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Metallic glasses possess attractive properties, such as high strength, good corrosion 

resistance, and superior soft magnetic performance. They also serve as precursors for 

synthesizing nanocrystalline materials. In addition, a new class of composites having 

crystalline phases embedded in amorphous matrix is evolving based on selective 

crystallization of metallic glasses. Therefore, crystallization of metallic glasses and its 

effects on properties has been a subject of interest. Previous investigations from our 

research group related to laser assisted crystallization of Fe-Si-B metallic glass (an 

excellent soft magnetic material by itself) showed a further improvement in soft magnetic 

performance. However, a fundamental understanding of crystallization and mechanical 

performance of laser treated metallic glass was essential from application point of view.  

In light of this, the current work employed an integrated experimental and computational 

approach to understand crystallization and its effects on tensile behavior of laser treated 

Fe-Si-B metallic glass.  The time temperature cycles during laser treatments were 

predicted using a finite element thermal model.  Structural changes in laser treated Fe-

Si-B metallic glass including crystallization and phase evolution were investigated with 

the aid of X-ray diffraction, differential scanning calorimetry, resistivity measurements, 

and transmission electron microscopy. The mechanical behavior was evaluated by uniaxial 

tensile tests with an InstronTM universal testing machine. Fracture surfaces of the metallic 

glass were observed using scanning electron microscopy and site specific transmission 

electron microscopy.  



Fe-Si-B metallic glass samples treated with lower laser fluence (<0.49 J/mm2) 

underwent structural relaxation while higher laser flounces led to partial crystallization.  

The crystallization temperature experienced an upward shift due to rapid heating rates of 

the order of 104 K/s during laser treatments. The heating cycle was followed by 

termination of laser upon treatment attainment of peak temperature and rapid cooling of 

the similar order. Such dynamic effects resulted in premature arrest of the crystallite 

growth leading to formation of fine crystallites/grain (~32 nm) of α-(Fe,Si) as the major 

component and Fe2B as the minor component. The structural relaxation, crystallization 

fractions of 5.6–8.6 Vol% with α-(Fe,Si) as the main component, and crystallite/grain size 

of the order of 12 nm obtained in laser fluence range of 0.39-0.49 J/mm2 had minimal/no 

influence on tensile behavior of the laser treated Fe-Si-B metallic glass foils. An increase 

in laser fluence led to progressive increase in crystallization fractions with considerable 

amounts of Fe2B (2-6 Vol%) and increase in grain size to ~30 nm.  Such a microstructural 

evolution severely reduced the strength of Fe-Si-B metallic glass. Moreover, there was a 

transition in fracture surface morphology of laser treated Fe-Si-B metallic glass from vein 

pattern to chevron pattern. Tensile loading lacked any marked influence on the 

crystallization behavior of as-cast and structurally relaxed laser-treated metallic glass foils. 

However, a significant crystallite/grain growth/coarsening of the order of two and half 

times was observed in the fractured region compared to the region around it for the laser-

treated partially crystallized metallic glass foils. The simultaneous effects of stress 

generation and temperature rise during tensile loading were considered to play a key role 

in crystallite/grain growth/coarsening. 
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CHAPTER 1

INTRODUCTION

1.1. Brief Background

Metallic glasses possess attractive properties, such as high strength, good corrosion

resistance, and superior soft magnetic performance [2, 4, 21–23]. They also serve as

precursors for synthesizing nanocrystalline materials which in turn have superior properties

such as mechanical performance and high hardness [24]. In addition, composite materials

with nano/micro crystals embedded within an amorphous matrix hold the potential for

further enhancing these properties by combining the characteristics of metallic glasses and

nanocrystalline alloys [12, 25, 26]. Thus selective/complete crystallization of metallic glasses

is the topic of research interest in the process of development of next generation structural

and functional materials.

There are various conventional furnace based and non conventional methods such

as electron beam processing, flash annealing, and laser processing have been employed for

crystallization of metallic glasses [27–31]. Among these methods, laser processing offers

distinct advantages such as faster processing, rapid heating and cooling, and suitability

for continuous processing [30, 32]. Moreover, previous investigations from our research

group related to laser assisted crystallization of Fe-Si-B metallic glass (an excellent soft

magnetic material by itself) showed a further improvement in soft magnetic performance.

However, for actual implementation during application also requires a reliable mechanical

performance [1]. This becomes important in application such as a transformer core which

may get subjected to sudden current surge, unexpected mechanical loading, or thermal

shocks potentially leading to catastrophic failure. In light of this, it becomes important to

understand the crystallization, phase and microstructural evolution during non-equilibrium

laser processing of Fe-Si-B metallic glass and in turn its effects on mechanical properties.

This forms the basis of the current work. The following Section chalks out the goals of the

present work.
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1.2. Objectives of Present Work

Based on the brief background discussed in previous paragraphs, the main objectives

of the current work are as follows:

• To examine the process of crystallization of Fe-Si-B metallic glass driven by the non

equilibrium thermokinetic conditions during laser processing.

• To investigate evolution of microstructure and phases within the laser treated area

of the Fe-Si-B metallic glass.

• To determine the effects of structural changes and microstructural evolution on

tensile behavior of laser treated Fe-Si-B metallic glass.

• To explore the statistical methods for rapid optimization of structure-tensile

property relationship in laser treated Fe-Si-B metallic glass.

• To investigate the effect of loading on crystallization behavior of laser treated Fe-Si-B

metallic glass for investigating microstructural changes occurring during the loading.

The objectives are collectively intended to understand the physics involved in laser material

interaction and it’s effect on the mechanical performance. The efforts to reach these

objectives consisted of an integrated experimental and computational approach. Based on

this discussion, the flow of thesis is presented in the next Section.

1.3. Organization of Thesis

The dissertation document has been based on the "traditional thesis format" rather

than the "paper format" to which many graduate students are opting for in the recent

times. Therefore, the current Chapter 1 provides a brief background about the topic,

metallic glass based materials, and the work previously done by the author’s research

group. Based on this information, the problem statement of the thesis is defined followed

by specific objectives/targets of the work. A literature review related to fundamentals

of metallic glasses is presented in Chapter 2. It further goes into details such as effects

of thermal energy on metallic glasses giving information about crystallization of metallic

glasses, synthesis of crystalline phases into amorphous matrix to form metallic glass based
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composites, and various routes by which such materials can be produced. Chapter 2 then

focuses on mechanical behavior of the metallic glass based materials and contrasts it with

conventional crystalline structural metals and alloys. The Chapter 2 then concludes by giving

a brief overview of the material and process under consideration for the current work. The

thesis then provides the experimental and computational methodologies followed during the

current work in Chapter 3.

Chapter 4 forms the heart of this thesis and is dedicated to the important findings of

the current work. The Chapter 4 has been subdivided into Sections previously. Each finding

has been coupled with possible fundamental explanations. Chapter 5 discusses important

conclusions of the current work. A set of possible future directions based on the findings

of the current work has been given in Chapter 6. Apart from these main Chapters, an

Appendix is included which lists all the publications related to various projects the author

worked on during his tenure as a graduate student in the current research group. Finally, a

comprehensive list of references cited in the current work is provided.

Another important note to be mentioned here is, the literature review and the research

work presented in this thesis is borrowed in part/as it is from the following list of publications

by the author in the leading position with the permission from respective publisher:

(1) Joshi, Sameehan S., et al. "Dynamic crystallization during non-isothermal laser

treatment of Fe–Si–B metallic glass." Journal of Physics D: Applied Physics 48.49

(2015): 495501. (with permission from IOP Publishing Ltd)

(2) Joshi, Sameehan S., et al. "Tensile behavior of laser treated Fe-Si-B metallic glass."

Journal of Applied Physics 118.16 (2015): 164904. (with permissions from AIP

Publishing LLC)

(3) Joshi, Sameehan S., et al. "Optimization of laser thermal treatment of Fe–Si–B

metallic glass." Journal of Manufacturing Processes 24 (2016): 31-37. (with

permission on behalf of The Society of Manufacturing Engineers from Elsevier Ltd)

(4) Joshi, Sameehan S., et al. "Crystallisation behaviour during tensile loading of laser

treated Fe–Si–B metallic glass." Philosophical Magazine 97.7 (2017): 497-514. (with
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permission from Taylor & Francis)

These permissions notes are reiterated wherever applicable with the specific

publication under consideration.
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CHAPTER 2

LITERATURE REVIEW

All liquids would become glasses at sufficiently low temperature, if 

crystallization did not intervene.

2.1. Metallic Glasses

Usually, metallic materials when cooled from the melt solidify having regular

repetitive arrangements of constituent atoms, resulting in characteristic crystalline

structures. Crystalline structure can be detected using a diffraction experiment such as

TEM electron diffraction which consists of characteristic rings or spots depending on the

type of crystal structure and elements present (e.g. Fig. 2.1 a). Such an ordered structure

plays a decisive role in determining various properties of crystalline metallic alloys. However,

it was observed by Paul Duwez and coworkers in 1959 that when a Au80Si20 alloy was rapidly

quenched from molten state, a disordered atomic arrangement was observed on solidification

[33]. This disordered arrangement is called as amorphous structure and results in halo like

electron diffraction pattern (Fig. 2.1 b). Such a phenomenon is regularly witnessed in case

of polymers and silicate glasses even with the cooling rates that are not so severe. One of the

important reason in formation of disordered/amorphous structure is difficulty in movement

of atoms in liquid to end up in ordered arrangement [34]. The kinetics plays a key role

during glass formation depending on the composition of the liquid being cooled as stated in

the quote at the beginning [35].

The process of glass formation can be tracked by monitoring variation in a property

with temperature such as specific volume (Fig. 2.2). In the case of crystallization, there is a

discontinuity observed in the graph at the melting temperature (Tm) followed by completion

of solidification and then a steady decrease in specific volume (Fig. 2.2). When the cooling

rate is higher, the liquid gets retained even below melting temperature entering a supercooled

5
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state. As the temperature drops, the liquid becomes more and more viscus (viscosity values

as high as 1016 have been reported [36]) until a point when significant atomic movement

is no longer possible and liquid then solidifies into a disordered solid. Thus it can be said

that glasses are rigid like a solid but disordered like a liquid [34]. The temperature at which

glass solidification takes place is termed as glass transition temperature (Tg) as schematically

shown in Fig. 2.2. It is worth noting here that the Tg is heavily dependent on the rate of

change of temperature [4, 37–39]. Cooling beyond Tg does result in reduction in specific

volume, but at any temperature below Tg, the solidified glass has an excess volume as

compared to its crystalline counterpart. This excess volume is termed as free volume (Fig.

2.2) and it basically points towards the metastable nature of glassy materials [35]. On the

other hand, free volume also increases the configurational entropy of the overall system and

depending upon the chemistry of the composition, may help stabilizing the glassy state by

increasing the free energy barrier between amorphous and crystalline structures [35]. It is

worth noting here that the process of glass formation/amorphization need not always require

a route consisting of cooling from liquid state and may happen directly in solid state. Means

such as high energy ion or radiation bombardment result in large defect concentration in the

solid and, thus, producing a disordered glassy structure on collapse of the crystalline order

[4, 40, 41].

In case of metallic systems, the process of amorphization is much more difficult as

thermodynamic and kinetic conditions required need a careful alloy design. A characteristic

of the alloy termed as a glass forming ability (GFA) provides an idea about ease with which

it can form glassy structure. These metallic alloys solidified amorphous are called metallic

glasses. Owing to disordered/amorphous structure, metallic glasses posses unique set of

properties including very high strength, good corrosion resistance as a result of absence

of grain boundaries, excellent soft magnetic properties, high hardness and wear resistance

[1, 4, 12, 22, 42–47]. As an example, the strength of metallic glasses is much higher than

conventional materials like high strength steels (Fig. 2.3).

During early research since 1960 after discovery, metallic glasses were synthesized

6



Figure 2.1. Electron diffraction patterns belonging to (a) nano crystalline
Fe-Si-B alloy showing crystalline rings and (b) the corresponding amorphous
counterpart.

Figure 2.2. Variation in specific volume as a function of temperature in
case of glass and crystal formation.

