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Abstract

Development of brazing materials for joining titanium based alloy is a current topic of
interest due to the expanding use of these alloys in aerospace, chemical apparatuses, heat
exchangers etc. The Ti based brazing alloys as filler materials are generally brittle and are
used in the form of powders, pastes, sprays which will be spread prior to the joining
operation. This may lead to porous joint because of the entrapped air in the powder. The main
problem in the brazing of titanium is the formation of brittle intermetallic compounds
between titanium and filler metal elements at the base metal-filler metal interface resulting in
brittle joints and high galvanic corrosion. The above problem can be overcome by using
amorphous titanium-zirconium-based alloys in the form of ribbons produced through melt
spinning technique. They possess several advantages over the conventional crystalline filler
materials such as better diffusivity of elements in amorphous state, good ductility,
compositional homogeneity, accelerated interfacial reaction by improving wetting conditions
etc. Therefore, the usage of fluxes (which modify the wetting properties) can be avoided and
cleaner joints can be achieved.

Amorphous alloys/metallic glasses have attracted considerable interest during the past few
decades because of their unique combination of properties and also fundamental research
interest. Glass formation is favored in multicomponent alloy systems consisting of at least
three components with difference in atomic size above 12% and very high negative enthalpy
of mixing among the constituent elements. The compositions of the alloys are chosen in such
a way that the high solid/liquid interfacial energy and viscosity of liquid alloys suppress the
nucleation and growth of crystalline phase resulting in the formation of amorphous phase.
The driving force for the formation of the non-equilibrium structure in these multicomponent

alloys through solidification technique is the undercooling of the melt below equilibrium
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transition temperature. The liquid is undercooled when the kinetic constraints suppress the
nucleation and growth of the stable phases. Ultimately, in some alloy systems exhibiting deep
eutectic in equilibrium phase diagram, the sufficiently undercooled melts retain the liquid
structure below the glass transition temperature (Tg) and are transformed into amorphous
phase.

The amorphous brazing ribbons as filler materials are produced by rapid solidification
technique such as planar flow melt spinning by which thin, wide and continuous quality
amorphous ribbons can be produced in one step directly from the melt. They also possess
superior chemical and microstructural homogeneity during brazing. Amorphous brazing filler
helps in accelerating the atomic diffusion in high-temperature brazing processes and
therefore, the temperature required to achieve a good bonding can potentially be lowered.
This results in reducing the residual stresses in the joints and thereby increasing the joints
strength.

Another challenge in titanium brazing technology is to develop low-temperature fillers
materials with brazing temperatures less than the a-p transformation temperature to preserve
the original microstructure and mechanical properties of the base metal. Zr based alloys
provide a good compatibility with Ti base metal because the Zr is completely miscible with
Ti in both liquid and solid phases. Amorphous forming ability of the alloys is significantly
enhanced by the simultaneous addition of Ni and Cu elements, which act as melting point
depressants. It is known that Cu and Ni are located in the same family in the periodic table
with infinite mutual solubility; the same is valid for the case of Ti and Zr. The presence of Ni
and Cu converts Ti-Zr system into eutectic alloys having (Ti,Zr)x(Cu,Ni)y intermetallic
phases. This leads to induce high brittleness in the alloy and limits the processibility by
producing through conventional melting—ingot-casting-deformation technology route. Initial

usage of these materials was carried out by a clad strip consisting of separate metallic layers
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of Ti, Zr, Ni, and Cu. Such strips structures seriously impairs brazability and quality of joints.
Hence usage of novel techniques such as planar flow melt spinning techniques is preferred.
This technique has the dual advantage of rapid solidification and its ability to produce the
ribbons directly from the melt. This saves the laborious process involved in the conventional
processes such as rolling. Also the ribbons are ideal in thickness and are near-net shaped for
brazing applications.

To date, the data available on the properties of joints obtained with these advanced filler
metals are still limited. Hence development of new brazing alloy with higher glass forming
ability, strength and low melting temperature is a challenging task to reduce the distortion in
the microstructure of the base metal and joint. It can be observed from the literature that glass
forming ability of Ti-Zr-Cu-Ni systems have not been explored extensively. Effect of
different alloying elements has also not been studied in details. Moreover, limited
information is available on the mechanical behavior with respect to the composition
variation.

The PhD research work aims at understanding the glass forming ability (GFA) of
(Tig.5Zrp.5)40(CuxNi (1-x)g0 systems and the evolution of structures during rapid solidification.
Attempts will be made to braze Ti metal using the ribbon and evaluate the brazability of the
ribbons. Initially, calculations will be carried out to evaluate the theoretical GFA of Ti-Zr-
Cu-Ni based metallic glass alloy. Alloys with nominal compositions (TigsZrgs)40(Cux Ni (1-
X)s0, Where x 0.1, 0.2, 0.3, 0.4 and 0.5 will be prepared from the mixture of pure elements in a
vacuum arc melting furnace. All these alloys will then be rapidly solidified using vacuum
planar flow melt spinning process for obtaining wide and continuous amorphous ribbons.
Subsequently, structures and morphological characterizations will be carried out using XRD,
SEM and TEM.

Detailed thermal stability, undercooled liquid regime of amorphous phase and kinetics of
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crystallization will be studied using DSC/DTA. Fixture will be designed for brazing
experiments. Two Ti plates will be brazed by inserting the rapidly solidified ribbons as filler
materials using vacuum furnace varying different process parameters such as braze
temperature and time of holding. Detailed cross sectional microscopic analyses will be
carried out to evaluate extend of diffusion of all elements within the joints. Finally the
mechanical properties will be evaluated and correlated with the composition of the brazing

alloy.
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Chapter 1 Introduction and Literature Review

The research work presented in this thesis is on Ti-Zr-Ni-Cu metallic glasses and their
use in brazing of titanium joints. Therefore, this chapter gives an introduction to
metallic glasses, some of their relevant properties and certain aspects of brazing of
metallic joints. Metallic glasses have become important industrial materials. Histories
of metallic glasses along with some recent developments are given and their various

applications and the relevant technologies are also included.

1. The Present Study of Thesis

In the present investigation, the Ti-Cu joints were brazed using a TizoZr0CugxNix (X=
10,20,30,40 and 50) (at. %) alloy as a filler and characterized them. In the first place,
the microstructural evolution of the joints was comprehensively investigated in view of
the formation behaviour of the produced intermetallic and the time dependent
interfacial reactions during brazing process. Furthermore, in order to clarify the
relations between the microstructure and joint performance, the tensile strength of the
brazed joints was studied.

The question of the need of the present study is from the academic stand point where
the continued development of the so-called high technology industries with a view to
understand the material characteristics and their utility to improve our life style. The
material properties of any solid can be best understood with the understanding of its
atomic structure. The X-ray or neutron diffraction measurements can give detailed
information of the atomic structure in crystalline materials. In order to obtain adequate
information, the additional structural may be needed. The metallic glasses or amorphous
metals are the important class of materials where the diffraction experiments give

incomplete information on the atomic structure. The investigation of the glass forming
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ability (GFA) of (Tig.sZrp5)a0 (CuxNi (1-x) o systems and the evolution of structures
during rapid solidification, attempts will be made to braze Ti metal using the ribbon and
evaluate the brazability of the ribbons. Initially, calculations will be carried out to
evaluate the theoretical GFA of Ti-Zr-Cu-Ni based metallic glass alloy. To date, the
data available on the properties of joints obtained with these advanced filler metals are
still limited. Hence, development of new brazing alloy with higher glass forming
ability, strength and low melting temperature is a challenging task to reduce the
distortion in the microstructure of the base metal and joint. It can be observed from the
literature that glass forming ability of Ti-Zr-Cu-Ni systems have not been explored
extensively. Effect of different alloying elements has also not been studied in details.
Moreover, limited information is available on the mechanical behaviour with respect to
the composition variation. Development of brazing materials for joining titanium based
alloy is a current topic of interest due to the expanding use of these alloys in aerospace,
chemical apparatuses, heat exchangers, etc. The Ti based brazing alloys as filler
materials are generally brittle and used in the form of powders, pastes, sprays, which
will be spread prior to the joining operation. This may lead to porous joint because of
the entrapped air in the powder. The main problem in the brazing of titanium is the
formation of brittle intermetallic compounds between titanium and filler metal elements
at the base metal-filler metal interface resulting in brittle joints and high galvanic
corrosion. The above problem can be overcome by using amorphous titanium-
zirconium-based alloys in the form of ribbons produced through melt spinning
technique. They possess several advantages over the conventional crystalline filler
materials such as better diffusivity of elements in amorphous state, good ductility,
compositional homogeneity, accelerated interfacial reaction by improving wetting

conditions, etc. Therefore, the usage of fluxes (which modify the wetting properties)
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can be avoided and cleaner joints can be achieved. The thesis is divided into following
seven chapters:

1.2. Metallic Glasses
1.2.1 The metallic glasses and disordered materials

The elemental metals are normally crystalline solids exhibiting long range atomic order
and form a stable state. Crystalline solids are characterized by periodic lattice in which
arrays of atoms or molecules are aligned in a periodic manner so that their positions
and orientations have perfect translational symmetry [1]. On the other hand disordered
solids are the solids exhibiting large departures from this kind of orderly arrangement
of atoms/molecules.

A perfect disordered solid will be the one in which atoms/molecules are totally
randomly arranged which is usually termed as an “amorphous solid” [2-5]. One can
also have highly disordered solids which may have some short range order in atomic
arrangements like the one which exists in liquids. An extremely disordered solid,
produced by a rapid quenching technique of a melt, does have such a short range order
and is normally called “glass”. A glass does not exhibit the long-range periodicity of
atomic arrangements found in crystalline materials hence it is ‘amorphous’ in that sense
but, as said before, it may have frozen liquid-like atomic structure that is, the
correlation between the positions of the atoms gets completely lost over distances of
more than about 3-5 atomic spacing’s. While insulating glasses (e.g., window glasses)
have been known since historic times, whereas, semi-conducting glasses and metallic
glasses have been produced only during the last century. Extensive studies on the
various types of glasses also started seriously in the last century after the work of many
scientists like Mott [2, 7], Anderson [8] and others [9]. They showed that a highly
disordered arrangement of atoms in a solid leads to different interesting physical

behaviour which needs to be studied and exploited for practical applications.
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In order to freeze liquid like structure while the solidification process is taking place, it
is necessary that the quenching rate must be high enough to arrest the atomic
movement in a melt/liquid suddenly and restrict nucleation and growth of micro-
crystallites [4-6]. Oxide and semiconducting glasses are not difficult to produce as the
quenching rate of the melt in question need not be very high in most cases. In general,
most glasses are prepared by quenching a melt of mixtures of compounds which are
predominately covalent in nature like for example window glass, which is a mixture of
various oxides, and semiconducting glasses like Se, Se-As, Si-Te-Ge etc.

As mentioned above, it is possible to produce solids under special circumstances in a so
called amorphous or glassy state in which atoms are randomly arranged and, therefore
do not exhibit crystalline long range atomic order. The glassy state is usually obtained
by rapid quenching of a liquid therefore; the short-range order of liquid gets frozen, as
mentioned before. The amorphous or glassy state is a metastable state which can be
transformed into the crystalline state if given enough energy by way of heat or some
other form.

In general, many metallic alloys can be synthesized in a glassy state when cooled at
rapid rate of ~10° K/sec. Upon rapid solidification of a liquid metallic melt at such a
high cooling rate suppresses formation of crystalline phases by inhibiting nucleation
and growth of crystallites which results in production of a metallic glass. The first Au-
Si based metallic glass was synthesized in 1960 at Cal Tech [2] by rapid quenching of
the melt. Since then, a number of metallic alloys have been synthesized in the glassy
form and the process to obtain new metallic glasses continues due to their scientific
interest and applicability in various spheres. Owing to their metallic and
amorphous/glassy structure, these glassy materials have some good; chemical, physical

and mechanical properties [3-6]. Many of these glasses exhibit high hardness, high
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magnetism, high fracture and tensile strengths, resistance to corrosion and good
ductility depending on their constituent elements [3-6]. Because of their novel

properties, the interest of researchers in metallic glasses continues extensively.

1.2.2 The Processing Challenges for Metallic Glass Synthesis

On the other hand, it is very difficult to produce pure metals having amorphous or
glassy structure. In 1940-50s amorphous metals were produced in thin film form when
the substrate was cooled to liquid helium temperatures (< 10 K) or in some cases to
liquid nitrogen temperatures (< 80 K). Glover [10] showed that Bi can be produced in
amorphous form when its thin film is deposited on a substrate kept at liquid helium
temperatures. Bi is not a superconducting material in bulk form but amorphous Bi film
turned out to be superconducting, thus confirming that the disorder can produce large
property changes. Further, it also showed that one requires really very high quenching
rates to produce a metal in amorphous form. A rough estimate gives the quenching rate
to be ~10°K/s. As mentioned before, higher covalence leads to glass formation easier.
Thus, if one has a mixture of materials which is metallic and covalent, one may expect
the quenching rate to go lower. Therefore, depending on the mixture of materials, one
may be able to produce amorphous or glassy metallic solids if quenching rates are of
the order of ~10* to 10° K/sec. Thus, this was possibly why until 1960, metallic glasses

could not be prepared which would be stable at room temperature and above.

1.2.3 The Journey of Metallic Glasses Really Begins

In 1960, Klement, Willens and Duwez [11] discovered that a melt of an alloy of gold
and silicon (AugpSiz) when rapidly quenched at a rate of ~ 10° K/sec turned out to be
amorphous (showed no crystallinity and X-ray diffraction showed no peaks) and was
stable at room temperature. In this alloy, Si provided the needed covalent bonding.

Since this discovery, intense research programmes in the field of metallic glasses have
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resulted in vast number of publications, understanding of underlying disordered
metallic behaviour and resulting in practical applications. Devices, based on metallic
glasses, are already in market. In the last two decades or so several books, review
articles and conference proceedings have been published in this vast area of research. A
list of some of these is given in [12-13], which obviously is not an exhaustive one.

1.2.4 Early Industrial Initiative

Inoue and his co-workers have investigated rare-earth materials of Al and ferrous
during late 1980s. They found exceptional glass-forming ability in La-Al-Ni and La-
Al-Cu alloys [14] upon rapid solidification. Upon casting even up to 9 mm thick
LassAl,s Nipg (later LassAlsNijgCujg) into Cu mold, cylindrical samples with diameters
up to 5 mm or similar thicknesses sheets were made fully glassy. Inoue et.al [15], have
also developed glassy Mg-Cu-Y and Mg-Ni-Y alloys with largest glass-forming ability
in MgesCupsY o in 1991. The group Inoue [16] developed a family of Zr-based Zr-Al-
Ni-Cu alloys with high glass forming ability and thermal stability at the same time. For
the alloy Zres Alys Nijg Cuyys, the critical casting thickness ranged up to 15 mm and
super cooled liquid region was extended to 127 K. It has been clearly demonstrated that
the development of these alloys in bulk metallic glass compositions were not merely a
laboratory curiosity, however quite interesting for applications in engineering.

1.2.5 The genesis and journey of vitreloy-1

Johnson and others have recognized quickly the significance of Inoue’s work [16], in
early 1990. Peker and Johnson have developed [17], quinary alloy
Zr412T1138Cu25N1j0Bexy s (called as Vitreloy 1(Vit 1)) in 1993. The critical casting
thickness of several centimetres was archived in this work and this work together with
the work of Inoue group [16] can be taken as the starting material for the use of bulk

glassy materials in structural applications. The properties of the alloy Vit 1 were
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investigated thoroughly in the next 10 years. After replacing 30% Ni by Cu, Inoue
group re-visited thePdsoNisoPyo alloy in 1997. They have developed an alloy with a

critical casting thickness of as high as ~ 72 mm [18].

1.2.6 The development of casting thickness of Metallic Glasses with time:
Towards the Future

It is well known to date that the Pd-Cu-Ni-P family possesses the metallic system with
the highest glass-forming ability. The critical casting thickness as a function of the year
the corresponding alloy was developed is shown in Figure 1.1.The critical casting
thickness increased by more than three orders of magnitude in the last 40 years. After
showing a fit to the data, it tends to increase by one order of magnitude every 12 years
(approx.).According to Moores’s law, if such a trend is true; the bulk metallic glass
compositions may be obtained in the next 10 to 20 years that are similar to oxide
glasses, difficult to crystallize. The research in the area of bulk metallic glasses is
growing enormously recently. Attempts have been made for searching new alloy
compositions by many researchers to investigate the mechanical, structural, thermo-

physical and magnetic properties of the above mentioned alloys.
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Fig.1.1The critical casting thickness for glass formation was shown as function of the year [19].
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1.2.7 Global Scientific Interest about BMGs on the Surge

Regarding metallic glasses, it has been reported recently [20-23].DARPA of USA has
taken initiative in launching “scaling-up” bulk metallic glass, which is useful for
engineering applications. They are more or less similar to the projects exist in Japan
and Europe viz., Inoue super-cooled Liquid Glass and European Network on Bulk
Metallic glass, etc. The bulk metallic glass products manufactured by the Liquid Metal
Technology for sporting goods, electronic product cases including cell phones, high
performance springs and medical devices [24]. In near future; we can expect further

major applications of bulk metallic glasses based on the present developments.

1.2.8 The earlier development of Ti-Based Alloys

Initially, the Ti-based metallic glasses had been developed extensively for their
potential as high specific strength materials and subsequently for their ability to carry
plastic deformation. The TisoNisBe;o had the highest specific strength among metallic
glasses with yield strength of 2261MPa and a density of 4.13g/cm3, reported earlier
[25]. The development of TisgNisSiz in 1978 represented one of the hardness metallic
glasses produced with a Vickers hardness of 1070.However, similar to Fe-based
glasses, producing bulk Ti-based glasses requires the use of at least three solute
alloying components. The GFA of selected Ti-based alloys is shown in Table 1.1.
Through the use of either Zr or Be, the Dy, of Ti-based metals has been substantially
increased up to 8mm.The development of bulk Ti-based glasses has unlocked their
potential as both strong and ductile alloys, for example, Tis9Zr,5NigCugBe;g [26], which
contains a Dp, of 8mm, exhibits a plastic elongation of 4% under quasi-static
compression. This is in striking contrast to the majority of metallic glasses, which
generally exhibit no observable plastic deformation. The specific cause for this increase

in ductility has not yet been fully explained. However, increased ductility has been
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linked to the development of icosahedra-type short range order as seen in HRTEM
images [27]. The high yield strength, enhanced ductility and sufficiently large critical
thickness made the Ti-based glasses materials the good candidate for the application in
high specific strength materials. A compilation of all Ti-based glasses showing ductile
compressive behavior is shown in Figure 1.1. With the exception of TisZr;oCuscPd4,
plastic elongation is at least 4%. Ti-based glasses have also been developed as a
potential biomedical material due to the combination of a low elastic modulus (more
comparable to bone than current crystalline Ti alloy implants), their increased strength,
and their corrosion resistance. However, the toxic elements Ni and Be must be
removed, such as in the Tig0Zr;0CuscPd 4 alloy [28]. A list of the mechanical properties
for selected Ti-based glasses is given in Table 1.1. While all Ti-based glasses generally
contain high hardness and high yield strength, the exceptional ductility is only realized

in bulk glass forming alloys.
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Fig.1.2 Stress-strain curves of Ti-based glasses showing significant ductility [27, 26 and 28].
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Table 1.1 The thermos physical properties viz., the glass transition temperature (Tg),
crystallization temperature (Tx),liquid vs. temperature (T;), super cooled liquid width
region (ATy), reduced glass transition temperature (Ty,),etc. of Ti-based alloys. Critical
thickness (y) and Dpax, determined experimentally. (MS denotes alloy was melt spun,

critical diameter is below 1 mm).

