresistance dependences at different temperatures.
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Figure 5. 46: Pure titanium magnetoresistance dependences at different temperatures.
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Figure 5. 47: Pure nickel magnetoresistance dependences at different temperatures.
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Figure 5. 48: Magnetoresistance of the S1, S2, pure nickel and titanium in the room temperature and 4 K.

Magnetoresistance shows a quadratic function dependence for multiphase sample and
nearly linear for homogenous one. For the multiphase material it is higher (well visible at low
temperatures) due to presence of unreacted nickel in this material. The quadratic dependence
corresponds to the open orbits at the Fermi surface and the linear one indicates the effect of
closed orbits. Thus, for the S2 sample, which consists predominantly of the NiTi compound,
the contribution from closed orbits can be deduced, which is masked in the S1 sample by
magnetoresistance of unreacted nickel.

Applying the Wiedemann—Franz law (equation 5.2) to the electrical conductivity the
thermal conductivity was calculated.

K

—=LT (5.2)

where: k¥ — thermal conductivity [%], o — resistivity [ﬁ], L - Lorenz number (2.44 -
1078 [Vlt—f]) and T — temperature [K].

The results obtained are presented in Figure 5. 49.
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Figure 5. 49: Thermal conductivity for all considered materials in this subchapter.

For the materials S1 and S2 the thermal conductivity is similar and much smaller than for
pure metals. It indicates presence of structural disorder of atoms in the compounds, also
confirmed with a lack of “phonon drag” peak near 50 K usually observed for well crystalline
materials.

Last results concern magnetic properties of the materials studied. The data obtained
are presented in Figure 5. 50 - Figure 5. 52. Magnetization dependences curves were obtained
after subtraction of diamagnetic part corresponding to plastic sample container from the
measurement data. Results are showing a ferromagnetic contribution (hysteresis loop) for S1
in the full temperature range, which is increasing its height (remnant magnetization) and
width (coercive field) with temperature decrease. For the S2 material the remnant
magnetization is an order of magnitude lower, which is attributed to the presence of unreacted
nickel in the S1 sample and a lack of it in the S2 one, in agreement with the XRD and
SEM/EDS results.
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Figure 5. 50: Hysteresis loops at all the temperatures for the S1 sample from 4 to 350 K.
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Figure 5. 51: Hysteresis loops at all the temperatures for the S2 sample from 4 to 350 K.

Figure 5. 52 present average susceptibility derived from linear parts of magnetization versus
magnetic field curves for S1 and S2.
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Figure 5. 52: Differential susceptibility obtained from mean slope value of linear parts of magnetization vs field
dependences for S1 and S2.

Based on these results, except for the small ferromagnetic contributions, the dominant Pauli-
like, temperature independent paramagnetism of the NiTi phase in both materials is deduced.
Figure 5. 53 presents Shape Recovery Rate (SRR) dependence obtained from bending

test performed at room temperature. Tests were performed for all configurations.

> o
% 0.6- / / —n—2%
) 1 o —o—3 %

[ )
_ / v
~ 0.4
0.3 o /
] _/ o
/ /

w ®
o

OO —T T T T T T
40 50 60 70 80 90 100 110 120

Temperature (°C)
Figure 5. 53: Shape Recovery Rate for S2 sample temperature dependence after bending strain of 2 and 3 %.
The results show that shape recovering starts at 55 °C and finishes at different

temperatures depending on the initial strain value. This is consistent with DSC data (see

120



Figure 5. 15), where a multistep transformation could be observed. The sample exhibits 100%

of SRR up to ~115 °C for the maximum value of the used initial bending strain, i.e. 3%, and
up to ~90 °C for 2% of it.

5.3 Summary of results for sintered NiTi micro-foils

The first part of the Chapter was focused on characterization of diffusion between pure

nickel and titanium foils joined with pulse-current pressure sintering, subsequently annealed at

700/800 °C for 24/48/72 hours in vacuum. Measurements of thicknesses of phases appearing

were done with SEM/EDS and the following results can be distinguished:

Good quality of nickel-titanium interface was obtained with no oxidation and
enhanced dendrite crystal creation due to diffusion process upon annealing was
observed, with smooth diffusion areas near nickel/titanium interface.

Annealing at 700/800 °C resulted in Ti2Ni, NisTi and NiTi phase thickness increase,

which was much faster at 800 °C, Ti>Ni droplet-like features creation is observed.

Second part of the Chapter was focused on NiTi micro-foils synthesis based on current

sintering technique. In a simple annealing process only very low NiTi phase thickness (of 40

um at 800 °C/72 hours) would be obtained. Current sintering ensures faster atom diffusion in

the material volume. The results obtained are as follows:

Ni/Ti/Ni configuration is found to be superior to those of Ni/Ti and Ti/Ni/Ti
configuration as it allows for faster diffusion and better homogenization. This is owing
to Ti2Ni creation and propagation from the middle of the material ensuring more
effective and homogeneous dendritic crystal growth of the NiTi phase.

Shape memory effect is confirmed by XRD (B19’ phase peaks and their change to B2
phase due to temperature increase), DSC (martensitic and reverse transformation),
EDS (elemental content in the range of the NiTi shape memory alloy composition)
and SRR measurements. A full (100 %) shape recovery was obtained in the
temperature ranges between room temperature and 115 °C, occurring at lower
temperatures for smaller initial strain.