7



Figure 2.3. Strength versus elastic limit of glassy alloys compared to other
structural materials [2].

majority as thin foils of few micron thickness and mostly confined to alloy systems like gold

and palladium based alloys. With advancement however, new systems were designed based

on elements such as Zr, Ti, Ni, Fe, Mg, Al, etc. and at the same time the cross sectional

thickness obtained as amorphous also increased (Fig. 2.4). The thicknesses obtained were of

the order of few centimeters coining the name bulk metallic glass (BMG) describing such thick

metallic glasses. The first commercially scaled BMG was Zr41.2Ti13.8CuP12.5Ni10.0Be22.5,

popularly known as vitrealloy. Owing to the unique set of properties origin of which

traces to the amorphous structure, BMGs and metallic glasses in general are being

considered and to certain extent actually put into real life applications. However, metallic

glasses being metastable have some inherent limitations including structural relaxation and

8



Figure 2.4. Time line of evolution of thickness of metallic glasses of
various compositions [2].

crystallization at elevated temperatures, limited ductility, and cross section that can be

obtained as amorphous. Structural relaxation and crystallization can have significant effects

on properties of metallic glasses. Furthermore, it has also been reported that controlled

crystallization may even improve mechanical and magnetic performance of the metallic

glasses [1, 6, 25]. In light of this, the following subsection discusses the fundamentals of

the structural relaxation and crystallization process of metallic glasses.

2.2. Effects of Thermal Energy on Metallic Glasses

2.2.1. Structural Relaxation

Reiterating from the quote at the beginning of this Chapter, David Turnbull and

Morrel H. Cohen state in their classic paper that every liquid would like to become a glass,
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unless crystallization intervenes [35]. As discussed in previous section, metallic glasses are

arrested from getting crystallized by means of kinetic effects induced during rapid cooling.

Even though, in general, the metallic glasses have a short range order at the atomic level,

the degree of metastability may be different depending upon the composition and kinetics of

the glass formation [4]. Furthermore, response of a metallic glass to thermal energy depends

on such degree of metastability as well as amount of energy being input. If the heat flowing

into the glass is not sufficient to pass the energy barrier of crystallization, a process called

structural relaxation takes place [48, 49]. In this course, the overall free energy of the glass

gets reduced transforming it to a more stable glassy structure than the starting point. Heat

energy just insufficient to cause the crystallization transforms the glass to "ideal" condition

wherein the physical properties of the glass are same as the equilibrium liquid from which

the glass was formed extrapolated to the relaxation temperature. The relaxation process has

two components [48]:

(1) Topological short range order which requires more energy input and is characterized

by substantial reduction in the free volume.

(2) Compositional short range order characterized by the way atoms get arranged and

can be described by activation energy curves.

The first component induces irreversible structural relaxation, whereas the second one leads

reversible structural relaxation. Detailed analyses about mechanisms of structural relaxation

has been provided in the literature [48–52]. The structural relaxation can be tracked

by monitoring a variation in property such as modulus, hardness, density, and electrical

resistivity of the glass [53–56]. A schematic is presented in Fig. 2.5 which illustrates the

variation in a density as function of relaxation temperature. Thus, it is clear that structural

relaxation may have a key influence on the properties of metallic glasses which are inherently

metastable. Moreover, structural relaxation can be proceeded by crystallization which can

further affect the properties. The process of crystallization of metallic glasses is discussed in

the following paragraphs.
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Figure 2.5. Process of structural relaxation illustrated by a schematic of
a variation in property that is density of a metallic glass as a function of
relaxation temperature. The dotted line represents "ideal" glass with lowest
possible energy [3].

2.2.2. Crystallization

Provision of sufficient energy to the frozen amorphous structure would result in its

transformation to the more stable crystalline phase(s). A good tool to track the process of

crystallization of metallic glass is non-isothermal differential scanning calorimetry (DSC).

The sample is heated at a predetermined constant heating rate under inert environment

and heat flowing into the sample with respect to a reference material is monitored as a

function of temperature. An example of the resultant plot is shown in Fig. 2.6. As

the temperature increases a small hump is observed in the curve until Tg, when metallic

glass starts absorbing heat and enters the super cooled liquid region. This region spans till

crystallization temperature (Tx) at which the excess energy starts to evolve and long range

atomic order gets introduced. On a side note in context to structural relaxation discussed
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in the previous paragraph, the area under this exothermic peak for heat treated metallic

glass can be monitored with respect to non-heat treated glass to quantify the degree of

structural relaxation [4]. Each peak appearing here after corresponds to phase separation

by crystallization. Tx depends on and increases as a function of heating rate (Fig. 2.7[4]).

Ones the crystallization events conclude, the temperature keeps rising without any significant

activity in heat flow until it reaches the melting temperature.

Figure 2.6. A typical non-isothermal DSC curve obtained during
crystallization of metallic glass. The heating rate used is indicated along
with glass transition temperature (Tg), crystallization temperature (Tx), and
melting temperature (Tm) [4].

There are various modes in which crystallization of a metallic glass can take place

[57–60] as mentioned below.

• Polymorphic crystallization: The composition of the crystalline phase remains same

as the starting glass.
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Figure 2.7. Heating rate dependence of crystallization commencement
temperature shown in case of Pd76Y9Si15 metallic glass as an example [5].

• Eutectic crystallization: Formation of the crystalline phases with two different

compositions in a simultaneous manner is termed as eutectic crystallization.

• Primary crystallization followed by polymorphic or eutectic crystallization: A

primary crystallization product with different chemical composition than that of

the parent glass forms in the first stage. The composition of amorphous matrix also

changes in this course. In the second stage, this matrix undergoes crystallization

either by a polymorphic or by an eutectic mechanism.

The crystallization may reach completion or can be restricted to produce crystalline
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phases within the amorphous matrix. A newly emerging class of composite metallic glasses is

based on partial crystallization of metallic glasses [12, 23, 25, 26]. These composite metallic

glass materials combine performance of metallic glasses with crystalline alloys for resultant

properties such as improved ductility [25, 26] and superior soft magnetic performance [61].

As an example, the fracture toughness of metallic glass composites is expected to be much

higher than the conventional structural materials (Fig. 2.8). Additionally, as these glasses

when subjected to heat treatment undergo nano crystallization serve as one of the desired

methods for synthesis of nano crystalline materials [24, 62–68]. Therefore, the heat treatment

not only helps to determine thermal stability of the metallic glasses, but can also be applied

in controlled manner to serve as useful way of synthesis of crystallite reinforced amorphous

(glass) matrix composite. Thus, there is an increasing research interest in crystallization

of metallic glasses and synthesis of metallic glass based composites. Various processing

techniques have been explored to achieve crystallization in metallic glasses. These techniques

can be classified as:

(1) Isothermal or near isothermal techniques

(2) Non isothermal techniques

based on the thermokinetic conditions involved.

In the first set of methods, the metallic glass is heated usually in a furnace environment

above the crystallization temperature. The onset of crystallization followed by growth of

crystallite/grain is monitored as a function of time [7, 69]. It has been observed that the

grains coarsen rapidly in initial period, and then the grain size reaches a saturation (Fig.

2.9). Impurity segregation at grain boundaries, reduced grain boundary curvature effects,

and reduction in chemical gradients are some of the reasons behind reaching the saturation

[7, 69, 70]. Such a behavior during isothermal treatment can be mathematically expressed

(Eq. 2.1) as per the classic grain growth theory [69]

X
1
n −X

1
n
0 = kt (2.1)

where X is the grain/crystallite size at particular time t, X0 is the initial grain/crystallite size
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Figure 2.8. Fracture toughness as a function of Young’s modulus for
various structural materials. The metallic glass composites are highlighted
with an arrow [6].

at t=0, n is the grain growth exponent, k is the temperature dependent rate constant. n can

have values 60.5 and k is expressed as k = k0exp(
−E
RT

), where k0 is the frequency constant, R

is the universal gas constant, E is the activation energy, and T is the temperature. However,

in case of amorphous material system, it is reasonable to take value of X0 as zero [69], hence

the expression in Eq. 2.1 takes the form as indicated in Eq. 2.2.

X
1
n = kt (2.2)

Although conventional isothermal or near isothermal heating (annealing) is a feasible method

of inducing crystallization followed by nano/micro grain growth in amorphous phase and is
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Figure 2.9. Graphs illustrating grain growth characteristics of nano
crystalline Fe at various temperatures during isothermal furnace annealing
[7].

simple to adopt, it may have some inherent problems such as oxidation, uncontrolled and

uneven heating of the entire material, and possibility of uncontrolled grain growth. In light

of this, some alternative novel techniques have also been explored for this purpose such

as flash annealing [28], microwave heating [29], and laser processing [1, 30, 43, 71]. Flash

annealing consists of holding the material at constant high temperature (static heating) in a
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furnace for short amount of time on the order of few seconds, followed by rapid quenching.

Whereas, microwave induction heating consists of exposing the material to microwave

radiation (dynamic heating) leading to rise in temperature and crystallization. Both these

methods heat the entire bulk of sample. On the contrary to these two techniques, laser

thermal treatment is capable of instantaneously spatially (surface and subsurface regions)

selective heating the portion of sample using laser radiation. In addition, it is also a self

quenching method where the mass of sample surrounding the laser material interaction

volume rapidly extracts the heat, giving rise to cooling rates in the order of 103 - 105 K/s

[1]. The process is highly controllable, rapid, and avoids bulk material heating for extended

period associated with the conventional furnace treatment.

One of the important aspects of crystallization is the size of crystals formed, which

critically influences mechanical, chemical, and functional properties and performances [64,

65]. Crystallization characteristics in the above described unconventional non-isothermal

techniques are different compared to the conventional isothermal techniques. The crystallite

sizes evolved during these unconventional processes are typically much finer. Therefore,

emphasis has been given to explore the non-isothermal methods for crystallization of various

metallic glasses [1, 28–30, 43, 71, 72].

The current work employs laser as a heat source for the crystallization of Fe-Si-B

metallic glass. Previous studies from the present research group have indicated formation

of nano crystals in the amorphous matrix upon laser treatments which led to substantial

improvements in the soft magnetic performance of the material. The main focus of the work

has been on crystallization under non equilibrium laser processing conditions as well as on

effect of microstructure evolution on tensile behavior of laser treated Fe-Si-B metallic glass.

In light of this and after discussing about effects of thermal energy, the following Section

of the literature review has been dedicated to the mechanical behavior of the metallic glass

based materials. It is worth noting here that a separate Section has been included to provide

the information about Fe-Si-B metallic glass, the specific material under consideration of the

present work.
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2.3. Mechanical Behavior of Metallic Glasses

Metallic glasses on the account of their short range order structure posses a high

strength of the order of few GPa irrespective of mode of loading and chemical composition

[2, 73–78]. Absence of grains, grain boundaries, and other defects makes the deformation

mechanisms in metallic glasses much different than the conventional crystalline structural

materials. The metallic glasses have been reported to have strength closer to the theoretical

strength values [26]. The model designed for theoretical strength by Orowan does not take

into account the defects and imperfections within a material [79, 80]. The strength predicted

by such a model is expressed approximately according to Eq. 2.3

σtheoretical ≈
E

π
(2.3)

That is, in absence of defects, a material would posses the strength which is approximately

one third of it’s Young’s modulus. Considering the typical Young’s moduli of 100-200 GPa,

the expected strengths are ∼ 30-60 GPa. However, because of presence of defects (driven by

thermodynamic stability), the usual strengths reported for conventional crystalline materials

are of the order of 100-1000 MPa. Metallic glasses have the modulus values less than 100 GPa

[25, 26]. Thus, estimated values of strength according to Eq. 2.3 are much smaller and hence

the observed difference between calculated and experimental values of strength becomes

smaller as well. Nonetheless, these values are of the order of few GPa and are much higher

than actual strengths of the conventional structural materials. The structural differences

amongst these two types of materials give rise to the differences in the corresponding response

to the load. The following subsection provides information about features of deformation

in metallic glass based materials and also provides key differences when compared to their

crystalline counterparts.