Alloy Tgk) [ Tx(k) | Tyk) | AT, | T, y Dinax Ref.
(mm)

TisoNizsCls 707 | 762 - 55 - - MS [29]
TisoNizoClug 621 668 - 47 - - MS [30]
TigoNizoClyo 621 673 - 52 - - MS [30]
Tigo Zr1o Cuyo Nizg 671 - - - - MS [30]
Tiso Zr2 Cuyo Nisg 716 - - - - MS [30]
Tiso Zr1o Cuzo Nizg 630 - - - - MS [30]
Tiso Nizs Cus, Sns 686 | 759 1283 | 73 | 057 | 0.385 1 [26]
TisoNiss Cuss SnsBe; 688 | 733 1207 | 45 | 057 |0.387 2 [26]
TissNiss CursSmsBesZrs | 680 | 741 1142 | 61 | 0.60 | 0.407 5 [26]
Tiso Zr2sNigCugBe 15 621 668 1009 | 47 | 063 |0410| 8 [26]
Tiso Zr»sNi;sSnsBe, 688 | 733 1207 | 45 | 057 | - 2 [31]
TissCussNijs SmBesZrs | 685 | 741 1142 | 56 | 060 | - 5 [31]
Tiso Zr1o Cuso Pdag 687 | 747 1184 | 60 | 0537 | 0380 | 3 [31]
Tiso Zr1o Cusg Pdys 669 | 718 1191 | 49 [ 0562 | 0386 | 6 [31]

Structural experimentation has been performed on Ti-Ni-Zr and Ti-Ni-Cu metallic
glasses, and is a useful in understanding the structure and resulting glass forming
behavior of the more complex alloys. In the evaluation of the neutron scattering results
of (Ti,Zr)g3S117, the local order has been described as a random distribution of Ti and Zr
atoms with Si preferentially bonding with Zr atoms [32]. This is not surprising due to
the stronger chemical affinity between Zr and Si (-67 kJ/mol) than Ti and Si (-49
kJ/mol).The tendency for strong Zr-solute interaction was also seen in the (Ti,Zr)soCusg
alloy [33]. This alloy is in contrast to the Ti-Ni-Cu alloy system, which contains

stronger bonding between Ti and the constituent solutes, Ni and Cu. A neutron

-10-
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scattering study has revealed the complex short range order that can occur in the
transition from a binary to a ternary metallic glass. The pair distribution function in
TigoCuyg reveals strong Cu-Cu and Cu-Ti correlations. However, with the introduction
of Ni, the TigoCuyegNij3 2 alloy indicates the presence of only Ti-Ni and Ti-Cu nearest
neighbours. Furthermore, the Ti-(Ni,Cu) interatomic distance is much shorter, 2.6 A,
than that computed from the averaged the diameters of both species, 2.71 A [34]. The
development of this short range order within ternary alloys was termed ‘chemical

frustration’, and linked to increased viscosity and improved glass forming ability.

-11-
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Table 1.2 Summary of Ti-based glasses represented in literature detailing critical
properties such as critical thickness, Dmax, fracture stress (MS = melt spun, critical
diameter is below 1mm), oy, elastic modulus, E, Vickers hardness, HV, fracture strain
under tension ,& s, fracture strain under tension, fracture strain under compression, &t,c,

and plastic strain, €p.

Alloy Diax O E Hv it ete | gp Ref.
) (N;Pa (GPa)

Tis5oNiysCuss MS 760 80 567 2.2 - 0 [29]
TigoNigSiig MS - - 1070 - - 0 [34]
TisoZr10Clso MS | 1483 474 - 26 | 24 | 0 [30]
TigoCuszoNijg MS 1583 528 2.6 2.7 0 [30]
Tigo Zr10 Cyo Ning MS | 1360 528 - 25 | 27 | 0 [30]
Tiso Zr2o Ctiyo Nig MS | 1497 627 - 20 | 24 | 0 [30]
Tiso Zryg Cuyg Niyg MS 1660 552 - 2.6 2.6 0 [30]
Tiso Nijs Cusz, Sn; 1 - - - - 5.8 4 [26]
TisoNi;s Cus SniBe; 2 2170 ] - ; 58 | 4 [26]
TissNi;s CupsSnsBe,Zrs 5 2480 ] - ; 58 | 4 [26]
Tiyo ZrysNigCugBe g 8 1810 - - - 5.8 4 [26]
Tisg Zr,sNijsSnsBe 5 2 2170 - 670 - 5.8 4 [26]
TissCuysNi s SnsBe,Zrs 5 2480 - 715 ] 58 | 4 [31]
Tis Zr1o Cusy Pdyp 3 - - - ] 28 | 5 [28]
Tiyg Zryg Cuzg Pdyy 6 1950 82 - - 2.8 .5 [28]
Tiss ZroBe4Cu; Nig 2 1753 - - - 3.2 1.2 [27]
Tis Zr10Be14Cuy Nig 2 1978 - - - 93 | 74 | 127
Tis Z1r2,BeyCuy Nio 10 2176 - - ] 6.0 | 40 | [27]

1.2.9 Unique Advantage of the MG ribbons in Brazing Technology: The

Requirement of Low Brazing Temperature.

It is always necessary that the fillers should have low temperature brazing viz., ~800°C
in Ti brazing technology [39].The undesirable changes in the microstructure and
properties of both the base metal and joint are responsible for the temperature limit of

-12-
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the brazing thermal cycles. Preferably, the brazing temperature of Ti should not exceed
the a-f transformation temperature (800°C) in order to retain the original
microstructure and mechanical properties of the Ti base metal [39]. It would be
worthwhile to mention here that Ti-based fillers viz., Ti-Ni-Cu or Ti-Zr-Ni-Cu systems,
which provide the performance of the joints with high order has shown the shortcoming
of their high brazing temperatures (above 900°C) [49, 51, 52].The unwanted formation
of brittle intermetallic compounds like TixCuy and TiNiy is caused by the limited
solubility of Ti with other elements from molten filler [49, 53]. As a matter of fact, the
more intensively the reaction occurs between the molten filler and base metal with the
formation of thicker intermetallic layers upon increasing brazing temperature. It is also
necessary to consider the metallurgical factor like the susceptibility to the erosion of the
Ti base metal in contact with the molten filler. It is well known that the significant
erosion of Ti takes place when the brazing temperature is low as possible [54].The
previously developed fillers like Al and Ag-based systems have produced mixed results
as the low-temperature fillers despite the requirements in Ti brazing [55, 56]. Although
Al-based fillers provide a brazing temperature substantially below the o-f
transformation temperature, the Ti joints brazed with the fillers are brittle and thereby
exhibit a low strength and fatigue resistance [49, 57].The followings are the drawbacks
for Ag-based fillers: their low resistance to chloride ion induced corrosion and low
strength at high temperatures [49, 58]. Since the focus of the present thesis is on use of
metallic glasses in brazing, the basic principles of brazing and the related issues are

discussed in details below.
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1.3 Principles of Brazing

1.3.1 Definition of Brazing

Brazing can be defined as the metal piecing together procedure, which usages
temperature and a braze alloy, often called filler metal in order to obtain a metallurgical
bond between two or more separate pieces without melting or substantial modification
of the materials structure. The base materials can be called as the materials being joined
and positioned in away such that they leaves single a slight gap between the fragments.
The braze alloy is placed near to the gap and with melting it is strained in to the gap
upon tube action, which techniques a solids joints on cooling. The braze alloy melting
temperature should be below the melting point of the base material, however overhead
450°C (842°F). Brazing, welding and soldering are the commonly used joining
processes.

1.3.2 The Joining process and its characteristics

It is generally known that brazing compounds multiple structures of slices, different
metals and non-metals of non-uniform thickness to be joined where other joining
systems cannot be used wastefully. Brazing is most commonly carried out on metals
including those are wrought (sheet, bar, tubing, and extrusions), cast (sand, die, shell
and pipe) and powdered metal products. Metal-metal joining viz,. The joining of
ceramics and metallic glasses is sustainable with the advent of the following brazing
methods: torch, furnace, induction, and dip and resistance brazing. However, in the
present thesis, only the vacuum furnace brazing has been described. The advantages of
the furnace brazing process are the following [60]: There is economical fabrication for
the complicated assemblies with many joints, the relatively low distortion and war
page, high production rates could be easily achieved by using commercially available

apparatus and method know-how, the combinations of different materials could be
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joined, the materials of different thickness and cross sectional area can be
accommodated, the multi-step joining procedures with complex geometries could be
designed, the high quality results with reproducibility can be obtained, in the same
cycle the brazing can be combined with temperature behaviour and over all, the
development is well familiar and standard in handbooks of design.

1.3.3 The wetting and spreading phenomena

When the braze alloy (filler metal) is drawn into the space between two close and
parallel surfaces, a braze joint is formed. The nature of this movement is due to
capillary action and it actually occurs in the following three steps: adhesion, wetting
and spreading of the braze alloy. The surface tension acting on a drop of braze alloy

and described in figure .1.3.

Braze Alloy

TLV
Vapor /

3V

Substrate
(base material)

R Surface tension at the solidfvapor interface

Yy — Surface tension at the liquid fvapor interface

Y5, — Surface tension at the solid/liquid interface

Fig.1.3 The surface tensions on a drop of braze alloy [61].

The wetting can be estimated by analysing the mathematical balance between the
horizontal components of the surface tensions, which is commonly known as Young’ s

equation.

Ysv— Y= YivCOS O (Eq. 1)
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The contact angle (0) is a measure of the quality of wetting. For good wetting, 6 must
be smaller than 90°. In fact, for good wetting and proper joint to form, 6<60°is essential
in real practice.

The above equation 1 shows that 8<90° corresponds to the condition (ysy>Ys.). The
improved wetting with low contact angle (0) can be achieved by increasing 7y,
decreasing s, and decreasing y.v. Fig .1.3 describes the specific application to brazing.
When 0<90°, there is a wetting, however, for 6>90°, there no wetting. The alloying
occurs when the reaction between filler and base metals takes place and accordingly,

the change of Free Energy contributes to the wetting due to that reaction.

2)

Base metal

Joint Clearance I
N B:

Molten Filler Metal

Base metal

Molten Filler Metal
el

Joint Clearanci a
.

Fig.1.4 (a) The effective wetting and (b) poor wetting [62].

The wetting properties vary with different materials [63]. Titanium, zirconium,
ceramics, glass, and titanium carbide are difficult to wet. Al, cast iron, W, WC, Mo, TI,
and the alloys with more than 5 % metals forming refractory oxides fall in the category
fair wetting. However, Cu, Ni, Co-alloys, steels and precious metals also fall in the

category of fair wetting.
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1.3.4 The quality of brazing and its design

As a part of the overall component, the braze joint must be designed. The configuration
of the joint shows a vital role in mechanical, fatigue and corrosion resistance, thermal,
electrical and physical properties of the final assembly. The examples of common braze

joints are given in figure 1.4 [64].

a) But-lap joint

y / %

l —

Where
X =8.4 mm (length of lap)
W =15 mm

b) Lap joint £ |

| y

Fig.1.5. Basic type of brazes joint configurations [65].

1.3.5 The butt joints

The strength of the joints depending on the bonding area and hence, the strength of the
joint is lower when the available bonding area is smaller. The only available bonding
surfaces are the cross sectional area of the pieces being joined and therefore, the
strength of the joint are limited in a butt joint. The smooth contour and clean
appearance are the major advantage of this configuration. The low strength is the major

disadvantage where it makes this type joint fairly uncommon.
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1.3.6 The butt-lap joint

In order to provide mating surfaces, the increased mechanical strength was obtained
due to the increased amount of contacting surface. The stress concentration of the
profile minimizes and hence, reduces the risk of crack initiation. The controlled gap
spacing obtained in this type of joint. The machining, cleaning and set-up added steps

during production increased the manufacturing cost.

1.4 Applications of brazing materials and metallic glasses

Metallic glasses exhibit excellent mechanical and soft magnetic properties, therefore,
their usage have been targeted for many applications [76-77]. Most of the metallic
glasses, in ribbon form, have been used for power distribution transformers, recording
heads, magnetic shielding, transducers as well as magnetic sensors, electronic
applications, to name a few.

The bulk metallic glasses are shown very attractive properties recently and these
properties are generally enhanced by suitable heat treatment method. The high amount
of elastic energy stored by the bulk metallic glasses, which can useful as potential
spring material. This unique combination of properties has made it first and most
visible utility in the field of golf clubs. The addition of ceramic second phase particles
can be imparted to increase the considerable amount of strength into the material. As an
armor penetrator material, this composite can be used. For the use in aircraft frames,
automobiles and medical implants, the possibilities of bulk metallic glasses as
structural materials can be envisaged. The workability of the material is very high
because the materials have large super-cooled liquid regions.

In friction welding of Pd-based BMGs, this property has been exploited [58]. There is
no crystallization at the welded interface upon friction welding and thereby the strength

of the interface is almost similar to that of the base metallic glass. BMGs have been
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promoted as prime structural materials with this overview. Although the magnetic
properties and nanocomposites produced from them upon devitrification have many
exciting new applications [79], these have not been discussed in the present thesis. The
utility of BMGs as ideal optical, die, tool and cutting materials because of their high
strength, hardness, fracture toughness and fatigue strength. Therefore, the metallic
glasses are useful for attractive materials for numerous applications [80] because of the
combined excellent soft magnetic properties with high strength, bond ductility,
toughness and corrosion resistance.

1.5 Motivation

We have been motivated based on the above discussion where there is a reasonable
understanding of brazing propagation, only limited efforts were made to study brazing
mechanism. Hence, the main work in the present thesis is to understand the mechanism
of brazing, microstructural evaluation and phase studies of these metallic glasses. This
thesis describes the research work on the investigation of the glass forming ability
(GFA) of (Tig.5Zrp5)40 (CugNi (1-x))s0 systems and the evolution of structures during
rapid solidification. Attempts will be made to braze Ti metal using the ribbon and
evaluate the brazability of the ribbons. Initially, calculations will be carried out to
evaluate the theoretical GFA of Ti-Zr-Cu-Ni based metallic glass alloy. As of today,
the data available on the properties of joints obtained with these advanced filler metals
are still limited.

Hence, development of new brazing alloy with higher glass forming ability, strength
and low melting temperature is a challenging task to reduce the distortion in the
inherent microstructure of the base metal and joint. It can be noticed from the literature
that GFA of Ti-Zr-Cu-Ni system has not been investigated extensively. The effect of

various alloying elements has also not been studied in details. Moreover, limited
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information is available on the mechanical behaviour with respect to the composition
variation. Development of brazing materials for joining titanium based alloy is a
current topic of interest due to the expanding utility of these alloys in aerospace,
chemical apparatuses, heat exchangers, etc. The Ti based brazing alloys as filler
materials are generally brittle and used in the form of powders, pastes, sprays, which
will be spread prior to the joining operation. This may lead to porous joint because of
the entrapped air in the powder. The main problem in the brazing of titanium is due to
the formation of brittle intermetallic compounds between Ti and filler metal elements at
the base metal-filler interface with the formation of brittle joints and high galvanic
corrosion. The above problem can be overcome by using amorphous titanium-
zirconium-based alloys in ribbons form produced through melt spinning method. They
possess several advantages over the conventional crystalline filler materials such as
better diffusivity of elements in amorphous state, good ductility, compositional
homogeneity, accelerated interfacial reaction by improving wetting conditions, etc.
Therefore, the usage of fluxes (which modify the wetting properties) can be avoided
and cleaner joints can be achieved. The effect on structural, thermal and mechanical
properties of Ti-Zr-Cu-Ni metallic glasses and Ti-alloy has been studied based on the

above observation in the present investigation.
1.6 Objective

Since the work reported in this Thesis is on metallic glasses in ribbon form, no further
reference will be made on bulk metallic glasses. Although an effort was made to
produce one composition but due to unavailability of arc furnace, the work could not be
pursued, therefore, the work reported here is for the conventional ribbon form of
metallic glasses. The bulk metallic glasses are highly demanded in aerospace and

critical ground-based applications, which require heat and wear-resistance because of

-20-



Introduction and Literature Suryey

their excellent properties of low density, high strength and corrosion resistance. With
the high specific strength and excellent corrosion resistance, the Ti is very much useful
in producing transition joints to other engineering materials namely, steels, Ni-based
and Cu-based alloys for expanding its practical application. A dissimilar joining of Ti
to Cu has significant technological importance, as this combination of materials finds
wide applications in heat exchanger components for power generation industries.

Based on the above background and motivation, the objectives of the present study
are:

. Synthesis of the TiyoZr0CugoxNix (x= 10, 20, 30, 40 and 50) metallic glasses
using arc milting furnace.

. Development of brazing materials for joining Titanium based alloy is a current
topic of interest due to the expanding use of these alloys in aerospace, chemical
apparatuses, heat exchangers, etc.

o Characterization of metallic glasses and brazing consolidated with Ti-alloy
using different characterizing techniques.

. Measure the mechanical properties using Nanoidentation techniques. Universal
Testing Machine for mechanical properties and Four probe method for electrical
properties.

. This thesis mainly focused on clarifying the microstructure evolution
mechanism of Ti/Ti-Zr-Cu-Ni/Ti composite filler, which was summarized by
analysing the effect of holding time and Ti content on the microstructure of

joints.
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Chapter 2 Experimental Techniques

2. Introduction

This chapter gives experimental techniques used in the research work presented in this
thesis. Only brief details of the techniques used in the work are given as most of these
techniques are standard ones and widely used in materials research. The experimental
details to produce the alloys and ribbons for brazing joints are described in this chapter.
All the characterization techniques have also been described in details to explore
physical, structural, microstructure, thermal, electrical, mechanical and brazing studies
of the metallic glass. Alloys of nominal compositions were prepared using vacuum arc
melting furnace and then solidified rapidly using melt spinning technique to produce
ribbons. These ribbons were then heat treated in vacuum furnace. At the same time
these melt spun ribbons were used for brazing of Ti bar through butt and butt-lap joint
techniques.

X-ray Diffractometry (XRD) was used for structure determination, whereas
Differential Scanning Calorimerty (DSC) and Differential thermal analysis (DTA) were
utilised for phase stability in the present study. The Field Emission Scanning Electron
Microscopy (FESEM) and Transmission Electron Microscopy (TEM) were employed
for morphology and phase identification and Atomic Force Microscopy (AFM) for
surface characteristics. Energy Dispersive X-ray Spectroscopy (EDXS) for analysis of
composition and Nanoindentation, Universal Testing Machine for mechanical

properties and Four probe method for electrical properties.
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2.1 Sample Preparation

There are a number of techniques to produce amorphous materials. To produce such a
material requires rapid quenching of a vapour or a melt of a material in question in
order to avoid crystallization. We have used rapid melt quenching to produce the
samples studied in the work reported here. There are a few techniques by which rapid
melt-quenching can be obtained. These are (a) splat quenching, (b) spark erosion, (c)
copper roller quenching and (d) laser glazing among others [2.1-2.6]. The quenching
rates are usually different for each technique the highest cooling rate is obtained by
laser glazing while copper roller quenching provides rates between 10* to 10° K/s. We
have used the technique of copper roller quenching procedure to produce metallic
glasses with nominal compositions given by TiyZr0CueoxNix (x = 10, 20, 30, 40 and

50.). These were produced in the ribbon form as described below.

2.1.1 Alloy preparation

The first step in preparing a metallic glass ribbon of a given composition is to prepare
the crystalline alloy of the same composition. Therefore, alloys of TiyZry0Cugo-xNiy,
where x= 10, 20, 30, 40 and 50, were prepared using a vacuum arc melting furnace
with a water cooled Cu-hearth. Ti, Zr, Cu, and Ni constituent metals with purity higher
than 99.5% were weighed in appropriate amounts to make an alloy of a given
composition. A batch of 50 gm was used for each composition alloy. The arc melting
chamber was first evacuated to a pressure of ~3x10™* mbar followed by flushing
multiple times using 99.9999 % pure Ar. Finally, the melting was carried out in the Ar
pressure of 1200 mbar. To achieve sufficient homogeneity within the alloy, the master
alloy was re-melted up to 5 times. The weight loss for an alloy after melting and

homogenization was observed to be less than 0.1%.

-29.-



Experimental Techniques

2.1.2 Melt spinning

Rapid solidification of each alloy was carried out to produce glassy ribbons using a

vacuum melt spinning equipment. A schematic of the set-up is shown in Fig 2.1.

Fig.2.1 The schematic figure of vacuum melt spinning technique.
It is enclosed in an appropriate system/enclosure with a window which could be
evacuated or pressurized. An alloy ingot of a given composition was placed in a quartz
crucible with a hole at bottom. The crucible was placed in an RF induction coil which

was used to heat the sample by passing RF current through the coil.