DC and pulsed DC currents application to Ni/Ti/Ni system sintered at the same
temperatures shows slight differences revealed in creation of Ti>Ni phase layer close
to the surfaces for the DC and promotion of titanium rich particles creation in rows,
close to the surfaces. The former ensures smoother thermal transformation, and the

latter — multistage one.
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A single step synthesis procedure was formulated and tested. A 16 pum thick, 10 mm in
diameter NiTi shape memory foil was successfully obtained in such procedure for 60
minutes sintering at ~700 °C and ~13 MPa uniaxial pressure with 210/190 A pulsed
current of 0.5 Hz frequency.

Electrical resistivity measurements performed for two materials show transition peak
on cooling at about 56 °C (single phase material — S2) and ~53 °C (multiphase
material — S1), which is in good agreement with DSC results. A high residual
resistivity is observed.

Magnetoresistance shows a linear dependence from the applied magnetic field for the
homogenous micro-foil, which is attributed to the dominant contribution from closed
electron orbits at the Fermi surface of the NiTi compound.

Thermal conductivity derived from resistivity values by application of Wiedemann—
Franz law shows a lack of phonon drag peak.

Magnetic properties show a dominant Pauli paramagnetic behavior of the NiTi phase
with some ferromagnetic contribution from unreacted nickel, an order of magnitude

smaller for the homogenous sample, than for the multi-phase one.
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Chapter 6. Conclusions

The following main conclusions can be formulated on the basis of the research

undertaken in this PhD Thesis:

a)

b)

for Fe-Mn-Si alloys:

Low temperature and room temperature iron Mossbauer spectra indicate no magnetic
moment on iron, thus magnetism of these materials is deduced to be governed by
manganese.

A ferromagnetic contribution observed in magnetisation measurements, with exchange
bias effect dependent on the thermal treatment driven reverse martensitic
transformation, is found to correspond to the austenitic fcc phase. This exchange bias
effect reveals nanometric size of the austenitic fcc phase precipitations, not detectable
with XRD.

A Curie-Weiss paramagnetic behaviour showing up at higher fields indicates existence
of localized moments of 3 pg per Mn atom, in addition to the temperature independent
Pauli paramagnetic part due to conduction electrons.

Carbon doped at 0.1 wt.% enters the bulk of the alloy causing the appearance of larger
regions of austenite phase and decreasing the Curie-Weiss susceptibility, which
reflects a decreased number of paramagnetic Mn atoms.

Specific heat measurements for the alloy with 0.1 wt.% of carbon reveal a peak at 250
K, only slightly sensitive to the applied magnetic field up to 90 kOe, which is
attributed to magnetic transition to a glass-like state of the martensite hcp phase with a
very small net moment of 0.016 ps.

Electrical resistivity measurements show its upturn on lowering temperature,
attributed to a Kondo-like effect. The magnetoresistance is independent on the
magnetic field up to 90 kOe at all the temperatures, indicating an extremely small

mean free path of the electrical carriers in these alloys.

for the Ni-Ti compound:

Rolling of preheated Ti/Ni/Ti and Ni/Ti/Ni sets of foils and their subsequent annealing
shows their poor joining and low effectiveness of interdiffusion.

Pulsed-current pressure sintering of Ti/Ni foils provides a good quality of interface
with no oxidation and appreciable NiTi dendrite crystal creation upon subsequent
annealing is observed, with smooth diffusion areas near nickel/titanium interface. This

annealing conducted at 700/800 °C results in Ti2Ni, NizTi and NiTi layers thickness
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increase, which is much faster at 800 °C. Ti2Ni droplet-like features creation is
observed.

For micrometer thick foils, the Ni/Ti/Ni configuration is found to be superior to those
of Ni/Ti and Ti/Ni/Ti, as it allows for faster diffusion and better homogenization. This
Is owing to Ti>Ni creation and propagation from the middle of the material, ensuring
more effective and homogeneous dendritic crystal growth of the NiTi phase.

A full (100 %) shape recovery is obtained for the Ni/Ti/Ni configuration derived
homogenous NiTi material in the temperature ranges between room temperature and
115 °C, occurring at lower temperatures for smaller initial strain.

A single step synthesis procedure was formulated and successfully carried out to
obtain a 16 pm thick NiTi homogenous micro-foil with a 100 % shape recovery rate.
DC and pulsed DC currents application to Ni/Ti/Ni system sintered at the same
temperatures shows slight differences in the microstructure, resulting in a smooth
thermal transformation for the former and in the multistage one for the latter.

A peak in the electrical resistivity measurements corresponding to the R-phase is
observed between temperatures which are consistent with those corresponding to the
transitions observed with DSC. Thermal conductivity derived from resistivity values
by application of Wiedemann—Franz law shows a lack of phonon drag peak.
Magnetoresistance shows a linear dependence from the applied magnetic field for the
homogenous micro-foil, which reveals the contribution from closed electron orbits at
the Fermi surface of the NiTi compound.

Magnetic properties show a dominant Pauli paramagnetic behavior of the NiTi phase
with some ferromagnetic contribution from unreacted nickel, an order of magnitude

smaller for the homogenous sample, than for the multi-phase one.
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