2.3.1. Formation of Shear Bands

The absence of dislocations and crystallographic planes also leads to absence of

mechanism to accumulate the macroscopic plastic deformation. Crystalline materials on
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the other hand, have a periodic structure on atomic level. The deformation happens

by mechanisms of slip and twining. Dislocations form the key elements of deformation

and controlling dislocation motion also results in controllable mechanical properties. Very

common example of slip is FCC aluminum where {111} is the family of closed pack planes and

<110> family of directions form closed pack directions lying in those planes. Dislocation

motion and interactions primarily on these planes determines macroscopic response of a

FCC material to applied load. The deformation is visually observable in the form of slip

bands. In case of metallic glasses, deformation occurs in a very localized manner. It has

been proposed that, on application of load, a small volume of material gets activated and

undergoes shear. This volume is termed as shear transformation zone (STZ) [81] which

are reported to be of having average diameter of around 1 nm [9]. Formation of STZs is

illustrated in Fig. 2.10 [8]. On comparing metallic glasses with crystalline materials, STZs

are analogues counterparts of dislocations in metallic glasses. Collective activation of STZs

on application of applied load leads to formation of a band like volume of material undergoing

localized shear deformation which is called as shear band (Fig. 2.11 [9]). Shear bands are

similar to the slip in crystalline materials. The key differences between crystalline and

amorphous materials have been summarized in Fig. 2.12. Shear bands can easily nucleate

at stress concentrators such as defects and notches within the material because of high value

of stress associated with them. Shear bands are soft as compared to surrounding matrix

because of the deformation happening within them. They can rapidly propagate throughout

the cross-section of the material under the applied load and may lead to catastrophic failure

without any noticeable macroscopic plastic deformation.

2.3.2. Dependence of Response to Load on Crystallizations and Loading Directions

The mechanical behavior of amorphous materials and their composites with

crystalline reinforcements is governed mainly by the movement of shear bands [9, 12, 82]. As

discussed, shear bands are basically the soft volume of a material undergone localized plastic

shear deformation during loading [9]. Thus, controlling the nucleation and propagation of

shear bands determines the macroscopic mechanical response of metallic glasses and their
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Figure 2.10. Formation of shear transition zones on application of stress
within a metallic glass [8].

Figure 2.11. Surface markings caused by shear bands, observed on the
tensile side of a bent wire (diam. 100 mm) of a [(Fe50Co50)75B20Si5]96Nb4 (in
at.%) metallic glass [9].
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Figure 2.12. Schematic illustrating differences in tensile stress strain
behavior of amorphous and crystalline materials along with the key
microstructural differences leading to different deformation mechanisms.
The composite has been constructed from references [10–15].

composites. It has been reported that crystallization of these materials can either results

in ductility improvement or severe embrittlement [12, 25, 26, 83]. These two opposing

effects depend on the method of loading (tensile or compressive) and the types of phases

formed due to crystallization [12, 26]. Applying a compressive constrained loading to these

materials results in the formation of multiple shear bands which leads to macroscopic plastic

deformation. This is attributed to confined nature of the test along with the frictional forces

generated at the grip-sample interface [26]. Such a loading scenario tends to exert closing

stresses on shear bands leading to their multiplication throughout the cross-section of the

sample. On the contrary, in tensile loading, often times a single shear band propagates

through the entire cross section of the specimen leading to a brittle failure [25, 26].
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Furthermore, while considering the role of crystalline phases, their volume fraction

and the nature (brittle or ductile) considerably affect the mechanical properties [12, 25, 26].

Two potential roles can be assigned to these phases. Depending upon their nature, they

may serve as a hard interface with the amorphous matrix initiating the failure or they may

pose a barrier for the movement of shear bands and act as nucleation sites for new shear

bands. The latter results in a measurable plastic deformation independent of the loading

direction. Thus, even though crystallization may be necessary for improving functional

properties such as soft magnetic properties in case of Fe based metallic glass [1, 27, 30, 43, 71]

the microstructural investigation and control becomes critical to ensure mechanically reliable

performance. On the other hand, as stated earlier, crystallization can serve as the barrier

to shear band movements and further nucleate new shear bands leading to macroscopic

plasticity in metallic glasses [6, 25]. Thus, it is clear from the discussion so far that metallic

glasses differ drastically from their crystalline counter parts in terms of their mechanical

behavior. Added to this list is another unique feature of temperature rise in the shear bands

which leads to formation of a characteristic vein morphology as discussed in the following

subsection.

2.3.3. Temperature Rise in Shear Bands and Fracture Behavior

Another interesting feature of the mechanical response of metallic glasses is the

temperature rise within the shear band region during loading. Temperatures as high as

few thousand degrees centigrade have been reported depending upon the composition of

the metallic glass [9, 84]. One of the early evidences of temperature rise was presented

and quantified by Lewandowski and Greer in the case of Zr based metallic glass using a

fusible coating method (Fig. 2.13 [16]). Atomistic simulations have also suggested increase

in temperature of the shear band region [85]. As a matter of fact, the appearance of vein

like features on the fracture surface of the metallic glass suggests localized plastic flow in the

fractured region of the metallic glass due to combined effect of loading and the temperature

rise within the shear bands. For example, during tensile loading, a single shear band extends

at 45◦ to the loading axis throughout the cross section [26]. This results in formation of
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shear offset on the surface of the sample (Fig. 2.14 a). As the shear band heats up the

free volume within the shear band increases leading to coalescence of voids giving rise to

crack nucleation [86]. Upon fracture, a characteristic vein pattern appears on the surface

indicative of signs of localized plastic deformation and temperature rise (Fig. 2.14 b). The

origins of such a vein pattern have been reported to be in localized increase in viscosity as the

temperature increases within the shear bands. This generates the negative pressure effects

as a result of balance between the surface tension of the viscous fluid (Fig. 2.15 a) [19, 87].

The localized meniscus in the low viscosity regions near the crack tip generated from the

shear bands is sensitive to the movement of crack. Any perturbation in the meniscus normal

to the crack propagation will make it unstable. A perturbation of length λ greater than the

critical length λc can grow to develop a finger type shape (Fig. 2.15 a). Collective growth of

these perturbations leads to formation of characteristic vein pattern at the fracture surface

(Fig. 2.15 b).

The temperature plays a key role in formation of low viscosity zones. This

temperature rise within the shear bands is expressed mathematically according to Eq. 2.4

[16, 88]

∆T =

(
H

ρCp
√
πα

)
1√
t
exp

(
−y2

4αt

)
(2.4)

where ∆T is the rise in temperature, Cp is the specific heat, H is the heat content within

the shear band region, ρ is the density, t is the time, α is the thermal diffusivity, and y is

the distance from the center of a shear band.

Thus, it is clear that temperature rise inevitably occurs during mechanical loading

and fracture of the metallic glasses. Such a temperature rise in turn intuitively may lead to

crystallization in metallic glasses. However there are contradicting reports suggesting both

the presence [88, 89] and absence [90] of crystallization in the fractured region. This points

towards the dependence of such a crystallization on factors such as chemical composition and

strain rate apart from temperature rise. Furthermore, it becomes important to investigate

behavior of metallic glass with and without presence of preexisting crystallization which is

one of the motivations for the current work.
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Figure 2.13. Melting of tin coating on the Zr-based metallic glass
upon fracture [16]. This is one of the first experimental evidences about
temperature rise during fracture of a metallic glass.

Figure 2.14. Set of figures illustrating (a) formation of shear offset during
propagation of shear band in the cross-section of the sample [17] and (b)
appearance of vein pattern on the fracture surface of the metallic glass [18].
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Figure 2.15. (a) Instability of the fluid meniscus in the crack tip [19]
(b) Illustration of the catastrophic fracture process [20]. Where dσN

dz
is the

pressure gradient with respect to normal stress σN and R is the radius of
curvature of the meniscus.

Having discussed topics such as metallic glasses, effects of thermal energy on metallic

glasses, and mechanical behavior of metallic glasses; the current Chapter switches gear and

now provides a brief review about the material under consideration for the current work, i.e.,

Fe-Si-B metallic glass. Information about previous investigations from the current group has

been provided which sets the basis for the research problem for the current work.

2.4. Brief Overview of Material and Processing Method Under Consideration

The current work focuses on laser processing of Fe-Si-B metallic glass. It forms

the part of ongoing efforts in the present research group to understand the crystallization

behavior, microstructure evolution, magnetic performance, and mechanical behavior upon

laser treatment of Fe-Si-B metallic glass. The choice of laser as a processing tool in

the particular case of metallic glasses/amorphous material is based on various advantages

offered by the laser technique such as non contact processing, no need of vacuum for
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instrument operation, ease of automation, high controllability, site specific heating, and

chemical cleanliness [23, 30, 42, 71]. Furthermore, laser treatment also avoids harmful effects

associated with the conventional methods such as oxidation and uncontrolled grain growth.

Laser thermal treatment is capable of instantaneously spatially (surface and subsurface

regions) selectively heating the portion of sample using laser radiation. This leads to a self

quenching effect where the mass of the sample surrounding to the laser material interaction

volume rapidly extracts the heat, giving rise to cooling rates on the order of 103 - 105 K/s

[1]. This becomes critical in the case of selective surface crystallization of metallic glasses

wherein control of crystallite/grain size evolved and area of crystallization is critical. In light

of the advantages offered by the laser, it was chosen as the processing tool for this ongoing

investigation on Fe-Si-B metallic glass.

Fe-Si-B-based metallic glasses have gained popularity as a result of their superior soft

magnetic performance which is5 far better than their conventional crystalline counterparts

[1, 91, 92]. It has been reported that the controlled crystallization of these glasses can

result in optimal functional properties [1, 93]. Partial crystallization results in evolution

of a composite microstructure consisting of crystalline pockets within the glassy matrix.

Such a microstructure has been reported to improve magnetic performance of partially

crystallized Fe-Si-B metallic glass by resulting in improved saturation magnetization and

reduced coercivity (Table 2.1) [1, 27, 43, 44, 71, 94]. Furthermore, it was also pointed

out that magnetostrictive effects (the undesired changes in shape of a magnetic material

upon undergoing the process of magnetization [95]) would be minimized in such a partially

crystallized Fe-Si-B metallic glass because the magnetostrictive vectors of crystalline and

amorphous phases have opposite directions [96].

Table 2.1. Summary from the Previous Work of Magnetic Properties of
Fe-Si-B Metallic Glass in Various Conditions [1]

Property Furnace Annealing Laser Treated As received
Coercivity (Oe) 64 37 0.45

Saturation Magnetization (emu/g) 155 175 136

However, apart from improvements in soft magnetic properties, a mechanical
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reliability is also critical from practical application point of view. As an example, Fe-Si-B

metallic glasses have been considered attractive material for the transformer core application

[97]. The transformer core is subjected to mechanical loading and thermal stresses during the

course of operation and catastrophic events such as a current surge may lead to permanent

failure [98–100]. Hence, along with improved magnetic properties, a good mechanical

strength is critical from this application point of view. Therefore, an understanding of

the evolution of crystallization and microstructure during laser treatments is important.

Moreover, understanding of structure-mechanical properties relation and effect of loading on

structural changes also becomes critical from the performance point of view. This forms the

basis of the problem statement for the current work. The following Chapter goes into the

details of the experimental and computational methodologies opted in the current work. This

is proceeded by Chapters discussing the important findings and conclusions of the current

work.
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CHAPTER 3

EXPERIMENTAL AND COMPUTATIONAL PROCEDURES

3.1. Material

Commercially available iron based metallic glass ribbons (MetglassTM) with the

average composition of 85Fe-10Si-5B in atomic percent and the thickness of 23 microns were

used in the current work. This particular composition has been popular for applications

such as transformers, high frequency inductors, and motors as a result of superior soft

magnetic properties [101]. Previous research work from our research group focused on the

same material with an emphasis on spatially controllable crystallization and its effects on

soft magnetic properties [1, 23, 30, 43, 44, 61, 94]. A significant improvement in magnetic

properties upon laser-induced crystallization was reported. The focus of current work was

on effect of thermokinetic conditions during laser treatments on crystallization and in turn

on tensile properties with an aim to develop functionally better and mechanically reliable

Fe-Si-B metallic glass based soft magnetic materials.

Rectangular foil samples of the length of 90 mm and the width of 12 mm were cut

using a carbide blade from the sheet of the metallic glass. The central portion of length of

50 mm was regarded as the gage length during the tensile test (Fig. 3.1). Grip regions of

2 cm on both sides of the foil were utilized to hold the samples in the grips during tensile

tests. The central was subjected to a single linear laser track treatment in the middle (Fig.

3.1). Detailed description about experimental setup during laser thermal treatments, range

of laser processing parameters explored during current work, and tensile testing have been

provided in the following Sections.