Fig.2.2 The TioZr,0CusoNijo metallic glass ribbon.
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The enclosure was evacuated to ~10™ mbar. Once the alloy is melted by RF induction
heating, then the melt is injected using pure. Ar gas pressure of ~0.35 bar onto a
rotating 300 mm diameter of copper wheel with a speed 2500 rpm. This procedure
produced continuous ribbons of metallic glass of the composition which was placed in
the crucible. A photograph of the ribbon, having composition TiyZry0CusoNijg, is
shown in Fig. 2.2

2.2 Characterization of the samples

2.2.1 X-ray Diffraction

Samples, prepared as described above, were first characterized by X-ray diffraction
(XRD) [4-5] to make sure that the prepared samples were amorphous/glassy in nature
and not crystalline. If a sample is polycrystalline, then XRD pattern will show sharp
peaks or diffraction maxima. The X-ray diffraction maxima for a polycrystalline

material are described by Bragg’s law which is represented mathematically as
Zdhkl Sin Bhkl = Il?\,, (21)

where ‘n’ gives the order of diffraction, ‘A’ is wavelength of X-rays, Oy is the angle
between the incident X-ray beam and atomic lattice plane in the crystal with Miller
indices (hkl) and dyy is the distance between the set of parallel lattice planes. However,
if the material is amorphous or glassy, the XRD will show a major broad peak at low
angle, usually between 20 = 30° to 40 and sometimes another small broad peak at

higher angles may also appear. A schematic of two XRDs is shown in Fig. 2.5.
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Incident radiation “Reflected” radiation

~Transmitted radiation

Fig. 2.3 The representation of the Braggs diffraction condition [2].

Two X-ray Diffractometers (Bruker Model No.D8 and Rigaku, Ultima IV) were used
in the present work to characterize each metallic glass sample produced. As it will be
shown later, each TiyZry0CueoxNiy, (x = 10, 20, 30, 40 and 50) ribbon sample showed
a broad peak in their XRD confirming the glassy nature of the sample. Annealing study
was done on each sample by heating a given sample to a high temperature for a fixed
time and X-ray diffraction studies were performed to determine the crystallized
products. A portion of the ribbon of each TiyZry0Cuso.xNix alloy was annealed under
vacuum at different temperatures depending on the crystallization temperature of the
individual alloys as determined by the DSC run. A small length of each alloy was
placed in a quartz tube, which was evacuated to ~3x10™ mbar pressure. Annealing for
each sample at a given temperature as listed in Table 2.2, was carried out for 30
minutes duration. These temperatures were chosen on the basis of the Differential
Scanning Calorimeter (DSC) runs as described later. After annealing these samples
were subjected to X-ray diffraction runs to determine the structural changes which took

place due to annealing.
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Table 2.1 List annealing Temperatures.

Composition of Ribbon Annealing temperature (K)
Tipo Zryo Cusp Nijg 753 £5
Tipp Zry9 Cuap Nipo 756 +5
Tipo Zryo Cusgp Nisg 758 £5
Tipp Zry9 Cuyp Nigg 778 £5
Tipo Zryo Cuyg Nisg 783 £5

2.2.2. Differential Scanning Calorimetric Technique (DSC)

The thermal characteristics of melt spun ribbons were evaluated using a Differential
Scanning Calorimeter (DSC 821, METTLER — Toledo). The temperature and other
calibrations of the instrument were done using the melting curve of 99.999% pure
indium. The sample and reference pans or cups were made up of recrystallized
aluminum. Typical mass of the sample used in the experiment was about 10 mg.
Commercial Argon gas was used as the purge gas at a rate of 45 SCM using a mass
flow controller. DSC scans were performed using a constant heating rate of 10, 20, 30
and 40 K/min (10, 20, 30and 40 °C/min), from room temperature to (650 °C), with
temperature and power input accuracies of + 0.1 K (x 0.1°C) and 0.2 uW, respectively.
The crystallization temperatures are determined from onset of exothermic peak of the
DSC curve. For each specimen analyzed, multiple scans were performed and the
second scan was taken as an instrument baseline.

2.2.3 Differential Thermal Analysis (DTA)

Differential thermal analysis was done in conventional equipment (Shimadzu Thermal
Analyzer Dt-40). The DTA technique was used to evaluate the melting point of the
Tip0-Z120-Cugox-Nix (x=10,20,30,40 and 50) ribbons. All measurements were performed
in Argon atmosphere. Alumina pans were used for material. The data were recorded at

a heating rate of 10°C/min from room temperature to about 1200°C.
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2.2.4 Kinnetics during Nonisothermal Transformation

Kissinger (1956) procedure was used to evaluate average activation energy, E. The
details of Kissinger procedure is as follows. The basic equation that relates the rate of
reaction to the fraction of the materials decomposed may be written as (Murray et al

1949 and Vaughan 1955)
dx
(E) T = KT(1 - X) (1)

Where, x is the fraction of the materials decomposed, Kris the magnitude of the rate

constant and is given by the Arrhenius equation

E

KT = Ae rT

Where, A and E are the frequency factor and activation energy respectively. Here, A is
a measurement of the probability that a molecule will participate in a reaction and E is
energy barrier opposing the reaction (Kissinger 1956) [1].By applying the condition
that the reaction rate is maximumsuch that its derivation with respect to time is zero,

one can obtain a final equation of the form (Chen 1978 and 1981)

E T2
=Ln E + constant ... ... ... oo .....3

Where, T, is the peak temperature, ® is the heating rate and Kg is the Boltzmann

constant.InaLn (®/T>p) vs.1/Tp plot the slope will give the quantity (E/KB).

The activation energy of the crystallization event was determined by an
approximation method proposed by Augis and Bennett (1978)[2]. Their approach
showed a linear relation between (/n @/T, ) and (1/T,) while linear relation between
(lncD/T2p ) and (I//T,) was considered for the Kissinger model. The Augis and Bennett

modelis described by the following equation [2]
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D E,
Ln(=) ==+ Ln(K,) 4)

p p

Where, the pre-exponential term K is the frequency factor.

Moreover, another model proposed by Ozawa (1965) [3] was also used to
estimate the activation energy during crystallization. This model describes a linear
relation between (Ln @) and (1/T,) unlike Kissinger equation or Augis-Bennett model.

The Ozawa model is described as:

E
Ln(®) =——+const 5
(D) RT (5)

p

The slope of Ln (@) versus (1000/T,) plot will give the magnitude of (E/Kg).

2. 3 Brazing

Vacuum brazing was performed to braze commercially pure CP-Ti plates using the as
spun TixZr0CugoxNix (x=10, 20, 30, 40 and 50) metallic glass ribbons as filler materials.
The schematic representation of a typical brazing process cycle was shown in Figure 2.3,
whereas Figure 2.4 showed the sample joints of different configuration used for the

present study.

Brazing
Heating
L.
v
¥ U
= &
Bl
1
@
=3
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Fig. 2.4 The schematic of a typical brazing process cycle.

-35-



Experimental Techniques

5

Filler gnetal

Fig. 2.5 Brazed samples Lap joint method.

For each filler ribbon, the joint with the lap configuration was used for detailed
microstructural characterization whereas the joint with the lap-butt joint configuration
was used for measuring tensile strength. Both types of sample joints were vacuum
brazed at the same time in the vacuum furnace such that the microstructural features
can be correlated with the mechanical properties. For the butt joint, the CP-Ti plates
measuring 10 mmx7 mmx 3mm were prepared. In case of the lap-butt joint, the CP-Ti
plates measuring 5 mmx3 mmx1 mm were first prepared and then steps were cut in
EDM using a 0.5 mm wire. The reason for using lap-butt joint configuration was to
increase the contact area of the joint with the expectation of an enhanced mechanical
strength, as mentioned earlier in Chapter 1. The lap-butt joint profile also helps in
minimizing the concentration of the stress and as a result reduced the risk of crack
initiation. Thus, about 40 to 50um thick, 8 mm wide and 15 mm long TiyZr,0Cugo-x-Nix
(x=10, 20, 30, 40 and 50) (at. %) alloy ribbons were used as brazing filler. Both the
brazing ribbons and Ti plates were initially cleaned using acetone and then the ribbons

were kept in between the two Ti plates before tightening them using nicrome wire. The
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samples were then placed in a vacuum furnace (10° mbar) and annealed for 10
minutes. Table 2.1 shows the details of the specific annealing temperature-annealing
time combinations used for different filler ribbons. The selected temperature for each
sample was 20+5°C higher than the solidus temperature of respective ribbon. The
samples were then furnace cooled.

Table 2.2 Summary of annealing conditions used in the brazing experiment.

Filler metal/ wt% Annealing temperature/°C At;;l:;}li;g
Tipo Zrao Cuso Nijg 990 10
Tip0 Zrao Cusp Nipg 967 10
Tipo Zrao Cusg Nisg 995 10
Tip0 Zrao Cuyg Nigo 1004 10
Tip0 Zrao Cujg Nisg 1006 10

2.4 Microstructural characterization

The microstructures of Tiz.Zry Cugox-Nix (x= 10,20,30,40 and 50) metallic glasses
were determined using both Field Emission Scanning Electron Microscope (FE-SEM,
Carl ZEISS, FEG, Ultra 55) and Atomic Force Microscope(AFM, Seiko Instruments,
SPA- 400 of 3800 probe station, Japan).

2.4.1 Field Emission-Scanning Electron Microscopy (FE-SEM)
The Field Emission Gun (FEQG) is usually a wire of Tungsten (W) Zigma, Carl Zeiss,

Germany, 30kV, Image Resolution-1.3 nm, Energy Resolution~127 eV)fastened on a
sharp point. The significance of the small tip radius (~ 100 nm) is that an electric field
can be concentrated to an extreme level, becoming so big that the work function of
the material is lowered and electrons can leave the cathode. FE-SEM uses FEG to
produce a cleaner image, less electrostatic distortions and spatial resolution of even <
2nm which means that the resolution is 3 or 6 times better than that of SEM. The

images formed by the field emission scanning electron microscope are formed by the
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secondary electrons, backscattered electrons, characteristic X- rays, Auger electrons
and others that are emitted by the sample. The FE-SEM images were obtained at an
operating voltage of 15 kV and the working distance was about 8.5 mm.

2.4.2 Energy dispersive x-ray spectroscopy

In the present study, chemical composition of Tiyy.Zryo.Cueox-Nix (x=10,20,30,40
and 50) metallic glasses were determined through(EDX) analysis. EDX spectrum were
obtained using the same FE-SEM, equipped with an EDAX (Oxford Instruments).The
operating voltage and working distance for EDX measurement were 15 kV and 8.5
mm, respectively.

2.4.3 Atomic Force Microscopy (AFM)

Atomic force microscopy (AFM) is a very high - resolution type of scanning probe
microscopy, the resolution obtained by this technique can resolve the single atom and
map the real 3- D images of the surface the morphology. In the present case, SPA 400
of SPI 3800 probe station of Seiko Instruments, Japan was used for both contact mode
and current mode AFM studies. The topography of Tiz.Zr.CugoxNix (x=10, 20, 30,
40 and 50) metallic glasses were studied using an AFM probe that touches the surface
of a sample with a sharp tip (often less than 100 nm). The spring constant of the
cantilever was 2.2 N/m and resonance frequency was 29 KHz. The radius of curvature
of the tip was less than 35 nm. When surface morphology and local current are
registered simultaneously, a dc voltage of 1V was applied to the bottom electrode prior
to scanning. The range of current, which the current preamplifier could measure,
was 100 pA to 100 nA. For each metallic glass a new tip was used to avoid artifacts

due to tip erosion.
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2.4.4 Transmission Electron Microscopy (TEM)

The structure and morphology of phase distribution of Ti20_Zry¢.Cugox-Nix (x=10, 20,
30, 40 and 50) metallic glasses were determined using a Transmission electron
microscope (Tecnai 20 G? ST win, FEI, The Netherlands. Operated at 300 kV. The
images were captured using a Gatan CCD camera. Final thinning was conducted in a
Fishbone ion milling system at 4 kV and 5 mA with ion milling at an angle less than
10°. Liquid nitrogen cooled stage was used. In this work, the amourphouces and
monocrystalline samples were prepared with a GATAN polishing ion device at an
incident angle of 4 to 5° from the top part and an etching voltage of 4kv.These values
were observed to be appropriate and non-structural changes were detected in the major
part of our sample .However, in the harder samples (using small voltage and angles) the

milling time was quite large.

2.5 Mechanical Characterization

2.5.1 Nanoindentation

The nano-mechanical properties such as hardness and Young’s modulus were
determined using a Hysitron Nanomechanical system (Tribo Indentor, 900 series,
USA). The machine had depth resolution of 0.04nm and load resolution of InN. The
thermal drift was kept to <0.5nm/s. The machine had a load range of 1 to 10,000 uN.
The Berkovich indenter used in all the nanoindentation experiments had a tip radius of
about 120 nm and a semi-apex angle of 65.3°. The samples were indented with a
maximum load of 5000uN. The trapezoid load function (which includes the loading,
holding and unloading segments) was used to measure the hardness of the ribbons and
lap joint samples with a loading rate of 200uNs™', segment time of 10s and dwell time
of 10s. The details of the grids used for nanohardness evaluation is illustrated in Fig.

2.6.
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Fig. 2.6 Schematic representation of the profile Nano-hardness testing [7].

2.5.2 Tensile Test

Tensile tests of the brazed joints both at room temperature were carried out at a
constant speed of 0.5 mm/min by a universal testing machine UTM (INSTRON
5500R). The machine had load cells of 1 and 100kN with an accuracy of +1% of full
scale. The typical tensile specimen is shown in Fig. 2.7. It has enlarged ends or
shoulders for gripping. The important part of the specimen is the gage section. The
cross-sectional area of the gage section is reduced relative to that of the remainder of

the specimen so that deformation and failure will be accure.

But-lap joint

Y

. / I/ |

| —

Where
X =8.4 mm (length of lap)
W=15mm

Fig. 2.7 The Butt-Lap Joint for all five samples.
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2.6 Physical Characterization
2.6.1 Electrical Resistivity
The resistivity measurements of TiyZr0CusoxNix (x=10, 20, 30, 40 and 50) metallic

glass ribbons were carried out using an apparatus which employs dc four probe
technique. This technique avoids contact resistance. The two outer leads were
connected to a constant current source (Model No. 6221, Keithley, USA) and two inner
leads were connected to a high impedance nano-voltmeter (Model No. 2182A,
Keithley, USA). A chromel-alumel thermocouple was used to measure the sample
temperature. The thermocouple was connected to a micro-voltmeter (Model No. 2001,
Keithley, USA).

The main purpose of performing resistivity measurements as a function of

temperature in this work was to determine the crystallization temperatures of the five
metallic glasses and compare these data with the experimental data of corresponding
temperatures measured from the DSC measurements.
Accordingly, for TipZry0CusoNijg, TizgZr20CuagNizg, TizZr20CuszoNizg, TizgZrCuzNigg
and TixZr0CugNisp metallic glass ribbons in addition to room temperature
measurement the resistivity measurements were also carried out from -200 to 600°C
using a homemade set-up and the same chromel-alumel thermocouple as mentioned
above.

The data were collected using a Lab view programme. A constant current of 10 mA
was passed through each sample using the constant current source as mentioned above.
The corresponding voltage was measured using the nano-voltmeter as mentioned
above. In order to determine room temperature resistance (prr), the resistance at room
temperature was measured for each sample about 50 times and the average was taken.
Accuracy in determination of resistivity is mainly limited by thickness measurement of

the thin melt spun metallic glass ribbons. To improve thickness measurement accuracy,
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six pieces of each sample were put together and then total thickness was measured

using an imported screw gauge. The variation in thickness was very little from one

place to another. The average thicknesses of TiyZry)CusoNijg, TizgZr0CusoNino,

Tip0Zr20CusNisg, TizgZroCuyoNisy and TipoZroCu;oNisy metallic glass ribbons were

respectively measured to be 46, 28, 62, 63 and 36 um. The estimated accuracy in

determining thicknesses was better than 2%. The magnitudes of (prr) were determined

by using the standard formula [p = R(A/I)] where A is the cross sectional area and [/ is

the length between voltage terminals. Errors in measurements of length and thickness

were absolutely minimized by taking long lengths of about 30 cm and width of at least

2.5 cm.
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Chapter 3
Results and Discussion
Structural Characterization and Thermal Properties of Ti-Zr-Cu-Ni metallic
glasses

3.1 Introduction:

Since metallic glasses are in metastable state, it is important to know their thermal
behaviour and crystallization process since on thermal treatment and crystallization
their properties change. In this chapter, the studies on structural, microstructural and
crystallization studies of Tia.Zry0CueoxNix (x = 10, 20, 30, 40 and 50) metallic glasses
are presented and discussed.

3.2.1 Results and Discussion
3.2.2 Structure

The XRD spectrum of all samples, shown in Fig. 3.1, revealed amorphous nature with a
characteristic broad hump. It is seen from Table 3.2 that all the XRD peaks are between
41 and 40.5° [4]. The corresponding full width at half maxima (FWHM) are also given
in Table 3.2, which indicates that the short-range order is nearly the same for each
sample as FWHM of peaks are nearly the same. The FWHM of x =10 sample is slightly
higher indicating short-range order smaller in this sample when compared to other

samples.
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Fig.3.1The XRD pattern of the Tizy.Zry0-CugpNix (x=10,20,30,40 and 50) metallic
glasses.

Intensity(arb.units)

Table 3.2 FWHM of Tiyo.Zr0.Cugox-Nix (x=10,20,30,40 and 50) metallic glasses.

Composition Peak(20°) FWHM Height Adj.R-

(counts) Square

Ti, Zr,, Cu,, Ni 40.96 10.6 770.53 0.80237
Ti, Zr,, Cu,, Ni,, 40.96 7.7 874.41 0.50124
Ti, Zr,, Cu,, Ni,, 41.28 7.4 839.53 0.57129
Ti, Zr,, Cu,, Ni,, 41.30 8.7 869.67 0.40583
Ti,, Zr,, Cu , Nig 41.30 7.7 1091.80 0.48907

3.3 Thermal Analysis

All the samples were run on DSC to study their crystallization. The following sections
present these results. Non-isothermal mode was used for the runs.
3.3.1 TiZr;yCus¢Ni;o Metallic glass

Fig. 3 shows the DSC curves forTioZr0CusoNijp metallic glasses. The heating rates of
10, 20, 30 and 40 K/min were maintained during the non-isothermal runs. The state of
the transformation has been taken as the point where the base line was deviated from

linearity [5, 6]. There were two characteristic temperatures involved. The temperature
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at which the onset of the crystallization process initiates is denoted by Ty while the
peak temperature is denoted by T,. For all the heating rates, both two temperatures,
mentioned above, were identified clearly as shown in Figures.3.2.; Both Ty and T,
increased with the increase of heating rates as observed normally (cf., Fig.3.2 and Table

3.3).

10 K/min
4 20 K/min

130 K/min
40 K/min

Heat Flow (W/g)

740 760 780 800 820 840 860
Temperature (K)

Fig.3.2: The DSC curves of TiyZr:0CusoNijo metallic glass at various heating rates.

Table 3.3: The Variation of exothermic peaks of TiyZr0CusoNijo metallic glass as a
function of heating rates.

Heating Rate (K/Min) TiZrzCusoNisg
TJK T/K  Tw/K Ta/K
10 755 771 789 831
20 771 778 798 835
30 775 784 803 840
40 780 788 807 842

For this sample three stages crystallization processes were observed for all the four
heating rates. The peak areas in these plots increased with heating rates. This was

expected because of the heating rate enhanced the reaction rates and thereby the rate of

change of enthalpy takes place as a function of temperature (Z—:) [7]. The magnitude of
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Ty (the crystallization initiation temperature) was 755 K at 10 K/min heating rate,
whereas the magnitudes of Ty, T and Tp3 were 771, 789 and 831K, respectively. Ty
was found to be 771 K at 20 k/min, whereas at the above heat rate the magnitudes of
Tp1, Tpz2 and T3 were 778, 789 and 835K. Similarly, the T, was found to be 775 K at 30
K/min and the respective magnitudes of T, Ty and Tpz were 784, 803 and 840K. In an
analogous manner, for the heating rate of 40 K/min, the magnitude of Tx was 780K and
the respective magnitudes of Ty, Ty, and T,z were 788, 807 and 842K. The first and
second peaks are obtained due to the crystallization at low and high temperatures,
respectively. It is interesting to note that the third peak although is very small it shifts
toward higher temperature as heating rate increases. Analysis of the growth process of
the first peak in Fig. 3.2 appeared to suggest that possibly there was a relatively slower
initial rise in the activation energy (E) requirement, which subsequently rises as the
temperature increase. This observation may indicate that the second crystallization step
had started even before the first step was completed. These factors are discussed one by
one. It may be possible that the crystal of nature produced during the first
crystallization was considered to be metastable. Hence, it may be argued that the
increase in temperature, these metastable materials was transformed into new structure
[8-10]. There may be another possibility that this metallic glass of multicomponent
nature has not crystallize in single step. If this conjecture is true then the crystal which
remained within the melt might have had a different composition and therefore, it
might be possible that it had crystallized with slower rate to obtain another phase at
high temperature. The first crystallization event took place with the appearance of a
sharp peak due to the formation of nuclei at higher rate, whereas it was found to be
broad for the second peak where the growth process obtained very slowly. The third

peak is really very broad.
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3.3.2 TiZr;yCuygNiyy Metallic glass

Fig. 3.3 shows the DSC curves for TiyZry0CusoNio metallic glass for the four heating
rates. The experimental conditions and parameter were exactly the same mentioned in
earlier section (3.3.1). The single stage crystallization process was observed in all the
heating rates. The peak areas in these plots increased with heating rates. This was

expected because the rate of the reaction increased with increase of heating rate, and

hence, the rate of change of enthalpy as a function of temperature(z—:). Table 3.4 gives

the values of Ty and T, for the heating rates of 10, 20, 30 and 40 K/min as (756 and

764 K), (768 and 773 K), (770 and 779 K) and (772 and 783 K), respectively.

10 K/min T
720 Kimin p
30 K/min
?I) 140 K/min
=
N’
2
=]
p—
=
N
]
%}
) Tx
|

740 760 780 800 820 840 860
Temperature (K)

Fig.3.3: DSC curves of TiyyZr0CuyoNiyy metallic glass at various heating rates.

Table 3.4: The Variation of exothermic peaks of TiyZry0CusoNiyy metallic glass as a
function of heating rates.

Ti, Zr i

Heating Rates (K/Min) 20”0 Nl
T (K) T, (K)

10 756 764

20 768 773

30 770 779

40 772 783
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3.3.3 TizZryCuzNizy Metallic glass

The DSC curves for TiyZryoCusNiszp metallic glasses are shown in Fig.3.4, The
experimental conditions and parameter were kept the same as mentioned in Section
3.3.1. The peak areas in these plots increased with heating rates as in the previous

sample.

10 K/min T
20 K/min p

30 K/min
40 K/min

Heat Flow (W/g)

740 760 780 800 820 840 860
Temperature (K)

Fig 3.4: DSC curves of TiyoZr,0Cu3oNizp metallic glass at various heating rates.

Table 3.5: Ty and T}, values for TizoZr0Cu3gNizp metallic glass as a function of heating

rates.
Ti, Zr, Cu, Ni
Heating Rate(K/Min) w0
T (K) T,(K)
10 757 763
20 764 770
30 767 775
40 771 780

The magnitudes of (Tx and T,) were found to be (755 and 763 K), (764 and 770 K),

(767 and 775 K) and (771 and 780 K), for the heating rates of 10, 20, 30 and 40K/min,
respectively as shown in Fig.3.4 and Table 3.5. The pattern of (z—:) is also the same as

Tiz()ZI‘zoCll4()Ni20 metallic glass.
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3.3.4 TizoZl‘zoCllzoNi4o Metallic glass

The magnitudes of Ty and T, are given as (778 and 785K), (785 and 793K), (791 and
798K) and (795 and 802K), shown in Fig. 3.5 and listed in Table 3.6, for the heating

rates of 10, 20, 30 and 40 K/min, respectively for the TiyoZr,0CuyNig metallic glass.

10 K/min
71 20 K/min

30 K/min

40 K/min

Heat Flow (W/g)

760 780 800 820 840 860
Temperature (K)

Fig 3.5: DSC curves of TiyoZr0Cu,oNiso metallic glass at various heating rates.

Table 3.6: Ty and T}, values for Tix0Zr0CuxoNigo metallic glass as a function of heating

rates
Ti, Zr, Cu, Ni
Heating Rate(K/Min) N W W
T(K) T,(K)
10 778 785
20 785 793
30 791 798
40 795 802

3.3.5 TizZr;0CuyyNis) Metallic glass

The magnitudes of the abeve parameters Ty and T, are found to be (778 and 784 K),
(795 and 802 K), (801 and 808 K) and (805 and 812 K) for the heating rates 10, 20, 30

and 40 K/min, respectively, shown in Fig 3.6 and given in Table 3.7. The behaviours of
(Z—:), for all the metallic glasses are the same.
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10 K/min
420 K/min

30 K/min
40 K/min

Heat Flow (W/g)

740 760 780 800 820 840 860
Temperature (K)

Fig 3.6: DSC curves of TiyoZry0Cu;oNiso metallic glass at various heating rates.

Table 3.7: T and T}, values for TizoZr0Cu;oNiso metallic glass as a function of heating

rates
Heating Rate (K/Min) Ti,y Zr, Cu,,Niy,
T (K) T,(K)
10 778 784
20 795 802
30 801 808
40 805 812

34 The kinetics of crystallization

Kissinger (1956) procedure was used to evaluate average activation energy, E. The
details of Kissinger procedure is as follows. The basic equation that relates the rate of
reaction to the fraction of the materials decomposed may be written as (Murray et al

1949 and Vaughan 1955)
dx
(E)T— KT(1 - X) (1)

Where, x is the fraction of the materials decomposed, Kris the magnitude of the rate

constant and is given by the Arrhenius equation
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E

KT =Ae Rt

Where, A and E are the frequency factor and activation energy respectively. Here, A is
a measurement of the probability that a molecule will participate in a reaction and E is
energy barrier opposing the reaction (Kissinger 1956) [1].By applying the condition
that the reaction rate is maximumsuch that its derivation with respect to time is zero,

one can obtain a final equation of the form (Chen 1978 and 1981)

E T2
= Ln|—| + constant ... ... ... ........3

KBT, )

Where, T, is the peak temperature, ® is the heating rate and Kg is the Boltzmann

constant.Inal.n (CD/TZp) vs.1/Tp plot the slope will give the quantity (E/KB).

The activation energy of the crystallization event was determined by an approximation
method proposed by Augis and Bennett (1978)[2]. Their approach showed a linear
relation between (In @/T, ) and (1/T,) while linear relation between (lncD/T2 » ) and
(I/T,) was considered for the Kissinger model. The Augis and Bennett modelis

described by the following equation [2]

o E
Ln(—)=——"+Ln(K 4
A== LK) 4)

p p

Where, the pre-exponential term Kj is the frequency factor.

Moreover, another model proposed by Ozawa (1965) [3] was also used to estimate the
activation energy during crystallization. This model describes a linear relation between
(Ln @) and (1/T,) unlike Kissinger equation or Augis-Bennett model. The Ozawa

model is described as:

Ln(®) = _If_TC + const (5)

p
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The slope of Ln (®) versus (1000/T) plot will give the magnitude of (E/Kg).

3.4.1 Kissinger Model

Generally, Kissinger model [1, 20] is most commonly used to estimate the activation
energy and glass transition temperature, which describes the dependence of peak
temperature on heating rate for a particular transition. Using the following Kissinger
equation (1), the activation was calculated where the crystallization peak temperature

(T,,) obtained from DSC thermograms (cf., Figs 3.2-3.6) [1, 20]:

(0)) E
In(—)=—(—)+const., ........ccccccuevvunn... 1
(sz) (RTP) (D

Thus, the experimental data were best fitted to Equation (1) as shown in Fig. 3.8. The
activation energies for crystallizations in the different metallic glass systems were
evaluated from the slopes of these best fitted lines from the respective plots of Ln
(@/sz) versus (/000/T,) as shown in Fig. 3.7. The activation energies calculated at
90% fraction of crystallization for Kissinger model [1, 20] for the crystallization is
presented in Table 8. For TiyZry0CusoNijo metallic glasses the activation energies for

the 1%, 2" and 3"peaks were evaluated to be 395, 396 and 681KJ/mole, respectively.
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Fig. 3.7: Ln (CD/TP2) versus (1000/T}) of TixgZr0.Cugox-Niy (x = 10, 20, 30, 40 and 50)
metallic glasses for 3 peaks of x =10 sample and one peak for other samples.
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Table 3.8: Activation energies (E,) for crystallization of the Tiy.Zr.CugoxNix (x= 10,
20, 30, 40 and 50) metallic glasses (from Kissinger Model [20]).

Ec (KJ/mol) for Crystallization process

Composition using Kissinger method
1% Peak 2" Peak 3" Peak
Ti, Zr,, Cu, Ni, 395 396 681
Ti, Zr,, Cu,, Ni,, 349 - -
Ti, Zr,, Cu, Nij, 394 - .
Ti, Zr,, Cu,, Ni,, 416 - -
218 -- -

T120 Zr20 CulO N150

3.4.2 Augis and Bennett Model

This model is described by the following equation (2):

) E,
Ln(i) = _(pr Y+ Ln(Ky)............ )

where, the pre-exponential K is the frequency factor.

Thus, the experimental data were best fitted to Equation (2) as shown in Fig. 3.8. The

activation energies for crystallizations in the different metallic glass systems were

evaluated from the slopes of these best fitted lines as shown in Fig. 3.8. Using Augis

and Bennett model [2, 20], the activation energies of crystallization are calculated

which are given in Table 3.9. The corresponding activation energies for the 1st, 2" and

31 peaks were found to be 401, 403 and 688 KlJ/mole, respectively, for

Tip0Zr20CusoNijo metallic glass.
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Fig. 3.8: Ln(®/T,) versus (1000/T),)of Tiz.Zry)-CusoxNix (x = 10, 20, 30, 40 and 50)
metallic glasses.
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Table. 3.9 Activation energies (E.) for crystallization of the TiyoZry0Cug.xNix (x= 10,
20, 30, 40 and 50) metallic glasses (from Augis and Bennett Model [21]).

Ec (KJ/mol) for Crystallization process using

Composition Augis& Bennett method
1* Peak 2" Peak 3" Peak
TiZOZr20 Cu50 Ni10 401 403 688
Tizozrz() Cu40 Ni20 355 -- -
Tizozrz() Cu30 Ni30 401 -- -
Tizozrz() Cu20 Ni40 422 -- -
Ti20 Zr20 Culo Ni50 225 -- -
3.4.3 Ozawa Model

This model is described by the following equation (3):

Ln(®) = _(REJi )+ const 3)

p

Thus, the experimental data were best fitted to Equation (3) as shown in Fig. 3.9. The
activation energies for crystallizations in the different for metallic glass systems
(different x values) were evaluated from the slopes of these best fitted lines as shown in
Fig. 3.9. The activation energies calculated for Ozawa Model [3, 21] for the
crystallization are presented in Table 3.10. For TiyZry0CusoNijp metallic glasses the
activation energies for the 1%, 2" and 3" peaks were evaluated to be 408, 409 and 695

KJ/mole, respectively.
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Fig .3.9 The 1%, 2" and 3" crystallization events determined from the plots of Plots of

Ln (®) versus (1000/T,) of TixZryCuexNix (x= 10, 20, 30, 40 and 50) metallic
glasses.
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Table. 3.10 The Ec for TiyZry0CugoxNix (x= 10, 20, 30, 40 and 50) metallic glasses
(from Ozawa Model [22]).

Ec (KJ/mol) for Crystallization process using

Composition Ozawa Method

1% Peak 2" Peak 3" Peak
TiZOZr20 Cu50 Ni10 408 410 695
Ti202r20 Cu40 Ni20 361 -- -
Ti202r20 Cu30 Ni30 407 -- -
Ti202r20 Cu20 Ni40 429 -- --
Ti20 Zr20 Culo Ni50 232 -- -

Looking at the activation energies, it is observed for the first peak of x = 10 sample it is
higher than x =20 sample in all the three models. It is also observed that all the three
models give nearly the same (within a few percent) activation energy for a given
sample. Therefore, it looks like that one can use any of these three models. However,
Kissinger model has been widely used for calculating activation energies of metallic

glasses.

=m= Kissinger method A
420 {/—°— Augis & Bennett method

A= (Ozawa Method -
A A
)

S 400- .
£ . g
p—
4 380+
&
= 360 o
340 - : : :
10 20 30 40

(Ni Concentration. %)

Figure 3.10 Plot E,. values for the first peak obtained by various methods vs Ni Concentration
%).
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Figure 3.10 shows activation energy plot vs. Ni concentration. It is observed that for x
= 20 to x = 40, it is almost linear. Of course, the activation energy for x =10 does not
fall on this straight line behaviour [15]. The sample (x = 10) certainly behaves
differently than other samples as it has three crystallization peaks while other samples
have only one peak. One may have to look at the microstructure of these samples more

carefully to figure out the reason for this deviation.

3.5 FESEM Analysis of Microstructures of TiyZr;)CugoxNiyx (x= 10, 20, 30, 40 and
50) metallic glasses

3.5.1 Surface studies of Ti»yZr;gCusNijg Metallic glass

FESEM has been used to study surface topography of the Tiz¢Zr0Cugo«Nix (x= 10, 20,
30, 40 and 50) metallic glasses. Figure 3.11 (a) shows the microstructure of the
Ti0Zr20CusoNijo metallic glass ribbon. The corresponding EDX data along with the
typical elemental composition are shown in Figure 3.11 (b). The metallic glass ribbon
looked reasonably smooth without the sign of crystallites on the surface as shown in
Figure 3.11 (a). The data from Figure 3.11 (b) confirmed that the (at %) presence of
different elements followed almost the nominal composition of TixZrCusoNijg
metallic glass ribbon within the limits of typical experimental error [12-14]. Similar
observations have also been made for other four remaining metallic glass ribbons (see

Figs.3.12-3.15), as in the case of Tix0Zr0CusoNijo metallic glass.
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-
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Scale 5943 cts Cursor: 1.710 (228 cts) keV|
Element Weight% Atomic%
TiK 14.95 20.56
NiK 8.45 9.48
CuK 46.64 48.33
ZrL 29.96 21.63
Totals 100.00

Fig. 3.11: FESEM studies on TiyyZryCusoNijgmetallic glass (a) Surface morphology and (b)
Average (at.%) chemical compositions by EDX.

3.5.2Surface studies of Ti»Zr»)CugNiz Metallic glass

@ TiygZir, CuyyNi,,

Scale 5943 cts Cursor: 1.710 (239 cts) '
Element Weight% Atomic%

TiK 15.21 20.81

NiK 16.65 18.59

CuK 37.14 38.31

ZrL 31.01 22.28

Totals 100.00

Fig. 3.12: FESEM studies on TiyyZr,yCuygNiypmetallic glass ribbon (a) Surface morphology
and (b) Average (at.%) chemical compositions by EDX.

3.5.3 Surface studies of Ti»)Zr;gCu3yNiz) Metallic glass

@) TiyZr;yCuyyNiy,

Tiyy Zryy Cuyy Niy,

Scale 5943 cts Cursor: 1.710 (244 cts) keV
Element Weight% Atomic%
Ti K 14.89 20.16
NiK 26.88 29.69
CuK 28.29 28.87
ZrL 29.94 21.28
Totals 100.00

Fig. 3.13: FESEM studies on TiyyZr,yCu;oNizgmetallic glass ribbon (a) Surface morphology
and (b) Average (at.%) chemical compositions by EDX.
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3.5.4 Surface studies of Tiz)Zr;gCuygNigy Metallic glass

@ TiyZr,)Cu,Niy, ' '

-

o 2‘ ) 4' ) 6 8 10
Scale 53943 cts Cursor: 1.710 (216 cts) keV|

Element Weight% Atomic%
TiK 15.43 20.64
NiK 35.95 39.22
CuK 19.59 19.75
EHT = 5.00kV Signal A = InLens Date 24 JEISS ZrL 29.03 2038
‘.'ag:_'!-liih X WO; 82mm Time :11 i Tﬂtals l00.00

Fig. 3.14 FESEM studies on TiygZrCuyNigmetallic glass ribbon (a) Surface morphology and
(b) Average (at.%) chemical compositions by EDX.

3.5.5 Surface studies of TizyZr;gCu;9Niso Metallic glass

Ti,y Zr,, Cuy, Nig
(a) e ¢ 20 20 10 50
2
cale 5943 cts Cursor: 1.710 (234 cts) keV|
Element Weight% Atomic%
TiK 15.79 20.98
NiK 44.64 48.39
CuK 9.94 9.96
100 s e Sl A= viam e ZrL 29.64 20.68
F——— mag=4s1.14xx WD= 80mm Time 114248 E Totals 100.00

Fig. 3.15: FESEM studies on TiyyZr,yCuoNispmetallic glass ribbon (a) Surface morphology
and (b) Average (at.%) chemical compositions by EDX.
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3.6 AFM
AFM measurements were carried out to determine the surfaces, that is, shiny side (S)
and dull side (D). These results are shown below.

3.6.1 Surface topography and roughness
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Fig. 3.16: Roughness histogram measured by AFM technique for the TizZr0CueoxNix
(x=10,20,30,40 and 50) metallic glass ribbons.

Table 3.11: Average Roughness values (in nm) measured by AFM for virgin
Ti20Zr20Cugo.x-Nix (x=10,20,30,40 and 50) metallic glass ribbons.

Average Roughness( in nm) measured by AFM

Composition
Shiny side (nm) Dull side (nm)
Ti, Zr,, Cu,, Ni 1.0 1.1
Ti,Zr,, Cu,, Ni,, 1.3 1.1
Ti,Zr,, Cu,, Ni 1.1 1.1
Ti, Zr,, Cu, Ni, 1.3 1.2
Ti,, Zr,, Cu, , Nig, 1.1 1.2

AFM images of the surface topography for the pairs of corresponding shiny (s) and dull
(D) sides of TizpZry0Cueox-Nix (x= 10, 20, 30, 40 and 50) metallic glass ribbons are
shown in Figs 3.16 (a, b), (c, d), (e, ), (g, h) and (1, j). This is possibly the very first
attempt made by us to the best of our knowledge to look at roughness as well as surface
topography of both shiny and dull sides of metallic glass ribbons. The histogram of
average surface roughness (Ra) values of TiyoZr0Cug.xNix (x= 10, 20, 30, 40 and 50)
metallic glass ribbons are shown in Fig. 3.16. The corresponding average surface

roughness values of both sides and determined by scanning 10 spots on each metallic
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glass ribbon are given in Table 3.11. For the compositions TizZr0Cu;oNisp and
TipoZr0CusoNijothe dull sides had roughness marginally lower than those of the
corresponding shiny sides. For the compositions TizoZr0CusgNizpthe dull side had
roughness equal to that of the corresponding shiny side. However, for the compositions
Tip0Zr20CusoNipg and TizgZr0CuyNigg the shiny sides had roughness marginally lower
than those of the corresponding dull sides. Although a one to one correspondence
between surface roughness and preferential initiation of surface crystallization in
comparison to that in the bulk is yet to be unequivocally established [15]. It is
speculated that surface roughness may affect the rate and kinetics of crystallization.

3.7 Annealing studies of ribbons

The XRD spectra shown in Fig. 3.17 confirmed that annealing at 753 K for 30 min
produced the crystalline phases NisTi3, CusZris, NipTi and NiTi, in the
Tip0Zr0CusoNijo metallic glass ribbon. The annealing temperature corresponded to the
onset of crystallization temperature (Tx) of the second exothermic peak on DSC curve
(Fig. 3.3).The XRD spectra shown in Fig. 3.18 confirmed that annealing at 756 K for
30 min produced the crystalline phases NiTi,, NiTi, NisTi;, CuNi,Ti, Ni,Ti and
CugZriin the TizgZr0CusoNijp metallic glass ribbons. The annealing temperature
corresponded to the onset of crystallization temperature (Tx) of the exothermic peak on
DSC curve (Fig. 3.4). The XRD spectra shown in Fig. 3.19 confirmed that annealing at
758 K for 30 min produced the crystalline phases NiTi, NiTi,, NisTis, CuNi,Ti, and
Ni,Ti, NiTiggZro, in the TiyZroCusNizp metallic glass ribbons [16]. The annealing
temperature corresponded to the onset of crystallization temperature (Tx) of the

exothermic peak on DSC curve (Fig. 3.5).
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Fig. 3.17 The TiyZry0CusoNijo metallic glass ribbon annealed at 753 K for 30 min, and
the corresponding XRD spectrum.

The XRD spectra shown in Fig. 3.20 confirmed that annealing at 778 K for 30 min
produced the crystalline phases NiTi, NiTi,, Ni,Ti, CugZrs, NisTis, CulNi,Ti, Ni,Ti, and
NiTipgZrp, in the TizZr0CuyoNigy metallic glass ribbons. The annealing temperature
corresponded to the onset of crystallization temperature (Ty) of the exothermic peak on

DSC curve (Fig. 3.6).
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Fig. 3.18 The TizZry0CusoNio metallic glass ribbon annealed at 756 K for 30 min, and
the corresponding XRD spectrum.