3.2. Laser Thermal Treatments

A continuous Nd-YAG laser of 1064 nm wavelength, 0.6 mm beam diameter on the

sample surface, and input power of 100 W was employed for this purpose. The sample was

treated for a single linear laser track (Fig. 3.2) in the central region. The scanning speeds
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Figure 3.1. Schematic of the Fe-Si-B metallic glass foil used in the current
work. Features such as region subjected to laser thermal treatment and
griping areas during mechanical tests have also been shown.

were varied to get various laser fluences on the sample surface (F) expressed in Eq. 3.1

F =
P0t0
A

(3.1)

where P0 is the input laser power, A is the cross sectional area of the laser beam, t0 is the

beam residence time as expressed in Eq. 3.2

t0 =
d

V
(3.2)

where d is the laser beam diameter and V is the laser beam scanning speed.

The initial intent of the study was to understand the crystallization of the Fe-Si-B

metallic glass under the non equilibrium thermokinetic conditions imposed during laser

thermal treatments. The laser beam scanning speeds chosen for this set of experiments were

in the range of 235-350 mm/s (Table 3.1). These conditions were finalized after number of

trials wherein speeds higher than 350 mm/s did not indicate any crystallization in X-ray

diffraction (XRD) analysis, whereas speeds lower than 235 mm/s melted the foil. On the

other hand, for the studies on tensile behavior, additional laser beam scanning speeds in the

range of 350-550 mm/s were introduced to cover the structural changes such as structural

relaxation (Table 3.2).
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Figure 3.2. Schematic of setup during laser thermal treatments of Fe-Si-B
metallic glass.

Table 3.1. Laser Processing Parameters Employed during Crystallization Studies

Laser Power (P0) Scanning Speed (V) Laser Fluence (F)
W mm/s J/mm2

100 235 0.90
100 250 0.85
100 275 0.77
100 300 0.70
100 325 0.65
100 350 0.60
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Table 3.2. Laser Processing Parameters Employed during Tensile Behavior
Studies

Laser Power (P0) Scanning Speed (V) Laser Fluence (F)
W mm/s J/mm2

100 550 0.39
100 500 0.42
100 450 0.47
100 440 0.48
100 430 0.49
100 420 0.51
100 410 0.52
100 400 0.53
100 350 0.61
100 300 0.71

3.3. Identification/Characterization of Crystallization and Phase Evolution

3.3.1. X-ray Analysis

XRD was carried on Rigaku Altima diffractometer for detecting crystallization within

laser treated volume with Cu Kα radiation (0.154 nm wavelength), step size of 0.025◦, and a

scan speed of 2 ◦/minute. Thin films module with Z-omega alignment feature of the Rigaku

XRD setup software was utilized for this purpose.

3.3.2. Calorimetric Analyses

In order to gain some insight about fraction of crystallization under non-isothermal

treatment, differential scanning calorimetry (DSC) experiments were performed on laser

treated region.The samples were carefully cut and weighed on a sensitive SecuraTM

semi-microbalance prior to the experiments. DSC runs were conducted on Perkin Elmer

calorimeter at the heating rate of 20 K/min and alumina as the reference material. Carefully

cleaned alumina crucibles were used to hold the samples. Ar was used as an inert gas inside

the sample enclosure furnace during all the runs.

3.3.3. Resistivity Measurements

The physical transformations such as structural relaxation and crystallization were

further investigated via measurement of the electrical resistivity of laser treated regions of
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the foils. These measurements were performed within the voltage range of 0.2-1 V using a

four point probe method as a function of laser fluence. The sample dimensions and slope of

voltage-current plots were measured carefully for the determination of the resistivity of the

samples.

3.3.4. Electron Microscopy 1

The microstructure analyses of laser treated regions were further performed on

selective samples using FEI Tecnai F20 field emission gun transmission electron microscope

(TEM) operated at 200 keV. Foils for TEM analyses were prepared using a Dual-BeamTM

focused ion beam scanning electron microscope (FIB/SEM). Selected area diffraction (SAD)

patterns corresponding to the various laser treated foils were obtained and analyzed to get

an insight into phase separation and types of the crystallized phases. The multi beam bright

field images as well as dark field images were analyzed to determine the average grain size

using ImageJ software.

3.4. Computational Model 2

Development of various temperature fields during heating and cooling stages of

different applied laser fluences are expected to generate a host of microstructures in metallic

glass. In more specific, the imposed heating and cooling rates, along with the values of

maximum (peak) temperatures attained and the time interval above the crystallization

temperature determine the characteristics of crystallites evolved. In order to obtain the

thermal history developed during laser processing for each set of parameters of laser

treatment, a COMSOLTM Multiphysicsr based three dimensional finite element (FE) heat

transfer analysis model was developed. The FE model involved a geometrical simulation of

the Fe based amorphous ribbon in a rectangular block of 50 x 1.2 x 0.023 cm3 in dimensions

1The content of this section has been previously published in author’s publication:
(i) Joshi, Sameehan S., et al. "Tensile behavior of laser treated Fe-Si-B metallic glass." Journal of Applied
Physics 118.16 (2015): 164904. (Reproduced with permissions from AIP Publishing LLC)

2The content of this section has been previously published in part in author’s publication: Joshi,
Sameehan S., et al. "Dynamic crystallization during non-isothermal laser treatment of Fe–Si–B metallic
glass." Journal of Physics D: Applied Physics 48.49 (2015): 495501. (Reproduced with permission from IOP
Publishing Ltd.)
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(Fig. 3.3). It was meshed by a physics-controlled extra fine type of mesh (with mesh edge

dimension of 0.1 mm).

‘

Figure 3.3. Schematic of geometry of model used in current study.

The heat transfer module of COMSOLTM adopted in the present work is based on

the fundamental principle of conservation in heat transfer, and in case of a three dimensional

heat transfer it is expressed below in Eq. 3.3

ρCP

(
∂T

∂t

)
(x,y,z)

= k′

[(
∂T

∂x

)
(y,z.t)

+

(
∂T

∂y

)
(x,z.t)

+

(
∂T

∂z

)
(x,y.t)

]
(3.3)

where ρ is the density, CP is the specific heat capacity and k’ is the thermal conductivity

of the material. Thermal conductivity for the present material is reported to be 9 W/mK

[101] which is close to polycrystalline Fe-Si alloys [102]. The expression in Eq. 3.3 actually

provides the transient temperature field developed within the sample while the laser beam

is moving along x-axis. The corresponding three dimensional heat flux (Qx,y,z) generated by

Gaussian laser beam is expressed in the Eq. 3.4.

Qx,y,z =
P0

A
∗ exp

[
−(x− V t)2 − y2

2S2
D

]
(3.4)

where t is the time, and SD the standard deviation of Gaussian beam.

The boundary conditions assigned in the model represent the different mechanisms
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of heat transfer during heating and cooling on each surface . On the top surface of the

ribbon a general inward heat flux boundary was set. Radiation and convection happening

simultaneously carried the heat out of the top surface as expressed in Eq. 3.5

− k′
[
∂T

∂x
+
∂T

∂y
+
∂T

∂z

]
= Qx,y,z − εσ[T 4 − T 4

0 ]− h[T − T0] (3.5)

where ε is the emissivity, h is the convective heat transfer coefficient, σ is the Stephen

Boltzman’s constant and T0 is the ambient temperature. Heat transfer coefficient has

been reported to have value in tens of W/m2K [103–105] for natural convection due to

the surrounding air at ambient temperature, therefore it was set as 10 W/m2/K in current

FE model. Emissivity depends on surface condition of the sample and has been reported to

vary from 0.07 to 0.79 for iron based material [106]. In the present case, it was chosen as 0.7

which is typical for unpolished surfaces. On rest of the surfaces, the boundary conditions of

convection and surface to ambient radiation were chosen and they are described by equation

3.6 as

− k′
[
∂T

∂x
+
∂T

∂y
+
∂T

∂z

]
= εσ[T 4 − T 4

0 ] + h[T − T0] (3.6)

The values of laser processing parameters and thermo-physical properties used in

computational simulations of current work are presented in Table 3.3. The thermo-physical

properties are constant room temperature values as the temperature dependent properties

for this material system are not available in the open literature. Moreover, laser-material

interaction is a complex process involving transition of material through several phases (eg.

crystallization, phase evolution, and melting in the current case) in extremely short duration

(∼ms) of the process. Along with phase changes, the laser based surface treatment may

also involves additional physical phenomena such as evolution of surface roughness and

generation of material plume/plasma on the substrate surface. The occurrence of multiple

physical phenomena in such short duration makes it, if not impossible, very difficult either to

conduct in-situ experimental measurements or design a computational model for obtaining

temperature dependent thermophysical properties for any material system. In light this, it

was reasonable to assume the room temperature thermophysical properties during the current
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Table 3.3. Thermophysical and Processing Parameters Employed in FE Model

Thermophysical Parameters
Symbol Description Value
ρ Density 7180 kgm-3 [107]
CP Specific heat 500 J(kgK)-1 [108]
k’ Thermal conductivity 9 W(mK)-1 [101, 102]
h Convective heat transfer coefficient 10 W(m2K)-1
ε Emissivity 0.7 [106]
σ Stefan-Boltzmann constant 5.67 x 10-8 W(mK4)-1

Processing Parameters
Symbol Description Value
P0 Laser power 100 W
L Length of the laser track 50 mm
t Time of processing L/V s
d Laser beam diameter 0.6 mm
A Laser beam cross sectional area πd2/4 mm2

SD Standard deviation of Gaussian beam 0.2 mm

computational modeling efforts. These computational simulations were primarily employed

to generate temperature as function of time and corresponding heating and cooling rates

during laser thermal treatments and correlated them with the crystallization and crystal

growth behavior under various laser fluences used in the present work.

Finally, the heat of crystallization was not considered during the computational

thermal modeling. The total value of heat of crystallization for the as cast foil estimated with

the aid of DSC analysis was 61 J/g (Fig. 3.4). On the other hand, in case of laser processing

the heat input during the residence time of the beam was of the order of thousands of J/g

(in the range of 3633-5450 J/g for the laser fluence range of 0.60-0.90 J/mm2 employed in

the present work). These values of heat input are several orders of magnitude higher than

the heat evolution during crystallization (Fig. 3.4). Thus, the small amount of heat of

crystallization (61 J/g) compared to large amount of laser heat input (3633-5450 J/g) is

likely to assert minimal or no influence on the thermal conduction, radiation, and convection

in metallic glass during computational thermal modeling. In view of this it was reasonable

to not consider the heat of crystallization during computational thermal modeling.
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Figure 3.4. Differential scanning calorimetry curve showing heat of
crystallization for as cast Fe-Si-B metallic glass foil.

3.5. Tensile Testing 3

The effect of different laser treatments on the overall tensile behavior was investigated

using a hydraulically driven InstronTM universal testing machine. Prior to the testing, edges

of the foils were polished using 1200 SiC paper so as to avoid effect of preexisting irregularities

on the edges. The 50 mm long laser treated region was subjected to a uniaxial tensile loading

at the strain rate of 10−3/s following American Society for Testing and Materials (ASTM)

Standard #E345 (Standard Test Methods of Tension Testing of Metallic Foil) guidelines,

while the untreated areas of 20 mm on each end of the sample served as the grip regions

(Fig. 3.1). Elongation at fracture and ultimate tensile strength (UTS) values were obtained

from the extracted engineering stress-strain data from the tensile tests. At least four samples

were tested for each laser processing condition in order to ensure repeatability of the results.

3The content of this section has been previously published in author’s publication:
(i) Joshi, Sameehan S., et al. "Tensile behavior of laser treated Fe-Si-B metallic glass." Journal of Applied
Physics 118.16 (2015): 164904. (Reproduced with permissions from AIP Publishing LLC)
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3.6. Optimization 4

Response Surface Method (RSM) was employed to determine an optimal laser

processing condition based on combination of lowest electrical resistivity and highest UTS.

A one factor design within StatEase TM software (version 9) package was chosen for the

optimization study. The RSM developed predictive models for each response (in present

case UTS and electrical resistivity). Each response was combined into an objective function

called desirability, which was then optimized by univariate techniques. By application of

desirability functions, the optimum combinations of the electrical resistivity and UTS can

be determined for laser processed Fe-Si-B metallic glass. RSM consists of three basic steps:

• Develop predictive models for the responses of UTS and electrical resistivity. Fit

each set of response data with an appropriate mixture model using least squares

regression.

• Combine all responses in to one overall desirability function by (1) establishing

specifications for each response, (2) transforming each response to a desirability

scale that ranges from zero, for undesirable outcomes, to one, for perfectly desirable

results, and (3) combining the individual desirabilities in to one overall function by

use of the geometric mean.

• Find the maximum value of combined desirability, the corresponding impact factors,

and value for each responses in interest.

The steps above are sequentially shown in the form of a flow diagram in Fig. 3.5. In

present case, a combination of laser processing parameters (laser power and scanning speed)

which would lead to a combination of maximum UTS (to ensure mechanical durability)

and lowest resistivity (indicating crystallization) was considered an optimum processing

condition. The results were obtained in terms of predicted vs actual material properties (UTS

and electrical resistivity) plots and desirability vs laser processing condition (laser fluence and

4The content of this section has been previously published in author’s publication: Joshi, Sameehan S., et
al. "Optimization of laser thermal treatment of Fe–Si–B metallic glass." Journal of Manufacturing Processes
24 (2016): 31-37. (Reproduced with permission on behalf of The Society of Manufacturing Engineers from
Elsevier Ltd.)
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scanning speed) to further have an idea about optimum processing condition. The optimum

condition was decided by setting the lowest electrical resistivity to assure crystallization and

highest UTS value for superior functional and structural properties. Various functions were

examined for curve fitting the variation in UTS and electrical resistivity. The square root

function for resistivity and Logit function for UTS provided the best possible fit with respect

to R2 values, there was no physical significance in particular.

Figure 3.5. Flow diagram for experimental procedures and subsequent
statistical optimization study.

3.7. Fractography 5

Fractographic observations of the tensile tested samples were carried out with the aid

of electron microscopy. The current section goes into the strategies followed in experimental

setup and microscopy techniques to extract the information about fracture surface.

5The content of this section has been previously published in author’s publication: Joshi, Sameehan S.,
et al. "Crystallisation behaviour during tensile loading of laser treated Fe–Si–B metallic glass." Philosophical
Magazine 97.7 (2017): 497-514. (Reproduced with permission from Taylor & Francis.)
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3.7.1. Observations of Fracture Surface Morphology

The primary observations of the fractured surface such as morphological (surface

relief) features were made by FEI ESEM scanning electron microscope (SEM). The fractured

metallic glass foils were held in a special clip type holder to ensure a firm hold and

vibration free observations of the fracture surface. The SEM was operated at the voltage

of 15 keV. Surface sensitive Everhart-Thornley secondary electron detector was employed

for SEM imaging in order to capture the features of fracture surface topography. The

SEM fractrographs were analyzed using linear intercept method to determine the average

measurement of features such as vein spacing and thickness chevron ridges using linear

measurement tool of the ImageJ software (developed by National Institute of Health, USA).

As the veins appeared in the form of a mesh of polygons in the two-dimensional field of view

of SEM micrograph, linear intersections across the polygon in at least eight directions using

linear measurement tool of the ImageJ software were taken and presented as a mean value.

The procedure was repeated for at least 20 other polygons within the field of view of the

same SEM fractrograph and presented as a mean value with the standard deviation as the

vein spacing. The thickness of chevron ridges was measured at various locations along the

length of each individual ridge using the linear measurement tool of the ImageJ software.

At least 10 ridges were measured in this manner in the field of view of a SEM fractograph

and was reported as an average value with the standard deviation.

3.7.2. Site Specific Transmission Electron Microscopy

Effects of the tensile loading on a laser treated Fe-Si-B metallic glass such as

microstructural features (crystallization and grain deformation) after fracture were observed

using transmission electron microscope. Site specific TEM samples were prepared from

the fractured region and a location away from the fracture using a Dual-BeamTM focused

ion beam scanning electron microscope (FIB/SEM) technique as indicated in Fig. 3.6.

The final thinning of the samples was carried out using low energy beam (5 kV) at a low

beam incidence angle to assure no microstructural changes were induced during the sample

preparation process. Notably, the TEM foils were lifted out from the region perpendicular to
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the surface of the samples within the thickness in both non-fractured and fractured samples

for consistency (Fig. 3.6).

The FIB lift out samples were then observed using FEI Tecnai F20 field emission

TEM operated at 200 keV. The selected area diffraction (SAD) patterns were captured

to analyze the phases present/evolved in various regions of the sample. The multi beam

bright field (BF) images as well as dark field (DF) images were recorded. To determine the

average crystallite/grain size using linear intercept measurement tool of ImageJ software,

series of dark field images associated with different spots in the recorded diffraction pattern

images were analyzed. It has been acknowledged that the recorded images were two

dimensional projections of the grains. It is imperative to note here that to get an estimation

of the grain size distributions with high precision, relatively new orientation microscopy

techniques such as ASTARTM -precession electron diffraction [109] need to be used. In the

current work, geometry of the grain was measured for its size (diameter) by drawing linear

intersections (diameters) across each grain in at least eight different directions using the

linear measurement tool of ImageJ software and presented as a mean value. The procedure

was repeated for at least 25 grains within the field of view of each TEM micrographs and

presented as a mean value with a standard deviation as the grain size. Such an assessment of

TEM micrographs have been reported to estimate the grain size with a reasonable accuracy

[110–112].

Figure 3.6. Set of micrographs showing (a) the regions for FIB lift out for
a tensile fractured laser treated Fe-Si-B metallic glass, high magnification
view showing (b) FIB lift-out region at the fractured region within the laser
track, and (c) FIB lift-out region away from the fracture.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1. Effects of Laser Thermal Treatment on Crystallization of Fe-Si-B Metallic Glass 1

The current Section explores the evolution of crystallization in light of various

thermokinetic effects induced during laser thermal treatments of Fe-Si-B metallic glass. The

observations of crystallite size as a function of laser processing condition (Table 3.1) have been

presented. Identification of the crystalline phases formed has been performed with the aid of

various techniques. The microstructure evolution has been analyzed based on computational

predictions of the time temperature cycles induced within the material during laser thermal

treatments.

4.1.1. Observations of Crystallite and Phase Evolution

XRD analysis was utilized for initial assessment of crystallization. XRD spectrum of

as-cast Fe-Si-B metallic glass foil contained a broad hump typical to the amorphous nature of

material (Fig. 4.1). XRD spectrum for 400 mm/s (0.53 J/mm2 fluence) also wielded a pattern

similar to as-cast material thereby indicating the absence of any crystallization and retention

of amorphous nature during laser thermal treatment with such rapid scanning speed (Fig.

4.1). However, with increase in laser fluence, within the range of fluences (0.60-0.90 J/mm2)

employed in the present work, XRD spectra indicated the occurrence of crystallization with

the presence of α-(Fe,Si) peak (Fig. 4.1). Specifically, the peak became more prominent

in terms of its intensity and sharpness with increase in laser fluence (decrease in scanning

speed). The corresponding crystallite size, X, was determined using the Scherrer’s formula

(Eq. 4.1) [113] and presented as function of laser fluence (F), beam residence time (to) and

average peak temperature (T) attained during processing in Fig. 4.2.

X =
0.9λ

βcos(θB)
(4.1)

1The content of this section has been previously published in author’s publication: Joshi, Sameehan S.,
et al. "Dynamic crystallization during non-isothermal laser treatment of Fe–Si–B metallic glass." Journal of
Physics D: Applied Physics 48.49 (2015): 495501. (Reproduced with permission from IOP Publishing Ltd.)
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where λ is the X-ray wavelength, β is the value of X-ray peak full width at half maximum

(FWHM) in radian, and θB is the Bragg angle in degree of the peak in consideration. The

analyses was performed using peak analyses and measurement tools of the OriginProtm

plotting software. It is acknowledged here that the peak broadening can result from factors

such as instrument induced factors and stresses apart from average crystallite/grain size

within the sample [114]. However, the experimental conditions were consistently maintained

and all the starting material was from the exact same sheet of the metallic glass. In light of

this, it was reasonable to assume that the other factors were normalized and the variation

in crystallite/grain size was the main contributor towards variation in corresponding peak

broadening in XRD spectra. Moreover, it has been reported that crystallite size estimations

using Eq. 4.1 are reasonably accurate for Fe based and other nanocrystalline systems [69,

91, 114–118].

Primarily, the crystallite size increased with increase in laser fluence initially and

then appeared to reach nearly stable value of about 32 nm. In other words, the crystallite

size increased rapidly with a decrease in laser scanning speed initially and then reached an

almost steady value of 32 nm with a further decrease in scanning speed within the range of

scanning speeds explored in the present study.

The DSC curves revealed two crystallization events (Fig. 4.3) which are typically

observed for this material [1, 119]. The first crystallization event began at 780 K and second

followed at 820 K. The first crystallization peak corresponded to α-(Fe,Si) phase, whereas the

second peak was associated with the formation of Fe3B followed by its transformation to Fe2B

intermetallic phase as reported in the literature [119] for this type of metallic glasses. Even

though Fe2B peaks were not distinctly observed in XRD spectra of laser processed metallic

glass foils (Fig. 4.1), the DSC analysis indicated formation of Fe2B phase [1, 27, 119]. This

can be attributed to the closeness of the peaks of α-(Fe,Si) and Fe2B and to the low fraction

of Fe2B formed which was possibly beyond the resolution of XRD analysis.

Estimation of transformed fraction (f) was done using comparison of areas under

the peaks in DSC curves (Fig. 4.3) corresponding to crystallization events. These areas
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Figure 4.1. XRD patterns of Fe-Si-B metallic glass foil samples subjected
to various laser energy inputs indicating crystallization.

43



Figure 4.2. Variation of crystallite size with laser fluence, beam residence
time, peak temperatures reached and scanning speed.

represent heat of crystallization for as-cast (∆Hcast) and laser processed (∆Hlaser) samples.

Crystallization being an exothermic process, if there are pre-existing crystals in the volume

of material being tested, less heat would be evolved as compared to completely amorphous

sample. There was a clear reduction in area under the crystallization peaks for laser processed
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Figure 4.3. DSC curves for Fe-Si-B metallic glass foils treated with various
laser flunces. They indicate two crystallization events and reduction in area
under the curve for those with progressive crystallization.
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samples as compared to as-cast sample, indicating crystallization happened during laser

thermal treatment. Eq. 4.2 was employed for the estimation of f as

f = m.(fα(Fe,Si)) + n.(fFe2B) (4.2)

where fα(Fe,Si) and fFe2B are the fractions of α - (Fe,Si) and Fe2B formed respectively and

defined as f = (∆Hcast-∆Hlaser)/∆Hcast [120, 121], m and n are defined here as multiplication

phase factors. These quantities correspond to fraction of α-(Fe,Si) (phase factor m) and Fe2B

(phase factor n) formed when an as-cast amorphous Fe-Si-B alloy is completely crystallized.

The values of m and n can be approximately calculated from equilibrium Fe-B phase diagram

[122] using lever rule at the boron composition in the present system. With this approach of

slight modification of the formula given in literature [120, 121], it is possible to approximately

predict the fraction of each phase crystallized as well as the total crystallization by the

following Eq. 4.3

f = m.

(
∆Hcast −∆Hlaser

∆Hcast

)
α(Fe,Si)

+ n.

(
∆Hcast −∆Hlaser

∆Hcast

)
Fe2B

(4.3)

Value of m and n are taken here as 0.82 and 0.18 corresponding to fractions of α Fe

and Fe2B in Fe-5at %B alloy. The fractions computed using Eq. 4.3 are presented in table

4.1. The fraction of crystalline phases steadily increased with laser fluence. α-(Fe,Si) got

crystallized in significant amounts and fraction of Fe2B indeed was very low.

Table 4.1. Fraction of Crystallization from DSC Analysis

Laser Scanning α-(Fe,Si) Fe2B Total
Fluence Speed Crystallized Crystallized Crystallized

(F) (V) Fraction Fraction Fraction
J/mm2 mm/s Vol% Vol% Vol%
0.60 350 16 0.5 16.5
0.65 325 29 5.0 34.0
0.70 300 31 6.0 37.0
0.77 275 32 6.2 38.2
0.85 250 37 7.0 39.0
0.90 235 46 7.4 53.4

Further, the formation of α-(Fe,Si) and Fe2B as well as the nano size nature of
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Figure 4.4. TEM micrograph of laser processed Fe-Si-B metallic glass
foil showing (a) bright field image revealing nano grains and (b) the
corresponding diffraction pattern indicating evolution of α-(Fe,Si) and Fe2B.

crystallites were confirmed in TEM analysis for laser thermal treated Fe-Si-B metallic

glass foil with scanning speed of 300 mm/s (0.7 J/mm2 fluence). The representative TEM

micrograph is presented in Fig. 4.4 along with selected area diffraction (SAD) pattern in

the inset. The selected area diffraction (SAD) pattern (inset of Fig. 4.4) did confirm the

presence of α-(Fe-Si) and Fe2B phases as observed in DSC analysis (Fig. 4.3 and Table 4.1).