-67 -



Structural Characterization of Ti-Zr-Cu-Ni metallic glasses

500 +

2500 - ° TizozrzocusoN i30

®
.*é 2000 - o

= L ]

2 ®m NiTi

'c% 1500 - @ NiTi2

; ONi4Ti3 (CuNi2Ti)

.‘a 1000 - ®Ni2Ti(NiTi0.8Zr0.2)
=]

D

~—

=

[L=i

10 20 30 40 50 60 70 80 90

Fig. 3.19 XRD spectra of the TiyZr,0CusNiszp Metallic glass Ribbons annealed at 758
K for 30Min.
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Fig. 3.20 XRD spectra of the TiyZr0Cu,oNis Metallic glass Ribbons annealed at 778
K for 30Min.
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Fig. 3.21 The TizoZr0Cu;oNiso metallic glass ribbon annealed at 783 K for 30min, and
the corresponding XRD spectrum.

The XRD spectra shown in Fig. 3.21 confirmed that annealing at 783 K for 30 min
produced the crystalline phases NiTiy, NipTi, NiTi, NiyTiz, and CuNi;Ti in the
Tip0Zr20Cu;0Nisp metallic glass ribbons. The annealing temperature corresponded to the
onset of crystallization temperature (Tx) of the exothermic peak on DSC curve (Fig.

3.7).

3.8 Transmission Electron Microscopy
3.8.1 The annealed ribbon at 753 K for 30 min of Ti»Zr;yCusoNijo metallic glass
The Figs. 3.22(a-c), represent the bright field (BF), dark field (DF) and corresponding

SAED [17], respectively for theTizyZr0CusoNijp metallic glass ribbon annealed at 753
K for 30 min. Table 3.12 presents the corresponding data on composition analysis of
the annealed TiyZr,0CusoNijp metallic glass ribbon. These results e.g., Fig. 3.23 (c¢) and
Table 3.12 corroborated with the corresponding XRD data (Fig. 3.17).The
homogeneous distribution of the various nanocrystalline phases in amorphous matrix
has been shown in Figs.3.21 (a) and (b). Existence of these nanocrystalline phases were
confirmed from both the XRD data (Fig. 3.17) and the compositional analysis data
obtained from the TEM studies (Table 3.12).The range of the size of spherical features

in the dark field image (Figure 3.22b) was about 10 to 100nm while the average feature
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size was about 50 nm (Figure 3.22a). The BF, DF and corresponding SAED pattern of
the annealed TiyZry0CusoNiyy metallic glass at 756 K for 30min are shown in Figs
3.23(a), (b) and (c), respectively. Table 3.13 presents the corresponding data on
compositional analysis of the same annealed ribbon. These results e.g., Fig. 3.23 (c)
and Table 3.13 corroborated with the corresponding XRD data (Fig. 18). The
homogeneous distribution of the various nanocrystalline phases in amorphous matrix
has also been observed (Figs. 3.23 (a) and (b)). Existence of the nanocrystalline phases
were confirmed from both the XRD data (Fig. 3.18) and the compositional analysis
data obtained from the TEM studies (Table 3.13). The range of the size of spherical

features in the dark field image (Figure 3.23b) was about 10 to 100nm [18, 19].

The same phenomena followed for BF, DF and the corresponding SAED patterns of the
annealed metallic glass ribbons viz., TixZr0CusNizp (annealed at 758 K),
Tiy0Zr0CuxNigy (annealed at 778 K) and TiyZroCuigNisy (annealed at 783 K)
(Figs.3.24 a-c; Figs.3.25 a-c and Figs.3.26 a-c), as in the case for other two glass
ribbons mentioned earlier (sections 3.8.1 and 3.8.2).The corresponding data on
compositional analysis of the above three glasses are also shown in TEM studies Tables
3.14-3.16. Existence of these nanocrystallie phases were confirmed from both the XRD

data (Figs. 3.19-3.21).
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Fig. 3.22 The annealed ribbon of TiyZry0CusoNijo metallic glass at 753 K for 30min
and the corresponding TEM images: (a)-(c): BF image, DF image and selected area of
electron diffraction pattern (SAED), respectively.

Table 3.12 The analytical composition of the TiyZr0CusoNijo metallic glass ribbon
(annealed at 753 K for a period of 30min)

Elements (at %)

Ti Zr Cu Ni Phases

19.52 20.82 50.36 11.09 NiTi & NiTi2
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3.8.2 The annealed ribbon at 756 K for 30 min of Tiz)Zr;9CuygoNiz9 metallic glass

Fig. 3.23The annealed ribbon of Ti¢Zr,0CusoNiy metallic glass at 756 K for 30min and
the corresponding TEM images: (a)-(c): BF image, DF image and selected area of
electron diffraction pattern (SAED), respectively.

Table 3.13 The analytical composition of the TiyZr0CusNizy metallic glass ribbon
(annealed at 753 K for a period of 30min)

Elements (at. %)

Ti Zr Cu Ni Phases

18.14 22.13 38.45 21.26 Ni2Ti & NiTi2
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3.8.3 The annealed ribbon at 758 K for 30 min of TiZr;)Cu3oNiz) metallic glass
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Fig.3.24 The annealed ribbon of TioZr,oCu3gNi3p metallic glass at 758 K for 30min and
the corresponding TEM images: (a)-(c): BF image, DF image and selected area of
electron diffraction pattern (SAED), respectively.

Table 3.14 The analytical composition of the TiyyZr0CuszNizyp metallic glass ribbon
(annealed at 758K for a period of 30min)

Elements (at. %)

Ti Zr Cu Ni Phases

18.34 23.28 26.74 31.63 NiTi
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3.8.4 The annealed ribbon at 778 K for 30 min of Ti»Zr;)CuyNig metallic glass
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Fig. 3.25 The annealed ribbon of TipZry0CuyNig metallic glass at 778 K for 30min
and the corresponding TEM images: (a)-(c): BF image, DF image and selected area of
electron diffraction pattern (SAED), respectively.

Table 3.15 The analytical composition of the TiyyZrypCuyoNisy metallic glass ribbon

(annealed at 778K for a period of 30min)

Elements (at. %)

Ti Zr Cu Ni Phases

18.00 19.30 17.77 4491 NiTi2
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3.8.5 The annealed ribbon at 783 K for 30 min of TizZr;9Cu;oNiso metallic glass

Fig.3.26 The annealed ribbon of Ti¢Zr,oCu;¢Niso metallic glass at 778 K for 30min and
the corresponding TEM images: (a)-(c): BF image, DF image and selected area of

electron diffraction pattern (SAED), respectively.

Table 3.16 The analytical composition of the TiyyZr0Cu;oNiso metallic glass ribbon

(annealed at 783K for a period of 30min)

Elements (at. %)

Ti Zr Cu Ni Phases

17.21 22.97 9.75 50.06 NiTi2

3.9 Conclusion

A detailed investigations of structural tests was conducted on five different metallic
glasses (MGs) have been reported in this chapter. Based on our experimental results,
the following conclusion could be summarized: XRD results show that all the samples
have amorphous in nature. The phase transformation kinetics of the TizZr,0CugpxNix

(x=10, 20, 30, 40 and 50) metallic glasses have been carried out using several
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theoretical models and the following conclusions can be made. The metallic glasses
under investigation (except TizoZr0CusoNijg glass) show a single crystallization region,
The TizoZr0CusoNijg glass shows three crystallization peaks.

The activation energy (E.) for the first crystallization was estimated by means of
Kissinger, Augis-Bennett and Ozawa models.

FESEM has been used to study surface topography of the TizoZr,0CuepxNix (x= 10, 20,
30, 40 and 50) metallic glasses. Figure 3.11(a) shows the microstructure of the
Tip0Zr0CusoNijo metallic glass ribbon. The corresponding EDS data along with the
typical elemental compositions are shown in Fig. 3.11(b). From AFM images, the
actual surface topography has been investigated.

The annealed XRD spectra shown in Fig. 3.17 confirmed that annealing at 753 K for 30
min produced the crystalline phases NisTi3, Cus;Zry4, Ni;Ti and NiTi, in the
Tip0Zr0CusoNijo metallic glass ribbon. The XRD spectra shown in Fig. 3.18 confirmed
that annealing at 756 K for 30 min produced the crystalline phases NiTi,, NiTi, NigTis,
CuNi,Ti, Ni,Ti and CugZrsin the TizoZr0CusoNiyy metallic glass ribbon. The XRD
spectra shown in Fig. 3.19 confirmed that annealing at 758 K for 30 min produced the
crystalline phases NiTi, NiTi;, NiyTis, CuNi,Ti, and Ni,Ti, NiTipgZrp, in the
Tip0Zr20CusNisp metallic glass ribbon. The XRD spectra shown in Fig. 3.20 confirmed
that annealing at 778 K for 30 min produced the crystalline phases NiTi, NiTi,, Ni,Ti,
CusgZr3, NigTis, CuNi,Ti, NiTi, and NiTipgZrg, in the TizgZr0CuyoNigy metallic glass
ribbons and spectra shown in Fig. 3.21confirmed that annealing at 783 K for 30 min
produced the crystalline phases NiTi;, NipTi, NiTi, NigTi3, and CuNi,Ti in the
TiyoZr0CuioNisp metallic glass ribbon. TEM has been used to study the phase
identification and microstructure analysis of the TiyoZr0CugoxNix (x= 10, 20, 30, 40

and 50) metallic glasses. The TiyoZr,0CusoNijo metallic glass ribbon annealed at 753 K
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for 30min produced the crystalline phases NiTi and NiTi, and Tiz¢Zr,0CusoNiyo metallic
glass ribbon annealed at 756 K for 30min produced the crystalline phases Ni»Ti and
NiTi;, The TixZroCusNisg, TizgZroCuyNigg and TizgZroCujoNisy metallic glass
ribbons annealed at 758, 778 and 783 K, respectively for a period of 30 min produced
the crystalline phases of NiTi, NiTi, and NiTi, respectively. The homogeneous
distribution of the various nanocrystalline phases in the amorphous matrix and the
existence of these nanocrystallie phases were confirmed from the XRD, TEM data and

compositional analysis data obtained from the EDS studies.
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Chapter 4
Mechanical and Functional properties

4.1 Introduction

The metallic amorphous alloys were widely studied in the recent past because they
possess excellent characteristics viz., soft magnetic properties, greater compressive
strength, significant behaviour of anti-corrosion and many others. In many
applications, mechanical properties of metallic glasses (MGs) are an important input.
Similarly, in many electrical and magnetic applications, it is important to know
electrical behaviour of a metallic glass with composition as well as temperature. The
variations of the physical, mechanical and electrical properties of TizoZr,0Cuep-x-Nix
(x=10, 20, 30, 40 and 50) metallic glasses as a function of composition are presented
in this Chapter.

There were first report of high glass forming ability (GFA) of Cu-Ti based alloys
namely, Cuy;Ti34Zr1Nig and Cus7Ti33Zr11NigSi;, which can be cast fully amorphous in
the rod forms of 4 and 7 mm in diameter [1, 2]. Afterwards, much effort were made in
order to develop novel Cu-Ti based bulk glassy alloys possessing more GFA and
improved mechanical properties [3, 4]. However, it has been observed that the
metallic glasses have drawbacks which are the lack of ductility shown in tensile
experiments and limited plasticity under macroscopic compression [5]. Therefore, in
order to overcome the above constraints, the technique of the nanoindentation has
become popular to evaluate mechanical properties of these materials [6-8]. The
response of nanoindentation on Cu-Ti based metallic glasses has recently been

appeared [9].
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4.2 Density

The experimentally measured density of all the alloys and the corresponding
Tip0Zr0Cugox-Nix (x=10, 20, 30, 40 and 50) metallic glasses have been plotted as a
function of the percentage of Ni in the composition and are shown in Fig. 4.1. The data
from Fig. 4.1 confirmed that the density (p) of all the alloys decreased consistently
from 7.9t0 7.5 g/cm3 while those of all the metallic glasses decreased consistently from
7.5 to 7.1 g/crn3 as the Ni percentage was increased from 10 to 50% in the

corresponding compositions [10]. These data are also included in Table 4.1.
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Fig.4 .1 experimentally measured density of all the alloys and the corresponding
Ti0Zr20Cug0-x-Niy (x=10, 20, 30, 40 and 50) metallic glasses as a function of the

percentage of Ni in the composition.

Table 4.1 Density data of metallic alloys and as-spun ribbons

Density measurement of alloys and as-spun ribbons

Composition
Alloy (g/cm’) As-spun ribbon (g/cm’)
Tizo Zr20 CLI50 Ni]o 7.94 7.57
Tizo Zr20 CLI40 Nizo 7.85 7.42
Ti20 ZI'Q() CU30 Ni30 7.75 7.34
Tizo Zr20 Cu20 Ni40 7.63 7.22
Ti20 ZI'Q() CU10 Nis() 7.51 7.14

The lower density of metallic glasses in ribbon is expected due to voids, defects
etc. which may depend on the melt spinning conditions.
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4.3 Mechanical Properties: nanoindentation studies on the Ti¢Zr;)Cug.xNiy (x=10,
20, 30, 40 and 50) metallic glasses.

The significant physical quantities obtained from the load versus depth of penetration
plot are: the peak load, P, maximum depth of penetration, hy.y, final depth of
penetration, hy, and the contact stiffness, S. from the Oliver and Pharr (O-P) model [6]

the nanohardness (H) of a material is given by the following Equation (1):

P
H=-2 (1
A M

cr

where, Ppax 1s the maximum applied load in the nanoindentation experiment and A, is
the real contact area between the nanoindenter and the material.

According to Oliver and Pharr [6], the polynomial form of A, can be expressed
as Equation (2):

A, =24.56h° +Ch +C,h'"> +Ch"" +. ...+ Ch'* .

where, C; to Cg are constants to be determined by standard calibration method and h. is

the penetration depth determined from the following Equation (3):

s 3)
where, K = (.75 for a Berkovich indenter [6] .
Again, the contact stiffness (S) which is the slope (BE) of the first ~1/3" linear
part recorded during the unloading cycle of the P-h plot (Fig. 1) can be expressed by

the following Equation (4) as [6]:

S = d_P|h = hmax = aCAEr\/A_cr
dh “)

where, o = 1.034 and Ca =2/ & for a Berkovich indenter [28] and E, is the reduced
Young’s modulus. Following the O-P model [6], E; can be expressed by the following

Equation (5) as:
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r i s (5)
where, E; and v; are the Young’s modulus and Poisson’s ratio, respectively and

subscripts i and s, denotes the indenter and the sample, respectively. For the Berkovich
diamond indenter used in the present work, the values of E; and v; were taken as 1140

GPa and 0.07 respectively, following [6].
However, according to Oliver and Pharr [6], the unloading curve simply obeys
the power law relationship given by the following Equation (6) as:

P=a (h —hy )m (6)

where, o and m are empirical constants which can be determined by fitting the
experimentally measured data from the load versus depth of penetration data plot to
Equation (6). Thus, the contact stiffness was determined using the following Equation

(7) as [6]:

AP
S == lh= by = am(h—h, ) o

Therefore, substituting the values of S, a, Ca and A, in Equation (4), the value
of the reduced modulus E,was calculated. The Young’s modulus value of the sample,
E;, was then easily obtained from Equation (5), using the known values of E; and E;.

The typical representative P-h plots measured at a load of 5,000 mN for the
metallic glasses (a) TixZroCusoNijg, (b) TizZr0CusoNiag, (c) TizgZroCuzgNizg, (d)
Tip0Zr20Cuy0Nigg and (e) TizgZr0Cu;gNisg are shown in Figs 4.2 (a), (b), (¢), (d) and (e),
respectively. Based on these data and using the mathematical formalism of the Oliver
and Pharr model [11], as described earlier in chapter 2, the nanohardness (H) and the

reduced Young’s modulus (E) were estimated. All these data are depicted in Table 4.2.
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The data presented in Table 4.2 show that both reduced Young’s modulus (E)
and nanohardness (H) increased approximately linearly as the Ni percentage was
increased from 10 to 50% in the corresponding compositions. The reason for this is yet
to be well understood and hence further work will need to be done in future to

understand the genesis of this behaviour.

Table 4.2 Calculated values of hardness and Young’s modulus of TizoZr0Cug-xNix
(x=10, 20, 30, 40 and 50) metallic glasses measured at a load of 5000 uN

Calculated values of hardness and Young’s modulus as-spun

Composition ribbons
E (GPa) H (GPa)
Ti20 ZI'QQ CU5() Nil() 107+6.55 7.0+£0.18
Ti20 ZI'QQ CIl4() Niz() 112+6.88 6.910.12
Ti20 ZI'QQ CU3() Ni3() 121+6.12 7.2+0.21
Tiz() Zr2() Cu20 Ni40 122+7.52 7.3+0.23
Tiz() Zr2() CU10 Ni50 124+7.88 7.4+0.24

-83-



Mechanical as well as functional properties

5000+ Ti20 Zr20 Cus0 Mo 50004 Ti20 Zr20 Cugp Nizg
_ 4000+ 4000+
2 Z
= 3000+ = 30004
: 3
= 2000- 3 20004
1000+ 1000 -
0 T T T 0 T ¥ )
0 50 100 150 200 0 50 100 150 200
Displacement (nm) Displacement (nm)
5000 4 Ti20 Zr20 Cuzo Niz 5000 Ti20Zr20 Cuz0Nigo
4000
z Z 3000
3 3
S < 2000
10001
0 T T ¥ T ¥ T T 0 T T T | T T T T T
0 50 100 150 200 0 50 100 150 200 250
Displacement (nm) Displacement (nm)
50004 T20Zr20 1107150
4000+
2 3000
=
=
3 2000+
1000 -
0 .

0 40 80 120 160 200
Displacement(nm)

Fig. 4.2 The typical representative P-h plots measured at a load of 5000 uN for the
metallic glasses (a) TizoZr20CU5oNi10’ (b) TizoZI'zoCl.MoNizo’ (C) TizoZI‘zoCU30Ni3o, (d)
TizoZI‘zoCUQQNim and (e) Tizozrzocul()Niﬂ).
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4.4 Electrical Resistivity: Evaluation of temperature dependence resistivity of the
Tiz0Zr290CugxNix (x=10, 20, 30, 40 and 50) metallic glasses

The magnitudes of (prr) at room temperature (i.e., 300K) were measured to be
46, 28, 62, 63 and 32 Q-cm for TixgZr0CusoNijg, TizZragCusgNisg, TizgZrroCusgNisg,
TipoZr0CuyNigy and TippZryoCujoNisp metallic glass ribbons, respectively. The
normalized resistivity [(pr)/(prT)], Where (pr) is resistivity at a given temperature T(K)
and (prr) is the resistivity at room temperature for TizZra0CusoNijg, TizgZr20CuagNiz,
Tip0Zr20Cus0Nisg, TizZrnCuyoNisy and TizgZrgCujgNisy metallic glass ribbons, which
are plotted as a function of temperature (from 0 to 1000 K) and shown in Figs 4.3 (a),
(b), (c), (d) and (e), respectively. In all the data plotted in Fig 4.3 generally there was a
temperature (Ts) at which the sudden severe drop in resistivity ratio started and a
temperature (T,,) at which it reached a minimum value which was taken as the
temperature of complete crystallization for the sample. This sharp drop in [(pr)/(prT)]
was due to the crystallization of each metallic glass. As seen in the figure (a) which is
for x = 10 sample, it has more than one crystallization as observed in DSC also. For x
=2 sample, it shows first crystallization and a very small crystallization later which
was not detected in DSC, This may be due to different heating rates in the electrical
resistance measurements which was much slower than the ones used in DSC

measurements. For other samples it shows only one crystallization as observed in DSC.