Furthermore, the average crystallite size measured from multiple TEM micrographs was 29

± 6 nm. It was very close to the average crystallite size of 28 nm determined from XRD

analysis for this particular laser processing condition. Similar to the range of crystallite

sizes obtained in the current work, it has also been reported for Fe-based nano crystalline

materials that the crystallite sizes predicted by Scherrer’s equation are reasonably accurate

[7, 69].

Previously, similar behavior of crystallite coarsening has been observed in
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conventional isothermal annealing [7, 91, 123]. However, unlike the conventional isothermal

techniques, the laser processing is a dynamic technique wherein temperature varies over

extremely short time duration. To realize such dynamic development of thermal fields within

the material, a FE based thermal model was developed. Following subsection has been

dedicated to the discussions on estimations of the thermal model of laser thermal treatments

followed by analyses of crystallization process based on these predictions.

4.1.2. Computational Predictions of Thermal Effects

The FE model was primarily used to estimate temperature evolution as a function

of time during various laser treatments. As mentioned in Chapter 3, the laser power was

fixed while the scanning speeds were varied to get various laser fluences on the sample

surface. Therefore, the material experienced variation in laser energy density as well as

beam residence times. In view of this, the heating and cooling curves derived from the

computational thermal model are presented in Fig. 4.5.

The estimated peak temperatures increased as a function of laser fluence as expected.

Moreover, the heating and cooling rates are significantly rapid (104-105 K/s) compared to

that in the conventional processing techniques (10-102 K/s). Therefore, the conventional

theory of crystallite growth under equilibrium thermal conditions is likely to deviate when

applied in the analyses of phenomenon of crystallization and growth during laser processing

which often experiences near or complete non-equilibrium thermal conditions. In view of

this, the unique characteristics of laser processing were taken into consideration. The

crystallization process was analyzed based on the predictions of the thermal FE model

with the aid of additional extracted parameters such a heating rates, cooling rates, and

peak temperatures. The following subsection presents discussions about dynamic process of

crystallization of Fe-Si-B metallic glass during laser thermal treatments.

4.1.3. Influence of Thermokinetic Effects during Laser Treatments on Crystallization

It is a well known observation that crystallization temperature shifts to higher

level during dynamic (non-isothermal) treatment [4, 45, 124, 125]. This effect could be
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Figure 4.5. Temperature as a function of time for various laser processing
conditions as predicted by the thermal model.

mathematically expressed by the Ozawa equation (Eq. 4.4) [124]

ln(HR) =
−Ecryst
RTcryst

+B (4.4)

where HR is the heating rate, Ecryst and Tcryst are the activation energy (295 kJ/mol [91]) and

the onset temperature of crystallization respectively, and B is the constant of integration. It

has to be mentioned here that such analysis can also be done using Kissinger method [126].

As revealed from DSC analysis, for heating rate of 20 K/min, the onset of crystallization

for present composition occurs at 780 K (Fig. 4.3). Therefore, the value of the constant B

can be determined from Eq. 4.4 with the known parameters for a given material system.
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Figure 4.6. Heating and cooling rates predicted by thermal model during
various laser scanning speeds.

The heating and cooling rates (K/s) were determined by curve fitting within the heating

and cooling sections respectively of the data presented in Fig. 4.5 for the range of laser

fluences (laser beam scanning speeds) employed in the present work. The heating rates

increased whereas cooling rates decreased with increment in scanning speeds (decrease in

laser fluence) (Fig. 4.6). The crystallization onset temperature Tlaser, predicted for the

range of laser fluences (laser beam scanning speeds) employed in the present work from

Eq. 4.4 was much higher than 780 K (for 20 K/min heating rate), and gradually increased

from 1089 to 1100 K with increase in scanning speed (Fig. 4.7 a). This is indicative of

substantial delay in onset of crystallization followed by growth of crystallites during laser

thermal treatment.

In case of any isothermal or non-isothermal (dynamic) treatment of amorphous

material, crystallization commences at the crystallization onset temperature followed by the
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Figure 4.7. Variation in (a) onset of crystallization temperature in laser
treatment Tlaser, arrest temperature Tarrest, and (b) peak temperature Tpeak

with laser beam scanning speed.
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growth of crystallites through the heating and continues through the cooling process. The

growth ceases when the temperature drops back to the crystallization onset temperature.

During any non-isothermal treatment such as laser thermal treatment, temperature rises to

the peak temperature while heating and drops rapidly during cooling after the termination of

laser thermal treatment. However, the growth of crystallites continues during cooling cycle,

until it is prematurely arrested (terminated) at the temperature Tarrest because of the rapid

cooling. As explained earlier, estimation of crystallization onset temperature based on Ozawa

equation (Eq. 4.4) took into account the heating rate during non-isothermal treatment.

However, termination of crystal growth at temperature, Tarrest occurred in the cooling

stage of the non-isothermal treatment. In view of the preexisting crystals, a semi-empirical

approach involving cooling rate, CR was adopted to estimate Tarrest. Accordingly, Eq. 2.2

was modified to include time t, as a function, f(T,CR) of temperature, T and cooling rate

CR and expressed in the Eq. 4.5.

X1/n = k0. e
(−E
RT

). f(T,CR) (4.5)

The function, f(T,CR), was obtained as an expression corresponding to a curve fit in

the cooling section of the data presented in Fig. 4.5. The activation energy E and k0 for

α-(Fe,Si) crystallite coarsening are reported as 248 kJ/mol and 0.00424 respectively [69]. The

value of n was approximately chosen as 0.5, which describes parabolic growth of crystallites,

and holds good in initial stages of crystallite growth till the crystallite size reaches values of

the order of 60 nm [7]. Using the experimental values of crystallite size for X (Fig. 4.2), and

f(T,CR) from the cooling cycles in Fig. 4.5, corresponding temperatures were computed using

Eq. 4.5. Thus, the temperature computed semi-empirically, from Eq. 4.5, is the temperature

Tarrest at which the crystallite growth was arrested. Although Tarrest (913-949 K) for all

laser fluences is higher than 780 K, the temperature of crystallization onset for 20 K/min

heating rate, it decreased with increase in scanning speed (with decrease in laser fluence)

within the range of laser processing parameters explored in the present work (Fig. 4.7 a).

The laser thermal treatment being a dynamic (non-isothermal) process, the variation from
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Tlaser to Tarrest happens via attendance of maximum temperature, Tpeak corresponding to

termination of laser treatment in the intermediate stages. This Tpeak computed using thermal

model described earlier and presented in Fig. 4.5 decreased with increase in scanning speed

(with decrease in laser fluence) within the range of laser processing parameters explored in

the present work (Fig. 4.7 b).

The crystallite size indicated by XRD and TEM analyses was the net result of heating

and cooling cycles. As schematically illustrated in Fig. 4.8, the time duration, ∆t, between

the onset of crystallization during laser treatment (Tlaser), and the temperature at which

growth ceased (Tarrest), was the time over which the entire crystal growth took place. Since,

the peak temperatures, Tpeak distinctly changed for each processing condition (Fig. 4.7 b),

the difference, ∆T in Tpeak and Tarrest (Fig. 4.8), can also be a distinct indicator of the

influence of dynamic nature (variation of temperature in short duration of time) and various

process parameters on crystal growth during non-isothermal processing such as laser thermal

treatment adopted in the present work. In view of this, it is worth noting that both ∆T

and ∆t decreased with increased scanning speed, in other words decreased laser fluence (Fig.

4.9). This in turn also resulted in providing decreased crystallite size with increased scanning

speed or decreased laser fluence (Fig. 4.2). It was clear that increased heating rates (figure

4.6) and decreased ∆T and ∆t with increased scanning speed, ie., lowered fluences (Fig.

4.9) resulted in providing reduced thermal gradient and time for the crystal growth. As a

result, the non isothermal laser thermal treatment yielded much smaller crystallites (size

less than 35 nm) (Fig. 4.2) as compared to several other conventional and non-conventional

thermal treatments (50-150 nm) [28, 29, 91]. These observations indicated that in general,

dynamic non-isothermal laser treatment generated extremely rapid heating and cooling rates

that shifted the temperatures of crystallization onset and termination of crystallite growth

to higher temperatures thereby substantially reducing the time interval of crystallite growth.

Thus the crystallization was strongly influenced by the laser process parameters.

Although the peak temperatures developed during laser treatments were high (1241-1463 K),
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Figure 4.8. Schematic of time-temperature curve illustrating concept
of arrest temperature, time of growth ∆t, and dynamic nature of laser
processing.

the coarsening of crystallites was avoided due to rapid heating and cooling rates (104-105K/s)

inherently associated with the laser thermal treatment. It has been reported that Fe-Si-B

alloys can coarsen above 100 nm, and additions of Nb and Cu are required to limit the

coarsening [127]. Furthermore, in the non-conventional technique such as microwave heating

of Fe73Si16B7Nb3Cu1, with the heating rates of the order of 102 K/s, heating of the entire

volume of the material resulted in generation of average crystallite size of 64 nm [29]. On the

contrary, in the present case, without any alloying addition, direct laser thermal treatment

of Fe-Si-B amorphous alloy generated much finer crystallite size with the occurrence of
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Figure 4.9. Dynamic nature of process reflected in variation of time of
growth (∆t) and difference between peak and arrest temperatures (∆T) with
scanning speed.

crystallization only in laser treated region. This laser-based thermal treatment approach

wields an added advantage of producing composite materials with nano crystals embedded

in amorphous matrix via selective crystallization which are reported to have much superior

magnetic performance [1, 71] and mechanical properties [128]. Thus, the current efforts

in succession of the previous work published on same material and similar laser treatment

by the present research group [1, 30, 43, 71], provided more understanding regarding the

dynamic effects of laser processing parameters on important crystallization attributes such

as temperature of crystallization onset and crystal growth arrest along with the total time of

crystallization. The overall understanding of the effect of these parameters is likely to provide

precise control in tailoring the process for desired microstructure in amorphous material.

After developing understanding about the crystallization of laser treated Fe-Si-B metallic
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glass, as discussed in Chapter 1, th next goal was to understand effects of microsturucture

evolution on tensile behavior of laser treated metallic glass. The results about the same have

been presented in the following Section.

4.2. Tensile Behavior and Process Optimization of Laser treated Fe-Si-B Metallic Glass 2

In this Section, the main focus is on effects of laser processing parameters (Table 3.2)

on tensile behavior of Fe-Si-B metallic glass. Moreover, for any processing operation, the

optimization of processing conditions/parameters to arrive at the desired outcome becomes

critical. In view of this, efforts made on statistical optimization of laser processing parameters

using response surface methodology of statistics have been discussed. Such efforts are helpful

in expedited realization of the structure-property relationship. Based on these optimizations

and confirmations, further detailed investigations of microstructure and phase evolution have

been presented. Thus, the current Section tries to bridge the process optimization with

physics-based investigations of the effects of processing within the material.

4.2.1. Observations of Stress Strain Behavior

The engineering stress-strain curves for the as-cast as well as the laser treated foils

indicated purely elastic behavior (Fig. 4.10). The point of UTS/fracture strength was same

as the fracture strength due to the elastic nature of the stress-strain curve. The UTS/fracture

strength values for the as-cast and the foils treated with the laser fluences of 0.39-0.52 J/mm2

were within the range of 1500-2500 MPa. For the laser fluences in the range 0.53-0.71 J/mm2,

the UTS/fracture strength values severely dropped and were in the range of ∼300-500 MPa.

These observations suggested some drastic structural changes happening within laser thermal

treated Fe-Si-B metallic glass with an increase in laser fluence. To obtain a quick qualitative

idea about such structural changes, electrical resistivity measurements on these samples were

performed.
2The content of this section has been previously published in author’s publications:

(i) Joshi, Sameehan S., et al. "Tensile behavior of laser treated Fe-Si-B metallic glass." Journal of Applied
Physics 118.16 (2015): 164904. (Reproduced with permissions from AIP Publishing LLC) and
(ii) Joshi, Sameehan S., et al. "Optimization of laser thermal treatment of Fe–Si–B metallic glass." Journal
of Manufacturing Processes 24 (2016): 31-37. (Reproduced with permission on behalf of The Society of
Manufacturing Engineers from Elsevier Ltd).
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Figure 4.10. Representative engineering stress-strain curves are depicted
for Fe-Si-B metallic glass foils treated with single laser track at the center of
gage length.