For TiyyZr0CusoNijg, TizgZrgCusgNizg, TizgZragCusgNisg, TixZr0CusNigg and
Tiy0Zr0CuoNisp metallic glass ribbons these pair (Ts and T,,,) of temperatures were
measured to be respectively (749 and 788 K, Figure 4.3 (a)), (779 and 798 K, Fig 4.3
(b)), (778 and 800 K, Fig 4.3 (c)), (794 and 820 K, Fig 4.3(d)) and (803 and 822 K, Fig

4.3 (e)). These data are given in Table 4.3.
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Fig .4.3 Temperature (e.g., from O to 1000 K) dependence of normalized resistivity for
metallic glass ribbons : (a) TizoZI'zoCUmNi]o, (b)TizoZI'zoCLuoNizo, (C) TizoZI'zoCl.l30Ni3o,
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Table 4.3 Room Temperature Resistivity of TiyoZr0CugoxNix (x=10, 20, 30, 40 and 50)
metallic glasses and corresponding temperatures of onset and completion of
crystallization processes (Temperature given in bracket is derived from DSC
measurements as-spun ribbons.)

Room Temperature Resistivity (Temperature
given in bracket is derived from DSC

Composition measurements as-spun ribbons.)
T (K) T, (K) RT-p
(pQ-cm)
. . 749 788
T1202r20 Cu50 Nlm (753) 770) 61
. . 779 798
Ti,Zr, Cu, Ni,, (756) (764) 60
. . 778 800
TIZOZrZO Cu30 Nl30 (758) (763) 62
. . 794 820
leozrzo CuZO N140 (778) (785) 63
. . 803 822
T120 ZrZO Culo NISO (783) (788) 64

Just for the purpose of comparison two other temperatures are added inside first
brackets in corresponding cases. These are Ty, the crystallization initiation temperature
as mentioned earlier and Tp the peak temperature as discussed earlier in Chapter 3.
Based on the experimental data presented in Chapter 3, for TizoZr0CusoNijo,
Tip0Zr20CusoNipg, TizgZr0CusgNisg, TizgZr0CusoNig and TizgZroCujoNiso metallic glass
ribbons these pair (Tx and T,) of temperatures were measured to be respectively (753
and 771 K, Table 4.3), (756 and 764 K, Table 4.3), (758 and 763K, Table 4.3), (778
and 785, Table 4.3) and (783 and 788K, Table 4.3). Thus, in other words, these
temperatures compared fairly well with the experimentally measured pair (T and T,)
of temperatures for the metallic glass ribbon samples in correspondence. The difference
may be due to the slow heating rate used in the resistance measurements, as mentioned

earlier.
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Finally, some minor differences in (T and T,) and (Tx and T,) could be
attributed to the corresponding differences in temperature measurements due to the
usage of different thermocouples in DSC and resistivity measurement experiments, and
the variations in rate of increase of temperature in the respective cases. Also it needs to
be noted that (T and Ty,) and (Tx and T}) are kind of similar but not exactly the same as
each other. Moreover, the heat flow measured in DSC experiments is entirely different
from resistivity ratio measured in temperature dependence of resistivity experiments. It
was interesting to note that TiypZroCujgNisp metallic glass also showed linear
behaviour over a large temperature interval but the slope of the normalized resistivity
versus temperature curve much less. However, it showed a slightly different behaviour
at about 523 K where [(pr)/(prr)] had started to decrease slowly without exhibiting a
sharp drop until the temperature had risen to about 653 K where a sharp decrease in
[(pT)/(prT)] Was observed. Thus, [(pr)/(prT)] reached the minimum value at about 703
K prior to a sharp increase at 753 K. However, beyond 753K [(pr)/(prT)] started to
decrease again. Thus, the particular normalized resistivity measurements indicated the
existence of three regions where [(pr)/(prt)] started to decrease. In other words these
data mean that there were possibly three crystallization steps. The first one appeared to
be sluggish. It was followed by the second one which showed fast crystallization. This
second crystallization step was followed by the third one which had also exhibited fast
crystallization. It may be recalled that the corresponding DSC plot had shown (Fig 4.3)
only two crystallization steps. The first crystallization step was sluggish while the other
one was a fast one. It is conjectured that possibly the first crystallization step was so

sluggish that it could not be observed in the DSC experiments.
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For TiyZry0CusoNisg, TizgZrgCuszgNizg, TizxgZrgCusoNisg and TiygZroCuioNisy metallic
glass ribbons single sharp drop followed by the sharp rise in [(p)/(prr)] confirmed
that these were really single step crystallization processes as observed earlier in the
respective DSC measurements (Figures 3.3,3.4,3.5,3.6 and 3.7, Chapter 3). The data
presented in Fig. 4.3 confirmed that on an average the normalized resistivity of all
samples had a linear dependency on temperature in the range from 73 K to 773 K.
Ziman [11, 12, and 13] has worked on temperature dependence of resistivity of metallic
glasses using the liquid metal theory. In both liquid metal and metallic glass only short
range order exist. His work has shown that p(T) oc T for T >0p, and p(T) o T? for T
<<0p where 0Op is the Debye temperature which for most metallic glasses it is ~ 200 K
(i.e., 73 K). Thus, the observed temperature dependence of resistivity agrees with the
Ziman’s theoretical predictions [11-13] and it also follows the general trend reported in

literature [14-16] for most metallic glasses.

4.5 Conclusions

The typical representative plots of P-h obtained at a load of 5000uN for the (a)
Ti20Z1r20CusoNijo, (b) TizgZr20CusoNin, (¢) TizgZr20CusNizg, (d) TizgZr0CuzNig and (e)
Tip0Zr20Cu;0Nisp metallic glasses with a view to understand the Hardness and Young’s
modulus properties of these metallic glasses. The present work is the very first
experimental observation to the best of our knowledge, where density, nanoindentation
at a constant peak load of 5000 uN, and the intrinsic contact resistance have been
reported. The magnitudes of prr (at 300 K) were measured and found to be 61, 60, 62, 63
and 64 Q-cm for TiygZr>0CusoNijg, TixgZrroCusogNisg, TirgZrroCuszgNizg, TirgZrrgCuroNigg

and TipZry0CuoNisy metallic glass ribbons, respectively.
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Chapter 5
Vacuum-brazing of Ti-alloy using melt-spun Ti-Zr-Cu-Ni ribbons

5.1 Introduction
This chapter presents the microstructural analysis for brazed samples of TixgZroCugp-
«Nix (x=10, 20, 30, 40 and 50) metallic glasses with CP-Ti alloy.

5. 2 The melting behaviour of fillers
The filler foils were examined for their melting behaviours by differential thermal
(DTA) analyser on a heating rate of 10°C/ min from 900 to 1200°C. Air flow at a
constant of 20 ml/min was allowed during these experiments. In Table 5.1, the brazing
filler melting ranges are presented.

Table 5.1Themelting behaviours of the filler foil

Alloys of brazing filler Melting temperature (Solidus/Liquidus. °C )
Ti20Zr20 CusoNi10 910/1000
T120Zr20 Cu40 Ni20 950/1000
T120Zr20Cu30Ni130 960/1000
Ti20Zr20 Cu20Ni40 980/1010
Ti20Zr20Cul10 Niso 990/1100

5.3 Differential Thermal Analysis of TizZr;)CugoxNix(x=10, 20, 30, 40 and 50)
metallic glasses

The melting points for TixgZr0Cugox-Nix (x=10, 20, 30, 40 and 50) metallic glasses
were taken into account, which are shown in Figs 5.1(a-e). There were three peaks
found for first onset (Ty,1), second onset (Ty,;) and third onset (Ty,;) melting points at
986, 1089, 1117°C, respectively and similarly three peaks found for first end set (Tyo),
second end set (T,,) and third end set (Ty,) melting points at 999, 1097, 1127°C,
respectively. However, only single peak has been observed in other four metallic

glasses (Figs 5.1 b-e), the onset and end set were also shown. The DSC data (Chapter
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No-3, Section No.3.3.1, Fig. No.2) mentioned earlier also showed that the first
Tip0Zr0CusoNijo metallic glassy stem had three steps involved in the crystallization,
whereas the reaming four metallic glasses had single step during crystallization process.
The melting point of TiggNi (wt. %) eutectic alloy was obtained from the Ti-Ni binary
phase diagram and found to be 1118°C [1, 2]. It can be assumed reasonably that the
melting point of TiH,-Ni-B brazing powder was mainly accompanied by the
composition of the Ti-Ni alloy. During the heating process, the appearance of the
second peak is due to the chemical reaction of Ti + B—TiB. The general observation
is that the brazing point temperature is somewhat higher than that of the filler metal and
as a result, the brazing temperature selected, accordingly. The brazing temperatures
were chosen to be 990, 967, 995, 1004 and 1006°C during brazing experiments for

metallic glasses are shown in Figs. (a), (b), (¢), (d) and (e), respectively.
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Fig.5.1 DTA curves of TiyZry0CueoxNix (x=10, 20, 30, 40 and 50) metallic glasses
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5.4 Microstructural Analysis of Brazed Joints

Regarding the methodology of the brazing joints, it has been described in detail in
Chapter-2. The pure commercial Ti was used for the base metal during the investigation.
Purpose of this investigation was to braze two pieces of CP-Ti using the TioZr20Cugo-x-Nix
(x=10, 20, 30, 40 and 50) metallic glass ribbons of 50um thickness as the filler material.
Afterwards, in order to join Ti by the isothermal holding at corresponding brazing
temperatures for a period of 10 min under a pressure of 5%10” Pa and then cooled in the
furnace, in Ar inert atmosphere employing vacuum brazing technique. The cross-sections
of the brazing joints samples were characterized by field emission scanning electron
microscopic (FESEM) and energy-dispersive X-ray spectrometric (EDX) techniques with

a spot size of 1 pm.
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5.4.1 The Microstructure analysis of TizZr;9CugoxNix (x=10, 20, 30, 40 and 50)
metallic glass brazed joints at corresponding brazing temperatures for a period
10 min

The FESEM analyses including EDX of TiyZr0CugoxNix (x=10, 20, 30, 40 and 50)
brazed joint composites at corresponding brazing temperatures are shown in Figures,
5.2-5.21.
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Fig. 5.2 FESEM analysis of Ti/TiZr,CusoNi;¢/Ti composite brazed joint at 990°C for period of
10 min: (a) Cross sectional BSE image, (b) corresponding EDX based line scan analysis across
40pum length comprising the CP-Ti pieces on both sides of brazed joint, corresponding
concentration profiles of elements :(c) Ti, (d) Ni (e) Cu and (f) Zr.
Figure 5.2 (a) shows the cross sectional BSE image of the Ti/TixZr0CusoNijo/Ti
composite joint. It has been indicated in Fig 5.2 (a) that the joint was devoid of
imperfections (in respect of cracks and voids) and soundly bonded. It appears that there

was possibly a vigorous interfacial interaction which had occurred during the brazing

process and there must be a chemical reaction between the Ti substrate and molten

-84 -



Vacuum-Brazing

metallic glass filler including involvement of dissolution and diffusion [6]. A good
wetting and strong bonding between the substrates and filler alloy has been observed
from these results. The continuous and formation of sound interfacial reaction layers at
the interface between the brazing alloy and substrates, which were shown in Fig. 5.2
(a). It was appeared that the average thickness of the reaction layer found to be about 50
um and formed at the interface of Ti-alloy/brazed material [7]. The thickness of the gap
between reaction layer and Ti-alloy was only around 1um. As shown in Figure 5.2 a,
both reaction layers were primarily composed of Ti.In Fig, 5.2 (b), the corresponding
EDX based line scan analysis is shown across 40 um length comprising of the CP-Ti
pieces on both sides of brazed joints [8].It indicates that the amount of Ti slightly varied
at the interface in comparison to its presence at the middle of the brazed joint.
Compared to that of Ti, the amounts of Ni, Cu and Zr were a little on the lower side.
The distribution of the primary elements across the brazing seam was obtained by EDX
in order to describe the atomic behaviour at the solid/liquid interface [9]. Thus, the
corresponding concentration profiles of Ti, Ni, Cu and Zrare given in Figs,5.2(c), (d),
(e)and (f), respectively [10-15]. Similarly, the corresponding EDX based X-ray maps of
the elemental distribution of Ti, Zr, Cu and Ni are indicated in Figs,5.3(a), (b),(c) and
(d), respectively.

Although the presence of Ti was throughout across the brazed joint, there was a relative
increase near the interface region where the reaction had initially started, Fig.5.2
(c).From Fig.5.3 (a), it appears that Ti concentration is less in brazed region. Similarly,
the amounts of Cu (Fig.5.2e) and Zr (Fig.5.2f) were more at the centre of the brazed
joint but became slightly lesser at the vicinity of the interface [6]. However, Ni
(Fig.5.2d) appeared to be nearly uniformly distributed across the span of the brazed

joint.
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The amount of both dissolved Ti and Ti-alloy, and the diffusion rate of Cu in the filler
metal were relatively high (because the concentration of Ti in the filler material is very
small compared to base material) due to the appearance of a high concentration of Cu in
the whole brazing experiment. Meanwhile, after reducing the concentration in the filler,
the diffusion of Zr, Ni and Cu atoms from filler into the Ti substrate occurred. In other
words, because of the interfacial interaction, the transformation of the quaternary Ti-Zr-
Cu-Ni to a series of liquid of Ti-Zr-Cu-Ni system took place with unknown
compositions. It is quite obvious that the occurrence of joint microstructure during
isothermal solidification and cooling of the Ti-Zr-Cu-Ni molten pool were due to
complicated behaviour. In the binary phase diagrams of Ti-Zr and Cu-Ni, it is known
that both the Ti and Zr, and Cu and Ni element pairs not only have similar atomic radii
and crystal structure, but also are fully miscible with one another [3, 17, 18]. These
observations are in good agreement with the X-ray maping data of Ti, Zr,Cu and Ni, as
depicted in Figs.5.3(a), (b), (¢) and (d), respectively [19].

The FESEM image of the interface microstructures of Ti/Tiy0Zr0CusoNi;o/Ti composite
brazing joint at 990°Cdemonstrated the following four zones: Ti rich diffusion 1, Ti rich
diffusion 2, the discontinuous reaction and the central zones are given in Figs.5.4 (a),
(b), (¢) and (d), respectively. To have an approximate idea of the elemental
compositions of these regions, EDX spectra were taken from Ti-rich phase,a-Ti rich
phase, (Ti,Zr),Cu and eutectoid rich region, which are depicted in Figs5.4 (a), (b),
(c)and (d), respectively.

The EDX spectra collected from diffusion zone 1, diffusion zone 2, discontinuous
reaction zone and central zone, are shown in Figs.5.5 (a), (b), (c) and (d), respectively.
Approximate average chemical compositions obtained from such numerous

experiments are shown in Table 5.2.
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Fig. 5.3 FESEM analysis of Ti/ TiyyZr,yCusoNijo/Ti composite joint brazed at 990°C
for 10 min. EDX based X-ray Maps of the distribution of various elements across the
brazed joint (a) Ti, (b) Cu, (c) Zr and (d) Ni.

Sum o Electron Im§e1 30um 7 Electron gu
Fig.5.4 Further FESEM images of the interface microstructures of Ti/ TijZr,gCusoNij
/Ti composite brazed joint at 990°C for a period of 10 min: (a) Diffusion zone 1 (b)
diffusion zone 2, (c) discontinuous reaction zone and (d) central zone.
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Fig.5.5TheEDXspectra of the interface microstructures of Ti/TiyyZryCusoNijo/Ti
composite joint brazed at 990°C for 10 min:

Table 5.2 EDX analyses based elemental chemical composition analysis of interface
microstructures of Ti/ TixgZraoCusoNio/Ti composite brazing joint 990°C

Elements (at. %)

Area
Ti Zr Cu Ni Phases
Spectrum 1~ 100.00 --- - -- Ti-rich
Spectrum 2 91.35 2.07 5.63 0.95 o-Ti Ref[4]
Spectrum 3 85.56  3.30 10.32 0.82 (Ti, Zr),Cu Ref[5]
Spectrum4  85.60  3.86 9.53 1.02 Eutectoid Ref[3]

Thus, on the basis of the experimental data displayed in Figs 5.2-5.5 and Table 5.2, it

appears possible to suggest the following processes to have occurred during the brazed

joint formation: During the isothermal solidification of the molten brazed and had

eventually formed primary B-Ti, the residual melt was solidified via eutectic reaction

upon the cooling cycle of brazing. Based on the data of Table 5.2, the eutectic consisted

most probably of (Ti,Zr),Cu, a-Ti and Ti-rich as shown in Figs.5.4 (a-d) and 5.5 (a-d).

The B-Ti is totally soluble with Zr according to related binary alloy phase diagrams [3].
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The maximum solubilities of Cu and Ni in the B-Ti phase are 33.5 and 8 at. %,
respectively. In contrast, Cu and Ni are dissolved in a-Ti phase up to 1.6 and 0.2 at. %,
respectively [20]. These values are significantly lower than their respective solubilities
in B-Ti phase. Both Cu and Ni are hence well known to be stabilizers of the -phase in
CP-Ti. On cooling to room temperature, formation of both B-Ti phase and intermetallic
compounds may take place. Accordingly, decomposition of the B-Ti phase might have
most likely proceeded via eutectoid solid-state transformation upon the cooling cycle of
brazing. The eutectoid of (Ti,Zr),Cu, a-Ti and Ti-rich might therefore have had formed
at room temperature in the earlier B-Ti grains of the brazed joint [5, 21, 22].Higher
brazing temperature resulted possibly in higher volume fraction of the -Ti in the joint.
This process had greatly enhances the depletion rates of Cu, Ni, and Zr from the brazed
melt into CP-Ti substrate during brazing. Because Cu, Ni, and Zr are all dissolved in
the B-Ti, isothermal solidification of brazed melt during brazing resulted in formation of
only B-Ti in the joint. Thus, the eutectic of (Ti,Zr),Cu, o-Ti and Ti-rich had most likely
disappeared from the brazed zone. The B-Ti alloyed with Cu, Ni, and Zr was therefore
most likely to have had transformed to fine eutectoid of (Ti, Zr),Cu, a-Ti and Ti-rich
upon the subsequent cooling cycle of brazing. It is expected that the disappearance of
coarse eutectic intermetallic compounds from the brazed zone is beneficial for

enhancing the bond strength of the joint [23-27].
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Fig. 5.6 FESEM analysis of Ti/ TiyyZr,0CuyNiyg /Ti composite joint brazed at 967°C for 10
min. (a) Cross sectional BSE Image (b) corresponding EDS based line scan analysis across

130 pm length comprising the CP-Ti pieces on both sides of brazed joint, corresponding
concentration profiles of elements :(c)Ti, (d)Ni (e) Cu and (f) Zr.

Similar morphological phenomena and phase behaviours are also observed for the

remaining four brazed joint metallic glasses from FESEM and EDX, which are shown in

Figs.5.6-5.9. The corresponding elemental compositions are depicted in Table 5.3. The

average thickness of the reaction layer appeared to be about 30pm.The corresponding

EDX based line scan analysis across 130 pm length comprising of the CP-Ti pieces on

both sides of brazed joint is indicated in Fig5.6 (b). Corresponding concentration profiles

of Ti, Ni, Cu and Zr are given in Figs.5.6(c), (d), (e) and (f), respectively. Figs. 5.7 (a),

(b), (c) and (d) represent the elemental mapping. In Fig5.6 (c) Ti-concentrationis low in

brazen zone compared to base metal. At about 80 um from the interface, the amount of Ti

dropped to its minimum magnitude prior to going up further from this point onwards

when reaching the interface on the opposite side.
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The amounts of Ni (Figure 5.6d) and Cu (Figure 5.6e) were relatively smaller at the
centre of the brazed joint (e.g., at about 50 um from the interface on the left) but became
highest at a point about 100 um from the left and about 30 um from the right side
interface. Beyond this 100 um distance, the amounts of both Ni (Figure 5.6d) and Cu
(Figure 5.6d) decreased as the right side interface of the brazed joint is approached.

On the other hand, the amount of Zr (Figure 5.6f) appeared to be the minimum near the
left interface. Its amount became the highest at about 85 um from the interface on the
left. Here also, beyond this 85 um distance, the amount of Zr (Figure 5.6f) decreased as
the right side interface of the brazed joint is approached. The inhomogeneous and non-
uniform distribution of Ni, Cu and Zr across the interface hinted that by reducing the
concentration in the filler, the diffusion of Zr, Cu and Ni atoms from filler into Ti
substrate took place at the solid interface.

Ti-rich, NiTi2 rich, a-Ti and Ti,Cu phases are extracted from EDX spectra and given in
Figs. 5.8 (a), (b), (c) and (d), respectively. The solubilities of Cu and Ni are maximum in
the B-Ti phase at 26.5 and 17 at. %, respectively. In contrast, Cu and Ni are solubilized

in a-Ti phase up to 2.4 and 0.4 at.%, respectively.
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Fig. 5.7 FESEM analysis of Ti/ TiyyZr,0CusNi,g /Ti composite joint brazed at 967°C
for 10 min. EDX based X-ray Maps of the distribution of various elements across the
brazed joint (a) Ti, (b) Ni, (¢) Zr and (d) Cu.