4.2.2. Localized Structural Changes during Laser Thermal Treatments

In order to realize the structure-property relationship in an expedited manner,

electrical resistivity measurements were performed on as-cast and laser treated metallic glass

foils. Electrical resistivity is a good and quick tool (compared to other sophisticated methods

such as X-ray and electron diffraction) to track the crystallization process which critically

influences the physical and functional properties of laser treated Fe-Si-B metallic glass.

Heating amorphous materials to energy levels insufficient for crystallization may result

in structural relaxation [12, 129, 130]. During relaxation, atoms of amorphous materials

undergo rearrangements to lower overall free energy [131, 132]. This process continues

till the amorphous structure reaches the lowest possible free energy before commencement

of crystallization. Noticeably, structural relaxation can result in the variation of various

properties such as resistivity, density, and free volume of amorphous materials [130]. In

the current work, the manifestation of relaxation was realized by expressing resistivity as

a function of laser fluence (Fig. 4.11). Compared to the resistivity of the as-cast foil, the
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resistivity of the laser treated foils increased initially with increase in the laser fluence (0.39

and 0.42 J/mm2). Further increase in the laser fluence to larger values (0.47-0.71 J/mm2)

gradually dropped the resistivity of the laser treated foils to the values smaller than the

resistivity of the as-cast foil. The initial increase in resistivity is a clear indicator of structural

relaxation as reported in the literature [55, 133, 134]. The reason behind such an increase

has been attributed to redistribution of the free volume upon commencement of structural

relaxation in a metallic glass. At the same time, the redistribution of free volumes also alters

the localized arrangements of the atoms. Moreover, as the laser treatment induces rapid

cooling (∼104 K/s, Fig. 4.7 a), it is possible that such a structure with redistributed free

volume and atoms gets retained after completion of the laser treatment. Collectively, these

localized structural changes and process induced rapid cooling led to increased scattering

centers throughout the structurally relaxed volume of the material leading to an increase in

the electrical resistivity [55].

Another phenomenon which could be occurring prior to crystallization is phase

separation [135–138]. In such as case, a localized redistribution of atoms causes a fine

scale compositional phase separation prior to commencement of crystallization. Such a

localized inhomogeneity of clusters of different compositions could also lead to excess number

of scattering centers compared to a as-cast metallic glass leading to an increase in the

electrical resistivity. However, this aspect needs a further investigation to provide a direct

observational evidence. Thus, an initial increase in resistivity could be due to redistribution

of atoms, and free volume along with a localized phase separation prior to crystallization.

After the redistribution of atoms and free volume at lower laser fluences, the

annihilation of free volume commenced at higher temperatures achieved for higher laser

fluences. The reduction in free volume pushed the laser treated Fe-Si-B metallic glass towards

crystallization. The crystallization reduces the number of scattering centers as reflected in a

gradual drop in resistivity with further an increase in the laser energy can. Such a a gradual

drop can be associated to progressively higher volume of crystallization [134]. Based on these

resistivity measurements, a possible structural evolution consisting of structural relaxation
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and partial crystallization was expressed schematically (Fig. 4.12).

With these observations, it was evident that for laser fluences the Fe-Si-B metallic

glass foils likely underwent structural relaxation. Whereas, for the higher laser fluences the

metallic glass foils provided an indication of occurrence of crystallization. As discussed earlier

in Chapter 3, the process of partial crystallization was necessary for functional properties

as reported by previous investigations from the current research group [1, 27, 30, 43, 94],

observations of Fig. 4.10 indicated that the process of crystallization would have been

responsible for reduction in the strength values. Thus, there was a need to investigate

a laser fluence which would induce crystallization in Fe-Si-B metallic glass foils needed for

functional performance at the same time retain a high mechanical strength. Response surface

methodology based statistical optimizations were performed for this purpose as discussed in

the following subsection.

4.2.3. Statistical Process Optimization to realize Structure-Tensile Property Relationship

As stated earlier in Chapter 2, the optimized condition was set as the one which

would show reduction in resistivity (a qualitative indicator of fraction of crystallization)

while retaining high strength. In order to do this, the experimentally derived values were

input to the RSM algorithm. In case of UTS/fracture strength, a logarithmic function

(Eq.4.6) resulted in the best fit (R2 = 0.87) whereas electrical resistivity showed the best

fit (R2 = 0.92) by inverse square root function (Eq.4.7). The actual versus predicted plot

for UTS/fracture strength as well as electrical resistivity indicated a linear trend pointing

towards a reasonable choice of corresponding fitting functions (Fig. 4.13 a and b). The plot

of externally studentized residuals and predicted values by the fitting function indicated the

absence of any trend in both the cases (Fig. 4.13 c and d). The significance of such a plot

is that it indicates constant variance in the data, a requirement to perform ANOVA [139].

In addition, it has been reported that, an externally studentized residual greater than 3.5

points towards possible outliers, that is a value with the possibility of unacceptable error

[140]. No such outliers were observed in either of the cases. These initial results during

optimization indicated the suitability of experiments under consideration towards ANOVA
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Figure 4.11. Variation in the resistivity of laser treated Fe-Si-B metallic
glass foils as a function of laser fluence.

Figure 4.12. A possible structural evolution as a function of laser fluence
for laser treated Fe-Si-B metallic glass.
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and subsequent investigation about the most optimal condition.

Logit(U) = ln
U − 300

2191− U
= −439 + 2603 ∗ F − 4930 ∗ F 2 + 2991 ∗ F 3 (4.6)

1
√
ρ

= 126− 1197 ∗ F + 4515 ∗ F 2 − 8423 ∗ F 3 + 7778 ∗ F 4 − 2845 ∗ F 5 (4.7)

Where U stands for UTS/fracture strength and ρ denotes electrical resistivity.

Figure 4.13. Set of plots showing predicted vs actual values for and
(a) UTS/fracture strength and (b) electrical resistivity and externally
studentized values versus predicted values by the function showing a random
scatter for (c) UTS/fracture strength and (d) electrical resistivity.

Another important aspect of the optimization study is the behavior of desirability

function. This function takes into account the desirable conditions for the individual
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responses of the experiment and assigns the desirability index for each response for

corresponding processing condition. An overall/composite desirability is then computed

by the optimization software to indicate the most favorable processing condition [140, 141].

The overall/composite desirability index of 1 is considered ideal and any value closer to it

corresponds to the most suitable processing condition. Mathematically the overall/composite

desirability is expressed as a geometric mean according to Eq. 4.8 [141, 142]

D = dw1
1 ∗ dw2

2 ∗ dw3
3 .... ∗ dwn

n =

(
n∏
i=1

[dwi
i ]

) 1
Σwi

(4.8)

where D denotes a overall/composite desirability for a particular experimental condition,

i is the number of responses being evaluated during the experiment, d is the individual

desirability for each response, and w is the weighting assigned to the respective response.

Furthermore, the individual desirability in case of maximizing a response has been

mathematically expressed according to Eq. 4.9 [143]

d =


0, y<L(
y−L
T−L

)w
, L ≤ y ≤ T

1, y>T

(4.9)

where y is the response, T is the target value for y, L is the lowest value obtained in the

experiments for y.

On the contrary to the case given in Eq. 4.9, the individual desirability in case of minimizing

a response takes the mathematical form as expressed in Eq. 4.10 [143]

d =


1, y<T(
H−y
H−T

)w
, T ≤ y ≤ H

0, y>H

(4.10)

where H is the highest value of y obtained in the experiments.

As mentioned before, the processing condition leading to low electrical resistivity
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(indicating reasonable fraction of crystallization) and high UTS/fracture strength was

regarded desirable in present investigation. This implied assigning the equal weighting (w=1)

for both of the responses. Based on these considerations, the overall/composite desirability

index was computed by the StatEaseTM optimization software in accordance with Eq. 4.8,

4.9, and 4.10. Furthermore, it was expressed as a function of laser fluence (and scanning

speed) (Fig. 4.14). There was a drop in overall/composite desirability as a function of laser

fluence within the laser fluence range of 0.39-0.43 J/mm2. Even though the UTS/fracture

strength was very close to the as-cast metallic glass foil in this range, the electrical resistivity

increased as a result of structural relaxation (Figs. 4.10 and 4.11). Hence, this was set as

undesirable condition in the optimization process. With further increase in laser fluence

(decrease in scanning speed), the overall/composite desirability also increased. Such an

increase in desirability was the result of retention of high UTS/fracture strength and at the

same time experiencing continuous drop in electrical resistivity by the laser thermal treated

Fe-Si-B metallic glass foils. The desirability function reached a maximum at the laser fluence

of 0.497 J/mm2 (scanning speed of 425 mm/s) indicating towards most optimal processing

condition and then dropped as a function of laser fluence (Fig. 4.14). At this point of

maximum, the value of desirability was 0.91. The corresponding values of UTS/fracture

strength and electrical resistivity were 2090 MPa and 1.4 Ω.µm respectively (Fig. 4.14).

Even though this exact value of laser fluence of 0.497 J/mm2 was not actually employed

in experimentation, it was much closer to the laser fluence of 0.49 J/mm2 actually utilized

in the current work. This particular condition had average UTS/fracture strength value

of 2190 ±95 which is very similar to the values predicted from optimizations. Hence, this

particular condition is likely to ensure generation of fraction of crystallization necessary

for the low resistivity while retaining high UTS/fracture strength needed for the optimum

performance. In light of this, in depth experimental investigations were carried out in terms

of microstructure to do verification of the predictions by the RSM.

Hence, the statistical RSM based algorithms clearly pointed towards optimum laser

fluences which would lead to crystallization at the same time retaining strength of laser
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Figure 4.14. Behavior of desirability as a function of laser fluence.

treated Fe-Si-B metallic glass both required for its functional performance. To get further

insights into microstructure developments in the laser treated zone of the Fe-Si-B metallic

glass, an in depth investigation was undertaken as discussed in the following subsection.

The results essentially served as confirmatory tests for the predictions of the RSM based

optimizations.

4.2.4. Microstructure Evolution and its Effects on Tensile Behavior

The atomic rearrangements (amorphous to crystalline transition) of Fe-Si-B metallic

glasses can be accomplished by subjecting them to laser thermal treatments. Apart from
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electrical resistivity discussed earlier (Fig. 4.11), as a primary means of investigating

the occurrence of crystallization in the as-cast and laser treated foils, XRD experiments

were performed. XRD spectrum of the as-cast foil (Fig. 4.15) revealed a typical hump

characteristic of amorphous materials. Laser treated foils for the fluence range of 0.39-0.53

J/mm2 (scanning speed range of 550-400 mm/s) exhibited similar hump in the spectra within

the resolution limit of XRD technique (Fig. 4.15). The results primarily indicate that

these scanning speeds were not sufficiently low (the laser fluences were not high enough)

to crystallize the as-cast amorphous material (Fig. 4.15). However, increasing the laser

fluence to the range of 0.61-0.71 J/mm2 corresponding to the scanning speeds of 350 and

300 mm/s respectively, results in crystallization with the presence of α-(Fe,Si) peak in the

corresponding XRD spectra (Fig. 4.15).

After collectively observing the results obtained from XRD analysis (Fig. 4.15), stress

strain curves (Fig. 4.10), resistivity measurements (Fig. 4.11), and predictions of RSM (Fig.

4.14) the crystallization was expected for laser fluences around 0.49 J/mm2 and higher.

Therefore, further detailed analyses such as TEM and DSC were required to have idea of

structural changes at happening at better resolution during laser thermal treatments using

these set of laser fluences. Such findings have been presented in the following discussions.

Microstructure evolution during relaxation followed by crystallization has a marked

influence on the tensile response of metallic glass foils [12]. The samples corresponding to the

laser fluence range of 0.39-0.48 J/mm2 appeared to retain the amorphous structure based on

the SAD analysis. The representative TEM micrograph corresponding to the laser fluence

of 0.42 J/mm2 (scanning speed of 500 mm/s) revealed no diffraction contrast (Fig. 4.16

a). Also, the inset of this figure represents a typical ring or halo-like electron diffraction

pattern consistent with an amorphous structure. These results along with the resistivity

measurements confirmed the retention of amorphous nature with occurrence of structural

relaxation in the laser treated metallic glass foils within the laser fluence range of 0.39-0.48

J/mm2.