Fig.5.8 Further FESEM studies of the interface microstructures of Ti/

Tiy0ZrCuyNiyg /Ti composite joint brazed at 997°C for 10 min: (a) Diffusion

zone 1 (b) diffusion zone 2, (¢) discontinuous reaction zone and (d) central zone.
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Figure 5.9 EDX spectra of the interface microstructures of Ti/ TiygZryCugoNisg /Ti

composite brazed joint at 997°C for a period of 10 min.

Table 5.3 EDX analyses based elemental chemical composition analysis of interface
microstructures of Ti/ TixgZraoCusoNix/Ti composite brazing joint at 967°C

Elements (at. %)
Area

Ti Zr Cu Ni Phases

Spectrum 1 100.00 - - - Ti-rich
Spectrum 2 55.08 20.20 14.68 10.04 NiTi,  Ref[4]

Spectrum 3 82.26 9.90 4.47 3.37 o-Ti Ref[3]
Spectrum 4 55.79 10.88 26.66 6.67 Ti,Cu  Ref[3]
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Fig. 5.10 FESEM analysis of Ti/ TiyyZr,yCusgNiszo/Ti composite joint brazed at 995°C for 10 min (a)
Cross sectional BSE Image (b) corresponding EDS based line scan analysis across 30um length
comprising the CP-Ti pieces on both sides of brazed joint, corresponding concentration profiles of
elements :(¢)Ti, (d)Ni (e) Cu and (f) Zr.

The respective EDX based line scan analysis across 70pum length comprising of the CP-
Ti pieces on both sides of brazed joint is shown in Fig.5.10 (b). The reaction layer
appeared to have an average thickness of about 40um. It shows that the amount of Ti was
maximum at the left side interface of the joint and was minimum at about 50 to 65 mm
from the same interface.Beyond this point the amount of Ti slightly increased as the right
side interface of the joint was approached.

The corresponding elemental compositions are depicted in Table 5.4.Corresponding
concentration profiles of Ti, Ni, Cu and Zr are given in Figs.5.10 (¢), (d), (e) and (f),
respectively. Figs. 5.11(a), (b), (¢) and (d) represent the elemental mapping. Although Ti
was throughout across the brazed joint, there was a relative increase near the left

interface region where the reaction had initially started, Figure 5.10 (c).
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The EDX spectra of Ti,Cu, (Ti,Zr),Ni, a-Ti and Ti-rich phases are shown in Figs.5.12
(a), (b), (c) and (d), respectively. These EDX spectrawith corresponding elemental
compositions are shown in Fig. 5.13 (a), (b), (c) and (d), respectively and given in Table
5.4.Amounts of Ni (Figure 5.10 d) and Cu (Figure 5.10e) were the minimum at the left
interface and grew to their respective maximum positions at about 65 and 50 pum from
the left interface. Similarly, the amount of Zr (Figure 5.10f) was the minimum at the left
interface and grew to its maximum positions at about 55 to 60 um from the left interface.
The solubilities of Cu and Ni are maximum in the B-Ti phaseat 28.5 and 28 at.%,
respectively. In contrast, Cu and Ni are dissolved in o-Ti up to 1.4 and 1.4 at.%,
respectively. Thus, the eutectic of eutectoid of Ti,Cu, (Ti,Zr),Ni, o-Ti and Ti-rich phases
had most likely disappeared from the brazed zone. The B-Ti alloyed with Cu, Ni, and Zr
was therefore most likely to have had transformed to fine eutectic of eutectoid of Ti,Cu,

(Ti,Zr),;Ni, a-Ti and Ti-rich phases upon the subsequent cooling cycle of brazing.
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Fig. 5.11 FESEM analysis of Ti/ TiygZryCuszoNiszg /Ti composite joint brazed at
995°C for 10 min. EDX based X-ray Maps of the distribution of various elements
across the brazed joint (a) Ti, (b)Ni, (c) Zr and (d) Cu.

Y

Fig.5.12 Further FESEM study of the interface microstructures of Ti/
Tiy0ZryCusyNiz, /Ti composite joint brazed at 995°C for 10 min: (a) Diffusion zone
1 (b) diffusion zone 2, (c¢) discontinuous reaction zone and (d) central zone.
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Fig 5.13 EDX spectra of the interface microstructures of Ti/ TiygZr,yCuzNizo /Ti composite
joint brazed at 995°C for 10 min: (a) Spectrum 1 collected from Diffusion zone 1 shown in
Figure 12 (a), (b) Spectrum 2 collected from Diffusion zone 2 shown in Figure 12 (b), (c)
Spectrum 3 collected from discontinuous reaction zone shown in Figure 12(c) and (d)

Spectrum 4 collected from central zone shown in Figure 12 (d).

Table 5.4 EDX analyses based elemental chemical composition analysis of interface
microstructures of Ti/ Ti»oZr,0CuszoNiso /Ti composite brazing joint at 995°C

Elements (at. %)

Area
Ti Zr Cu Ni Phases
Spectrum 1 64.45 5.61 21.61 8.33 Ti, Cu Ref[3]
Spectrum 2 52.48 16.09 16.22 15.21 (Ti, Zr),Ni ~ Ref[3]
Spectrum 3 82.24 6.27 6.60 4.90 o-TiRef[3]
Spectrum 4 100.00 - - - Ti-rich
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Fig. 5.14 FESEM analysis of Ti/ TiyZr,oCuyoNigo /Ti composite joint brazed at 1004°C for 10
min (a) Cross sectional BSE Image (b) corresponding EDX based line scan analysis across 90
pm length comprising the CP-Ti pieces on both sides of brazed joint, corresponding
concentration profiles of elements :(c)Ti, (d)Ni (e) Cu and (f) Zr.

The continuous and interfacial reaction layers (appeared to have an average
thickness of about 40um) formed at the interface between the brazing alloy and
substrates are indicated in Fig5.14(a).The corresponding EDX based line scan analysis
across 180 um length comprising of the CP-Ti pieces on both sides of brazed joint is
depicted in Fig 5.14(b). It shows that the amount of Ti was maximum at the vicinity of
interface on both sides but it was minimum at the region from about 60 to 110 um from
the left interface.Similarly, the corresponding EDX based X-ray maps of the elemental
distribution of Ti, Zr, Cu and Ni are shown in Figure 5.15(a), (b), (c¢) and (d),
respectively. While the presence of Ti was throughout across the brazed joint, there was a
relative increase near the interface region where the reaction had initially started, Fig5.14

(c). Similarly, the amounts of Ni (Fig5.14d), Cu (Fig5.14e) and Zr (Fig5.14f) were more

at the centre of the brazed joint but became slightly lesser at the vicinity of the
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interface.These observations are in good agreement with the X-ray map data of Ti, Zr, Cu
and Ni (c¢f. Figs5.15 a-d). The EDX spectra of NiTi, (Ti,Zr),Ni, B-(Ti,Zr) and Ti-rich
phases are shown in Figs.5.16 (a), (b), (c) and (d), respectively. These EDX spectrawith
corresponding elemental compositions shown in Fig. 5.17 (a), (b), (c¢) and (d),
respectively and given in Table 5.5.

The solubilities of Cu and Ni in the B-Ti phase aremaximum at 18.5 and 38 at.%,
respectively. In contrast, Cu and Ni are dissolved in a-Ti up to 0.4 and 2.4at.%,
respectively. Thus, the eutectic of NiTi,, (Ti,Zr),Ni, B-(Ti,Zr) and Ti-rich phases had

most likely disappeared from the brazed zone.

-99.-



Vacuum-Brazing

Ti Ka1 Ni Ka1

Fig. 5.15 FESEM analysis of Ti/ TiyZryCuyNig /Ti composite joint
brazed at 1004°C for 10 min. EDX based X-ray Maps of the distriution of
various elements across the brazed joint (a) Ti, (b)Ni, (c) Zr and (d) Cu.

Electron Image 1

Fig.5.16 Further FESM study of the interface microstructures of Ti/
Tiy0ZryCuyNiy /Ti composite joint brazed at 1004°C for 10 min: (a)
Diffusion zone 1 (b) diffusion zone 2, (¢) discontinuous reaction zone and
(d) central zone.

-100 -



12 3 4§
|F-lsuh|vu;uwunmww

Vacuum-Brazing

Fig 5.17 EDX spectra of the interface microstructures of Ti/ TiygZryCuyNiyg /Ti
composite joint brazed at 1004°C for 10 min: (a) Spectrum 1 collected from Diffusion
zone 1 shown in Figure 5.17 (a), (b) Spectrum 2 collected from Diffusion zone 2 shown
in Figure 5.16 (b), (c) Spectrum 3 collected from discontinuous reaction zone shown in
Figure 5.16(c) and (d) Spectrum 4 collected from central zone shown in Figure 5.16(d).

Table 5.5 EDX analyses based elemental chemical composition analysis of interface
microstructures of Ti/ TixgZroCuaoNigo /Ti composite brazing joint at 1004°C

Elements (at. %)

Area
Ti Zr Cu Ni Phases
Spectrum 1 52.35 16.37 10.77 20.51 NiTi2 Ref[4]
Spectrum 2 59.75 6.75 18.62 14.88 (Ti,Zr)zNi Ref[4]
Spectrum 3 80.48 6.97 5.40 7.15 B(Ti, Zr) Ref[4]
Spectrum4  100.00 - - -—- Ti-rich
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Fig. 5.18 FESEM analysis of Ti/ TiyZryCujoNisy /Ti composite joint brazed at
1006°C for 10 min (a) Cross sectional BSE Image (b) corresponding EDS based line
scan analysis across 90 pm length comprising the CP-Ti pieces on both sides of
brazed joint, corresponding concentration profiles of elements :(c)Ti, (d)Ni (e) Cu and

(f) Zr.
Continuous and sound interfacial reaction layers (of thickness about 40 um) are formed
at the interface between the brazing alloy and the substrates. As earlier, both reaction
layers were primarily composed of Ti,shown in Fig5.18 (a).The corresponding EDX
based line scan analysis across 180 pum length comprising of the CP-Ti pieces on both
sides of brazed joint is shown in Fig5.18(b).1t shows that the amount of Ti was maximum
at the vicinity of interface on both sides, but it was minimum at the region from about 85
to 95 um from the left interface.Compared to that of Ti, the amounts of Ni, Cu and Zr
were a little on the lower side. To elucidate the atomic behaviour at the solid/liquid
interface, the distribution of the primary elements across the brazing seam was measured

by EDX.
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Thus, the corresponding concentration profiles of Ti, Ni, Cu and Zr are shown in Figs
5.18(c), (d), (e) and (f), respectively. Similarly, the corresponding EDX based X-ray
maps of the elemental distribution of Ti, Zr, Cu and Ni are shown in Figs 5.19(a), (b), (c)
and (d), respectively. While the presence of Ti was throughout across the brazed joint,
there was a relative increase near the interface region where the reaction had initially
started, Figure 5.18 (c). Similarly, the amounts of Ni (Figure 5.18d), Cu (Figure 5.18e¢)
and Zr (Figure 5.18f) were more at the centre (e.g., at about 85 to 95 um from the left
interface) of the brazed joint but became slightly lesser at the vicinity of the interface.
These observations are well corroborated by the X-ray map data of Ti, Zr, Cu and Ni as
shown in Figs 5.19 (a), (b), (c) and (d), respectively. The Ti rich diffusion (4,5),
discontinuous reaction (3) and central zones (1,2) are shown in Figs5.20 (a), (b), (¢), (d)
and (e), respectively. The EDX spectra of NiTip, Cuy(Ni,Zr), NiTi, a-Tiand Ti-rich
phases shown in Fig. 5.21 (a), (b), (c), (d) and (e), respectively and the approximate
average chemical compositions obtained from numerous such experiments are shown in
Table 5.6.The solubilities of Cu and Ni in the B-Ti phase are maximum at 48.5 and 8
at.%, respectively. In contrast, Cu and Ni are dissolved in a-Ti phase up to 2.4 and 1.4 at.

%, respectively.
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Fig. 5.19 FESEM analysis of Ti/ TiyZryyCuoNiso /Ti composite joint brazed at 1006°C
for 10 min. EDX based X-ray Maps of the distribution of various elements across the
brazed joint (a) Ti, (b)Ni, (c) Zr and (d) Cu.

Fig 5.20 Further FESM study of the interface microstructures of Ti/
TiygZrCuigNisy /Ti composite joint brazed at 1006°C for 10 min: (a)
Diffusion zone 1 (b) diffusion zone 2, (¢) diffusion zone 3, (d) discontinuous
reaction zone and (e) central zone.
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Fig 5.21 EDX spectra of the interface microstructures of Ti/Ti,yZrCu;oNis/Ti composite
joint brazed at 1006°C for 10 min: (a) Spectrum 1 collected from Diffusion zone 1 shown in
Figure 5.20 (a), (b) Spectrum 2 collected from Diffusion zone 2 shown in Figure 5.21 (b), (c)
Spectrum 3 collected from discontinuous reaction zone shown in Figure 5.21(c) and (d)
Spectrum 4, 5 collected from central zone shown in Figure 5.21 (e).

Table 5.6 EDX analyses based elemental chemical composition analysis of interface
microstructures of Ti/TiyZr,0Cu;oNiso/Ticomposite brazing joint at 1004°C

Elements (at. %)

Area
Ti Zr Cu Ni Phases
Spectrum 1 56.69 16.50 5.86 20.95 NiTi,Ref[4]
Spectrum 2 60.91 6.37 2..16 30.57 Cu,(Ni, Zr) Ref[5]
Spectrum 3 89.55 5.51 1.58 3.36 NiTiRef[4]
Spectrum 4 84.38 5.62 2.81 7.19 o-Ti Ref[3]
Spectrum 5 100.00 - - - Ti-rich
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5.5 Conclusions

The thermal and microstructural analyses for brazed joint samples of
TipoZr0Cugox-Nix (x=10, 20, 30, 40 and 50) metallic glasses with CP-Ti alloy were
described in this Chapter. The DTA curve of theTiyZr,0CusoNijo metallic glass showed
three peaks for first onset (Ty,1), second onset (Ty,;) and third onset (T,,;) melting points
at 986, 1089 and 1117°C, respectively and similarly, three peaks found for first end set
(Tm2), second end set (Tpy) and third end set (Ty2) melting points at 999, 1097 and
1127°C, respectively. The DTA curve of theTizZry0CusoNiyg metallic glass showed one
peak found for first onset (Ty,;) melting point at 960°C and similarly one peak for first
end set (Tp2) melting point at 975°C. The DTA curve of theTiyZry0CuspNizp metallic
glass showed one peak found first onset (Ty,;) melting point at 989°C and similarly one
peak found first end set (Tn2) melting point at 1002°C. The DTA curve of
theTip0Zr0CupoNig metallic glass showed one peak found for first onset (Ty,;) melting
point at 990°C and similarly one peak found for first end set (Ty;), melting point at
1010°C. The DTA curve of theTixZry0Cu;oNisp metallic glass showed one peak found
for first onset (Twy1) melting point at 1000°C and similarly one peak for first end set

(Tm2) melting points at 1011°C.

CP-Ti alloy pieces were respectively braze joined using metallic glass ribbon
fillers of compositions (a) Tiz0Zr0CusgNijg, (b) TizgZr0CusoNizg, (c) TizgZroCusgNiz,
(d) TizoZra0CuyoNisg, and (e) TizeZryCuioNisp at 990, 967, 995, 1004 and 1006°C for
a period of 10 min. Based on extensive studies of FESEM, EDX line scans, EDX
spectrum analysis and elemental X-ray mapping by EDX it was found that depending
on the combination of filler composition, brazing condition and cooling cycle of the

brazing processes the corresponding joints were characterized by microstructure formed
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by fine lamellar eutectoids of (a) (Ti,Zr),Cu,Ti-rich, and a-Ti phases, (b) NiTi,, Ti,Cu,
a-Ti and Ti-rich phases, (c) NiTi,, Ti;Cu , o-Ti and Ti-rich phases, (d) NiTi,, (Ti,
Zr);Ni, B(Ti, Zr) and Ti-rich phases and (e) NiTi,, Cuy(Ni, Zr), NiTi ,a-Ti and Ti-rich

phases in correspondence.
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Chapter 6
Mechanical Properties of Brazed Joints

Introduction

The nanomechanical as well as the macro scale tensile strength properties of brazed

joints are also discussed in this Chapter.

6.1 Nanoindentation for brazed samples

6.1.1 Nanohardness of Ti/TizZr0CusoNiw/Ti joint brazed at 990°C for 10min.
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Fig.6.1 Nanohardness of Ti/TiyZry0CusoNijo/Ti joint brazed at 990°Cfor 10min: (a)
Nanohardness profile as a function of distance from 10 pm on both sides of the
microstructure through the brazed joint and (b) SPM images of the corresponding
nanoindents at different regions of the microstructure of the brazed joint.

The appearance of a microstructure of Ti,Cu and NiTi, precipitations surrounded by
TinoZr20CusoNijg solid solution matrix was due to brazing at 990°C for 10 min. The
corresponding nanohardness profile as a function of distance particularly from 10 um
on both sides of the microstructure during brazed joint and SPM images of the
nanoindent at different regions of the microstructure of the brazed joint are indicated in
Figs.6.1 (a) and (b), respectively. In Fig. 6.1 (b), the microstructure contained (Ti,

Zr),Cu, Ti,Cu and NiTi, and Ti-rich portions marked as regions 3,4 and 5, respectively
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[2-6]. However, the eutectoid phase rich portions are marked as regions 1, 2, 6 and 7

which are lying on outer side of the brazed joint.

Thus, the portions marked as regions 3, 4 and 5 in Figure 6.1(b) were inside the brazed
joint. Out of these different regions the Ti,Cu and NiTi, intermetallic rich portion
marked as region 4 had the highest nanohardness of 9 GPa, Fig. 6.1(a). The (Ti, Zr),Cu
rich portion marked as region 3 had the next highest nanohardness of about 8.7 GPa, as
indicated in Fig. 6.1(a). The Ti-rich portion marked as region 5 had a nanohardness of
about 8.2 GPa (see Fig.6.1a). Again, depending on the local eutectoid phase
compositions as shown in Fig. 6.1(a); the nanohardness varied from as low as about 6.7

GPa in region 7 to as high as about 7.8 GPa in region 2.

6.1.2 Nanohardness of Ti/Ti20Zr20CuswNiz2/Ti joint brazed at 967 °C for 10 min
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Fig.6.2 Nanohardness of Ti/TiyZr0CusoNipo/Ti joint brazed at 967°Cfor 10min: (a)
Nanohardness profile as a function of distance from 10 pm on both sides of the
microstructure through the brazed joint and (b) SPM images of the corresponding
nanoindent at different regions of the microstructure of the brazed joint.
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In Fig. 6.2 (b), the microstructure obtained o-Ti, Ti,Cu, NiTi, and B-Ti marked as
regions 3, 4, (5 and 6) and 7, respectively, whereas Ti-rich portions are marked as
regions 1,2, 8 and 9 lying outside the brazed joint. Thus, the portions marked as regions
3,4 and 5 in Fig. 6.2 (b) were inside the brazed joint. Out of these different regions the
Ti,Cu rich region 4 had the 3 highest nanohardness of 12.6 GPa, the NiTi, rich region
5 had the highest nanohardness of 15 GPa, and the Ti,Cu rich region 6 had the pnd
highest nanohardness of 13.4 GPa. Further, the a-Ti rich region 3 had a slightly lower
nanoharness of 10 GPa. Brazing developed a thin layer of B-Ti between the base metal
and reaction layers. A slightly higher nanohardness of 11.8 GPa was recorded in the -
Ti-rich region 7. On the other hand, the Ti-rich regions 1, 2, 8 and 9 had much lower

nanohardness of only about 6-8 GPa.

6.1.3 Nanohardness of Ti/Ti2Zr20CusNis/ Ti joint brazed at 995°C for 10min.
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Fig.6.3 Nanohardness of Ti/TiyoZr,0Cu3gNisp/Ti joint brazed at 995°C for 10min: (a)
Nanohardness profile as a function of distance from 10 um on both sides of the
microstructure through the brazed joint and (b) SPM images of the corresponding
nanoindents at different regions of the microstructure of the brazed joint.
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Similarly, in Fig 6.3 (b), the microstructure contained the Ti-rich portions are marked
as regions 1, 2, 6 and 7 lying outside the brazing zones, the a-Ti, Ti,Cu and (Ti,Zr),;Ni
rich portions are marked as regions 3,4 and 5, respectively, which are inside the brazing
zones. Out of these different regions the Ti,Cu rich region 4 had the highest
nanohardness of 12 GPa, the (Ti,Zr);Ni rich region 5 had the pnd highest nanohardness
of 11.4 GPa, and the a-Ti rich region 3 had the 2" highest nanohardness of 11GPa. On
the other hand, the Ti rich regions 1, 2, 6 and 7 had much lower nanohardness of only

about 8 GPa.

6.1.4 Nanohardness of Ti/TizZr0Cu2Niw/ Ti joint brazed at 1004°C for10min.
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Fig.6.4 Nanohardness of Ti/TiyZr20CuyoNis/Ti joint brazed at 1004°C for 10min: (a)
Nanohardness profile as a function of distance from 10 pm on both sides of the
microstructure through the brazed joint and (b) SPM images of the corresponding
nanoindents at different regions of the microstructure of the brazed joint.

In Fig 6.4 (b), the microstructure contained the Ti-rich portions are marked as regions

1, 2, 7 and 8 lying outside the brazing zones, the B (Ti, Zr), NiTi, and (Ti, Zr),Ni rich

portions are marked as regions 3,4 and 5, respectively, which are inside the brazing

zones, while the Ti-rich region 6 is outside the brazing zone. Out of these different
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regions the NiTi, rich region 4 had the highest nanohardness of 16 GPa, the (Ti, Zr),Ni
rich region 5 had the nd highest nanohardness of 13GPa, and the B (Ti, Zr) rich region
3 had the 3" highest nanohardness of 12 GPa. On the other hand, the Ti rich regions 1,

2, 6 and 7 had much lower nanohardness of only about 6-7 GPa.

6.1.5 Nanohardness of Ti/Ti2Zr20Cu1Nis/Ti joint brazed at 1006°C for 10min.
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Fig.6.5 Nanohardness of Ti/TiZr0Cu;oNiso/Ti joint brazed at 1006°C for 10 min: (a)
Nanohardness profile as a function of distance from 10 pum on both sides of the
microstructure through the brazed joint and (b) SPM images of the corresponding
nanoindents at different regions of the microstructure of the brazed joint.

The similar trend has also been observed in Ti/TizZr0Cu;oNise/Ti brazed joint metallic
glass (Fig 6.5 (b)). In Fig 6.5 (b), the microstructures of the Ti rich portions are marked
as regions 1, 2, 7 and 8 lying outside the brazing zone, the a—Ti, NiTi, NiTi, and
Cuy(N1, Zr) rich portions are marked as regions 3, 4, 5 and 6, respectively, which are
inside the brazing zones. Out of these different regions the NiTi, rich region 5 had the
highest nanohardness of 17 GPa, the Cu,(Ni,Zr) rich region 6 and the NiTi rich region

4 had the 2™ highest nanohardness of 15.8 GPa, and the a-Ti rich region 3 had the 3
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highest nanohardness of 14.8 GPa. On the other hand, the Ti rich regions 1, 2, 7 and 8
had much lower nanohardness of only about 7-8 GPa [7-12].
6.2 Butt-lap joints tensile strength characterization

The 1.5 mm thick commercial pure Ti was used in this work, which has been
transformed to B-phase after furnace cooling from 990°C. The chemical composition
(wt.%) of the base metal viz., C, O, Fe, N, H and Ti are 0.1, 0.2, 0.08, 0.15, 0.01 and
balance amount, respectively [ 13-15]. The parent metal pieces were polished first with
SiC papers up to 600-1200 grade and cleaned subsequently by an ultrasonic bath with
acetone for 20 min at 50°C prior to insertion in the furnace for brazing. After cleaning
the brazing foils with acetone and afterwards they were sandwiched between the
merging areas of the native metals. The first lap shear metal specimen of 8.16 and
14.18 mm width and length, respectively with decreased cross-section was brazed with
4.5 mm overlapping using wire cutting machine (electrical discharge machine EDM,
model JISZ 3192 [1] ). Furthermore, the microstructure fractured analysis has been

made during butt-lap joint which was cut into 10 mm x 15 mm.
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6.2.1 Tensile Strength of Ti/TizZr2)CusoNiy/Ti joint brazed at 990°C for 10min.
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Fig.6.6 Tensile test data of Ti/TixZryCusoNijo /Ti brazed joint at 990°C for a period of
10 min: (a) Load versus tensile extension plot and (b) FESEM image of fracture
surface. Each test is conducted two times under identical test conditions.

During the tensile strength experiment of the Ti/TiyZr0CusoNi;o/Ti brazed joint at
990°C for 10 min in butt-lap joint, the load against tensile extension plot and FESEM
fracture surface image are indicated in Figs. 6.6 (a) and (b), respectively [16]. True
stress at maximum load was only 50.97 MPa because it had a low yield strength
corresponding to a low nanohardness of 9 GPa. This was due to the microstructure of
Ti;Cu and NiTi, complex formation around the solid solution matrix of
TipoZr0CusoNijo. Fig.6.6 (b) demonstrates a typical brittle rupture, which was
characterized by the cleavage of high facets with river markings. Similar observations
were made in all the metallic glasses (Figs 6.7b-6.10b).

Similarly, the behaviours of tensile extension plot and FESEM images of
Ti/Tia0Z120CusoNin/Ti, Ti/Tia0Zr20CusoNiso/Ti, Ti/Tip0Zr20Cun0Nis/Ti and
Ti/Tix0Zr20Cu;9Nisg /Ti brazed joints at different temperatures for a period of 10 min are

given in Figs. 6.7-6.10, respectively. The corresponding true stresses at maximum load
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for the above brazing joints are given in Table 6.1. The corresponding higher yield
strengths are due to higher nanohardness, which are 9, 15, 12, 16 and 17 GPa for the
five brazed joint metallic glasses mentioned above. The microstructures are due to the
complex formation around above mentioned brazed joint glasses of the solid solution
matrices. It is interesting to note that among five different glasses, the TiyZr0Cu;oNiso
has the highest yield strength of 17 GPa, which is mainly due to NiTi, phase [19].

Table 6.1 The tensile test results for brazed joint samples

Composition Brazed Maximum True stress at Maximum
Temp.(°C) Load (N) Load (MPa)
Tizp Zry9 Cusp Nijg 990 5.6 50.97+0.17
Tiz0 Zryy Cuyg Nipg 967 6.4 63.844+0.95
Tizg Zrao Cusp Nizg 995 6.6 60.01+0.75
Tizo ZI'zo Cllzo Ni40 1004 5.3 5061i0 15
Tiz0 Zry0 Cuyg Nisg 1006 6.3 65.87+0.98

6.2.2 Tensile Strength of Ti/TizZr)CuyNiz /Ti joint brazed at 967°Cfor 10min

00 05 10 1.5 20 25
Tensile Extension(mm)

Fig.6.7 Tensile test data of Ti/TixZryCusoNia /Ti brazed joint at 967°C for a period of
10 min: (a) Load versus tensile extension plot and (b) FESEM image of fracture
surface. Each test is conducted two times under identical test conditions.
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6.2.3 Tensile Strength of Ti/TizZr0CusNis/Ti joint brazed at 995°Cfor 10min
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Fig.6.8 Tensile test data of Ti/Ti»yZr,0CuzoNizo/Ti brazed joint at 995°C for a period of

10 min: (a) Load versus tensile extension plot and (b) FESEM image of fracture

surface. Each test is conducted two times under identical test conditions.

6.2.4 Tensile Strength of Ti/TizZr)Cu,Nig /Ti joint brazed at 1004°Cfor 10min.
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Fig.6.9 Tensile test data of Ti/TiyZr,0CuaNig /Ti brazed joint at 1004°C for a period
of 10 min: (a) Load versus tensile extension plot and (b) FESEM image of fracture
surface. Each test is conducted two times under identical test conditions.
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6.2.5 Tensile Strength of Ti/TizZr)CuyoNiso/Ti joint brazed at 1006°Cfor 10min.
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Fig.6.10 Tensile test data of Ti/TixZr,0Cu;oNisy /Ti brazed joint at 1006°C for a period
of 10 min: (a) Load versus tensile extension plot and (b) FESEM image of fracture
surface. Each test is conducted two times under identical test conditions.

The cracks were developed due to the brittle nature of the Ti,Cu which shown by
arrows in Figs 6.6b-6.10b. Fig.6.2b and 6.4b showed that quasi-cleavage fracture
appearance in the Ti-Ti matrix phase followed by brittle Ti,Cu phase. Fig. 6.10 (b)
indicated the quasi-cleavage major fractures of Ti included in the Ti,Cu phase.
Therefore, the fracture owing to quasi-cleavage is beneficial for the strength of the
joint. The appearance of brittle fracture caused upon reduction of the strength of a
bonded joint due to the formation of the intermetallic compound at the Ti/braze
interface [17, 18, 19]. The main reasons for the crack initiation are the formation of the
hard and brittle intermetallic compounds viz., Ti,Cu, Ti;Ni and/or Cu, (Ni, Zr) at Ti
interface. Generally, the propagation of the cracks prefer at the brittle intermetallic
compounds, which can spread easily through them during application of stress in
tensile experiment. The reduction of the strength of the joints and fracture behaviour

upon propagation of the crack, which shows the morphological cleavage including
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facets characteristics. The measure of tensile strength and fracture behaviours
demonstrated the appearance of the NiTiy/Ti,Cu/NiTi/Cu, (Ni, Zr)/ (Ti, Zr),Ni and
B(Ti, Zr) phases in the braze joints, which were detrimental and hence, they must be

ignored in order to obtain a sound joint.

6.3 Conclusions

The nanomechanicals analysis for brazed samples of TiyZry0Cugox-Nix (x=10, 20, 30,
40 and 50) metallic glasses with CP-Ti alloy were done in this Chapter. CP-Ti alloy
pieces were respectively braze joined using metallic glass ribbon fillers of compositions
(@) Ti0Zr20CusoNiio, (b) TizgZr20CusoNizo, (€) TizoZr0CusoNiszo, (d) TizZraoCuzNiso,
and (e) TiyZroCu;oNisp at 990, 967,995, 1004 and 1006°C for a period of 10 min. (a)
(Ti, Zr),Cu,Ti-rich, and o-Ti phases, (b) NiTi,, Ti,Cu , a-Ti and Ti-rich phases, (c)
NiTi,, Ti,Cu , a-Ti and Ti-rich phases, (d) NiTi,, (Ti, Zr),Ni ., (Ti, Zr) and Ti-rich

phases and (e) NiTi,, Cup(Ni, Zr), NiTi ,a-Ti and Ti-rich phases in correspondence.
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Chapter 7
Summary and Conclusions

The work was devoted to understand the “microstructural, mechanical, thermal and
physical properties correlation in Ti-alloy brazed joint with Ti-Zr-Cu-Ni metallic
glasses”. Important inferences from the investigation are the following: As an outcome
of the thesis work exists in different kind of glassy of metals. Not only the
improvement of the glass forming ability take place, but also the thermal stability of
Ni-based alloys enhanced, which is more advantageous in different applications.
Interestingly, the addition of Ni improves the super cooled region and thereby thermal
stability. In this thesis, the structural changes in metallic glasses upon devitrification,
element addition and deformation were characterized by using DSC-DTA, XRD,
FESEM and TEM techniques. Moreover, the compression test and Nanoindentation
techniques were employed in order to understand the influence of the structural
modifications on the mechanical and electrical behaviours. Based on the origin of
these structural changes and brazing studies in metallic glasses, the results and
discussion section was splitted into four main chapters (Chapters 3-6). For the sake of

simplicity, the major conclusions are given below:

e Structural properties of the following metallic glasses were investigated:
TiyoZr0CusoxNix (x= 10,20,30,40 and 50) alloy, the phase transformation
kinetics of the Tiz9.Zr0.CuepxNix (x=10,20,30,40 and 50) metallic glasses have
been performed by using various theoretical models and the following

conclusions has been obtained.

-125-



Summary and Conclusions

All the metallic glasses in the present investigation (except TixZr0CusoNijg
glass) show a single crystallization peak, which substantiates the homogeneous

behaviour of the metallic glasses.

The TiyZr0CusoNijo glass shows three crystallization peaks, which correspond
two phases, which was due to micro-heterogeneous behaviour. Using Kissinger,
Augis-Bennett and Ozawa method, the activation energy (E.) for the first
crystallization was determined. The results of XRD show that all the metallic

glassy samples are amorphous in nature.

FESEM has been used to study surface topography of the TizgZr0Cug-xNix (X=
10, 20, 30, 40 and 50) metallic glasses. All the metallic glasses show amorphous
behaviour. The corresponding EDX data along with the typical elemental
composition are given in Figs. 3.11(b)-3.15(b).

The AFM images were taken in order to understand the actual topography of the
surface of the metallic glasses to look at particularly roughness as well as
surface topography of both shiny and dull sides of the metallic glass ribbons.
The annealed X-rd for the different metallic glasses annealed for a period of 30
min are shown in Figs. 3.17-3.21 where the following crystalline phases are
appeared: NiyTis, Cus;Zr4, NipTi and NiTi; in TizgZr0CusoNijo metallic glass
ribbon (annealed at 753 K); NiTi,, NiTi, NisTiz, CuNi,Ti, Ni,Ti and CugZrsin
the TiyoZr0CuysgNiyy metallic glass ribbon (annealed at 756K); NiTi, NiTi,,
NiyTis, CuNi,Ti, and Ni,Ti, NiTipgZro, in the TiyZr,0CusgNisp metallic glass
ribbon (annealed at 758K); NiTi, NiTi,, Ni,Ti, CugZrs, NisTiz, CuNi,Ti, Ni,Ti,

and NiTigsZrg, in the TizoZr0CuyoNig metallic glass ribbon (annealed at 778K)
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and NiTi,, Ni,Ti, NiTi, NigTiz, and CuNi,Ti in the TiyZr0CuigNiso metallic
glass ribbons (annealed at 783K), respectively.

TEM Characterization have been done for the phase identification and
microstructure analysis of the TiyZry)CueoxNix (x= 10, 20, 30, 40 and 50)
metallic glasses. Similarly, from TEM studies the following crystalline phases
were observed for the various annealed metallic glasses for a period of 30 min:
NiTi and NiTi, in the TizZr0CusoNijp metallic glass ribbon (annealed at 753
K): Ni,T1 and NiTi; in the TixgZr0CusgNiy metallic glass ribbon (annealed at
756 K): NiT1 in the Tix0Zr0Cus3gNisp metallic glass ribbon (annealed at 758 K).
NiTi, in the TixZrCuyNig metallic glass ribbon (annealed at 778 K) and
NiTi, in the TiyZryoCujoNisp metallic glass ribbon (annealed at 783 K),
respectively.

The uniform (homogeneous) distributions of the various nanocrystalline phases
has been observed in the amorphous matrix. Existence of these nanocrystalline
phases were also confirmed from both the XRD and the compositional analysis
data obtained from the TEM studies.

The typical representative plots of P-h obtained under 5000uN load for the
following metallic glasses: (a) TixZroCusoNijg, (b) TizZrnCusoNiz, (c)
Ti0Zr20Cu30Nisg, (d) TixZrgCuyoNig, and (€) TixZroCu;oNiso, To the best of
our understanding, this is the first experimental work, which has been observed
in the case of density and nanoindentation.

The magnitudes of room temperature resistivity (prr) (i.e., 300K) were
measured to be 61, 60, 62, 63 and 64 Q-cm, respectively for TizoZr,0CusoNijo,
Tiz0Zr20CugoNizg, TizZr20CusoNizg, TizZrooCuxNisy and TizZraoCu;oNisg

metallic glass ribbons.
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The thermal and microstructural analyses for brazed joint samples of
Tip0Zr20Cus0x-Nix (x=10, 20, 30, 40 and 50) metallic glasses with CP-Ti alloy
were described in this Chapter. The DTA curve of theTiyoZr0CusoNi;o metallic
glass showed three peaks for first onset (Tp;), second onset (Ty;) and third
onset (Tp,;) melting points at 986, 1089 and 1117°C, respectively and similarly,
three peaks found for first end set (Ty), second end set (Ty) and third end set
(Tm2) melting points at 999, 1097 and 1127°C, respectively.

The DTA curve of theTizyZr0CusoNiyy metallic glass showed one peak found
for first onset (Ty,;) melting point at 960°C and similarly one peak for first end
set (Ty2) melting point at 975°C. The DTA curve of theTizZryyCuspNisg
metallic glass showed one peak found first onset (Ty,;) melting point at 989°C
and similarly one peak found first end set (Ty,2) melting point at 1002°C. The
DTA curve of theTiyZry0CuyNisg metallic glass showed one peak found for
first onset (Tp1) melting point at 990°C and similarly one peak found for first
end set (Ty2), melting point at 1010°C. The DTA curve of theTiyZr0Cu;oNiso
metallic glass showed one peak found for first onset (T;) melting point at
1000°C and similarly one peak for first end set (Ty,2) melting points at 1011°C.
CP-Ti alloy pieces were respectively braze joined using metallic glass ribbon
fillers of compositions:
(@) Tiz0Zr0CusoNij0,(b) TizoZraoCuagNizo,(¢) TizoZraoCuzoNizo,(d) TizoZraoCuzoNia
and (e) Tiz0Zr0CuioNisp at 990, 967, 995, 1004 and 1006°C for a period of 10
min.

Based on extensive studies of FESEM, EDX line scans, EDX spectrum analysis
and Elemental X-Ray Mapping by EDX it was found that depending on the

combination of filler composition, brazing condition and cooling cycle of the
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brazing processes the corresponding joints were characterized by microstructure
formed by fine lamellar eutectoids of (a) (Ti,Zr),Cu,Ti-rich, and o-Ti phases,
(b) NiTiy, TipCu, a-Ti and Ti-rich phases, (c¢) NiTi,, Ti,Cu , a-Ti and Ti-rich
phases, (d) NiTi,, (Ti, Zr);Ni, B(Ti, Zr) and Ti-rich phases and (e) NiTiy,
Cuy(Ni, Zr), NiTi ,a-Ti and Ti-rich phases.

The nanomechanical analyses for brazed joint samples of TiyoZroCugox-Nix
(x=10, 20, 30, 40 and 50) metallic glasses with commercial pure Ti-alloy were
made. Commercial pure Ti-alloy pieces were respectively braze joined using
metallic glass ribbon fillers of compositions for a period of 10 min: (a)
Tiz0Zr0CusoNijg, (b)  TizoZr20CusNizo, (¢)  TigZrz0CuszoNiso, (d)
Tiz0Zr20CusNig and (€) TizZroCu;oNisy at 990, 967, 995, 1004 and 1006°C.
(a) (Ti, Zr),Cu,Ti-rich, and a-Ti phases, (b) NiTiy, TipCu , a-Ti and Ti-rich
phases, (c) NiTi,, TipCu , a-Ti and Ti-rich phases, (d) NiTi,, (Ti, Zr),Ni ,B(Ti,
Zr) and Ti-rich phases and (e) NiTi,, Cup(Ni, Zr), NiTi ,a-Ti and Ti-rich phases

in correspondence.
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Chapter 8
Future scope of work

The present work can be extended where the friction brazing of other different
combinations with industrially relevant and potentiality in replacing the present alloys
and metals. Ti and its alloys, composites and bulk metallic glasses for some examples,
which can be attempted during post brazing and heat treatment upon friction welded
samples.

In the case of friction welding, the effect of cryogenic behaviour could be another choice
in future research. The study on the effect of mechanical properties by utilising the
pattern of interlayers of the following combinations would be more meaningful area of
research: (a) compatibility with one of the metals, (b) compatibility with respect to both
metals and (c) incompatibility in terms of both the metals.

In most of the research works, the attention so far has not been paid on the effect of the
rotational speed (which had been kept constant) on the mechanical properties Therefore,
the effect of the rotational speed on the mechanical behaviour would be investigated.

The effect of change in diameter on the friction welding ability can also be a viable
option. Hence, this research can be explored by using various D/d ratios (where, D is the
diameter of one metal and d is the diameter of other metal).

As most of the research works have been made by using dissimilar metal combinations,
and hence, the dissimilar polymers, ceramics or combined ceramic and polymer could be

studied in future.
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