Interestingly, although crystallization was not evident within the limits of XRD
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Figure 4.15. XRD patterns of Fe-Si-B metallic glass foils subjected
to various laser energy inputs investigated during this study on tensile
behavior.

analysis of the laser fluences in the range of 0.49-0.53 J/mm2, it was clearly noticed for

the laser fluences of 0.49 J/mm2 and higher (scanning speed of 430 mm/s and lower) during

the TEM analysis of selective laser fluence foils (Fig. 4.16 b-d). This can be attributed to

the small fraction (volume) of crystallization as well as very small crystallite sizes in the

foils of the laser fluence 0.49-0.53 J/mm2. The TEM analyses of the foil treated with 0.49

J/mm2 laser fluence revealed the grain size of 11±3 nm (Fig. 4.4 b) and a predominant

presence of α-(Fe,Si) phase (inset of Fig. 4.16 b). These finding were indeed on the lines

predicted by the RSM statistical algorithms pointing towards presence of crystallization

based on initial qualitative observations of electrical resistivity (Figs. 4.14 and 4.11 ). The
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grain size increased marginally with further increase in the laser fluence to 0.61 J/mm2

(Fig. 4.16 c). Also, for this laser fluence, Fe2B phase in addition to α-(Fe,Si) phase was

detected in the SAD analysis (inset of Fig. 4.16 c). On the other hand, the metallic glass

foil thermally treated with the laser fluence of 0.71 J/mm2 (scanning speed of 300 mm/s)

possessed substantially coarse grained microstructure within the laser treated region with

the average grain size increasing to 30±6 nm (Fig. 4.16 d). This condition also indicates the

presence of α-(Fe,Si) and Fe2B phases (inset of Fig. 4.16 d). Thus, TEM analyses along with

XRD and resistivity data together confirmed that laser treated foils for the fluence range

of 0.39-0.48 J/mm2 retained amorphous structure while undergoing structural relaxation.

Whereas increased laser fluence to larger values (0.49-0.71 J/mm2) led to progressive increase

in the crystallization.

In order to better assess the effect of crystallization on mechanical properties of the

laser treated foils, firstly the volume fraction of the crystalline phases was quantified using

DSC technique. The DSC curves revealed two crystallization events for the as-cast as well

as the laser treated conditions (Fig. 4.17) which was also earlier reported in Fe-Si-B metallic

glass foils [1, 119]. Reiterating from Section 4.1, the onset of crystallization was at 780 K for

the first event and 820 K for the second event. The first crystallization peak corresponds to

the formation of α-(Fe,Si) phase whereas the second peak is related to the formation of Fe3B

phase followed by its transformation to Fe2B intermetallic phase, as reported in the literature

[119]. No clear glass transition temperature (Tg) was observed with the employed heating

rate of 20 K/s. Notably, the relaxation event was not quantified using the DSC analyses

because the glass transition could not be detected. The ternary iron based metallic glasses

have been reported to not show a marked glass transition because of a smaller range of

temperature for super cooled liquid region ∆Tx, defined as Tx-Tg [144]. Also, in case of foils

treated within the fluence range of 0.39-0.48 J/mm2, the area under the crystallization peaks

of the corresponding DSC curves remained identical to that of the as-cast foil indicating the

enthalpy of crystallization (∆H) for these laser treated foils to be the same as that for the

as-cast foil. This pointed towards the absence of crystallization during the laser treatments
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Figure 4.16. TEM micrographs and their corresponding SAD pattern
in the inset for a) 0.42 J/mm2 revealing amorphous structure, b) 0.49
J/mm2, c) 0.61 J/mm2 and d) 0.71 J/mm2 laser fluences clearly showing the
presence of nanocrystals and the phases formed as a result of crystallization.

corresponding to fluences 0.39-0.48 J/mm2.

The crystallized phase fractions were computed using Eq. 4.3 are presented in Table

4.2. The overall fraction of crystallization increased with the laser fluence, ranging from

the values of 3.7% for the foil treated with 0.49 J/mm2 fluence to 37% for the foil treated

with 0.71 J/mm2 fluence (Table 4.2). The presence of α-(Fe,Si) phase was evident for all the
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conditions with its fraction increasing from 3.6% to 31% within the fluence range of 0.49-0.71

J/mm2. This trend also indicates that α-(Fe,Si) phase formed as a majority component. On

the other hand, fraction of crystallization of Fe2B phase was significantly marginal for the

laser fluence range of 0.49-0.52 J/mm2. Increase in the laser fluence to 0.71 J/mm2 increased

the volume fraction of the crystallized Fe2B phase to the maximum value of 6%. This fact

confirms Fe2B phase as the minor product of the crystallization process for the laser treated

Fe-Si-B metallic glass foils.

In order to clearly realize a trend in the influence of single track laser treatment

under various laser fluences on the overall tensile behavior of the test foils, the UTS/fracture

strength values of laser treated foils were normalized with respect to the UTS/fracture

strength value of as-cast foil and represented as a bar chart in Fig. 4.18. The bar chart

can be divided into three distinct regimes. In the first regime, the UTS/fracture strength

values were close to the UTS/fracture strength of the as-cast foil. In the second regime, even

with some drop, the UTS/fracture strength values of laser treated foil remained comparable

to the UTS/fracture strength of the as-cast foil. On the contrary, in the third regime,

the UTS/fracture strength values severely reduced. In the first regime, all laser treated

foils (0.39-0.48 J/mm2) except the foil treated with 0.49 J/mm2 remained mostly in the

structurally relaxed condition with retention of amorphous nature. Whereas, the foil treated

with the fluence of 0.49 J/mm2 experienced structural relaxation along with evolution of

minor amount of crystallization. Apparently, the structural relaxation and minor fraction

of crystallization did not have a marked effect on the UTS/fracture strength values as well

as the overall tensile behavior of the foil. This can be attributed to the significantly small

fraction of the structurally relaxed volume.

With increasing the laser fluences to 0.49 J/mm2 and higher values (corresponding

to the second and third regimes, respectively), all the samples were crystallized partially.

Although the average grain/crystallite size marginally changed up to the laser fluence of

0.61 J/mm2, the crystallization fraction increased from 5% to 8% in the second regime

(fluences corresponding to 0.51 and 0.52 J/mm2) with α-(Fe,Si) as the major phase. In
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Figure 4.17. DSC curves for Fe-Si-B metallic glass foils treated with
various laser flunces investigated during study on tensile behavior.
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the third regime, the total fraction of crystallization increased substantially (11-37%) with

recognizable fraction of Fe2B (2-6%) phase (Table 4.2). Among all laser fluences, for the

laser fluence of 0.71 J/mm2, the total crystallization fraction reached the highest value with

the volume fraction of α-(Fe,Si) and Fe2B phases as 31% and 6 %, respectively. Also, the

average grain/crystallite size of 30±6 nm was much coarser for the laser fluence of 0.71

J/mm2 compared to all other fluences.

Higher shear modulus of such crystallized phases in comparison to the amorphous

matrix are expected to lead to a severe embrittlement in crystallized metallic glasses [25, 26].

Iron and Fe2B phase have shear moduli of 80 GPa [145] and 140 GPa [146], respectively.

The shear modulus of Fe-B based metallic glasses is within the range of 70-75 GPa [147].

Therefore, an embrittlement failure is more pronounced for the laser treated foils with a

considerable amount of crystallized Fe2B phase. Hence, in the second regime, the reduction

in strength was likely to be dominated by the crystallization of α-(Fe,Si) phase and the

overall increase in the crystallization fraction. In the third regime, however, the presence

of hard Fe2B phase even in small fractions (2-6%) predominantly governed the reduction

in strength in combination with the increase in the grain/crystallite size. The hard phases

within the amorphous matrix have been reported to act as the crack initiation sites [25, 26]

leading to a brittle failure at much lower strengths. Furthermore, the average UTS/fracture

strength values along with the are also enlisted in Table 4.2 along with the phase fractions

to realize the effects of microstructure evolution on strength of laser treated Fe-Si-B metallic

glass samples.

Thus, relaxation and crystallization in small amounts (3.75%) and the

grain/crystallite size of the order of 10 nm had a least adverse effect on the tensile behavior

of Fe-Si-B metallic glass. Increased volume fraction of the crystallized phases along with

the coarsening of grains/crystallites played a dominant role in reducing the strength for the

higher laser fluence conditions explored within the current work. Furthermore, the current

Section demonstrated ability of coupling processing with statics based RSM algorithms.

The predictions made by the RSM desirability function (Fig. 4.14 ) based on initial quick
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Figure 4.18. Normalized UTS/fracture strength values for the Fe-Si-B foils
as a function of laser fluence.

qualitative analysis of electrical resistivity measurements (Fig. 4.11) indeed pointed towards

a laser processing condition which would lead to crystallization yet retain a high mechanical

strength in the laser treated Fe-Si-B metallic glass (Fig. 4.18 and Table 4.2). In addition

to assessment and optimization of microstructure-tensile strength relationship, detailed
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Table 4.2. Microstructure Development and Tensile Properties of Laser
Treated Fe-Si-B Metallic Glass

Laser Fluence Scanning Speed α-(Fe,Si) Fe2B Average
Crystallized Crystallized UTS

Fraction Fraction (Fracture Strength)
J/mm2 (mm/s) Vol% Vol% MPa

Relaxed Metallic Glass Foils (Except as-cast foil)
0 - (as-cast foil) - - 2310±70

0.39 550 - - 2100±40
0.42 500 - - 2185±115
0.47 450 - - 2155±145
0.48 440 - - 2183±260

Crystallized Metallic Glass Foils
0.49 430 3.6 0.15 2190±95
0.51 420 5.5 0.17 2050±80
0.52 410 8 0.6 1510±270
0.53 400 9 2 550±100
0.61 350 18 3 515±75
0.71 300 31 6 300±30

fractographic analyses were performed on the tensile tested samples. The following sections

presents the findings of fracture behavior and effects of tensile loading on crystallization

behavior of laser treated Fe-Si-B metallic glass.

4.3. Effects of Tensile Loading on Crystallization of Laser Treated Fe-Si-B Metallic Glass 3

The current section explores effects of tensile loading on structural changes within

as-cast, laser treated structurally relaxed, and laser treated partially crystallized Fe-Si-B

metallic glass. Observations of fracture surfaces for these various conditions have been

presented. Moreover, site specific TEM studies of the fracture surface have been performed

to realize effects such as localized crystallization and crystallite/grain growth within the

fracture region. These observations have been analyzed in light of combined effect of stress

and temperature developed at the region of fracture.

The results presented here are for the representative samples from the previous

Section. As discussed, three distinct regimes of UTS/fracture strength were observed as

3The content of this section has been previously published in part in author’s publication: Joshi,
Sameehan S., et al. "Crystallisation behaviour during tensile loading of laser treated Fe–Si–B metallic
glass." Philosophical Magazine 97.7 (2017): 497-514. (Reproduced with permission from Taylor & Francis.)
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a function of laser fluence in case of laser thermal treated Fe-Si-B metallic glass. In the

first regime (laser fluence of 0.39-0.48 J/mm2), Fe-Si-B metallic glass foils were structurally

relaxed while retaining amorphous structure, whereas in the second regime (laser fluence of

0.49-0.52 J/mm2) they were partially crystallized with α-(Fe,Si) as the predominant phase,

and in the third regime (laser fluence of 0.53-0.71 J/mm2) they were partially crystallized

with α-(Fe,Si) as the major phase along with considerable amounts of brittle Fe2B phase. As

a result, the value of UTS/fracture strength remained close to the as-cast Fe-Si-B metallic

glass foil in the first regime, followed by a slight decrease in the second regime, and severe

loss of the UTS/fracture strength value in the third regime. The investigation in this Section

was mainly focused on the overall effect of the tensile loading on the secondary crystallization

and crystal growth/coarsening behavior of the laser treated Fe-Si-B metallic glass with and

without pre-existing crystallization. Hence, the samples representing each regime of the

microstructure development from the previous Section were taken into consideration during

the present effort and were compared against the as-cast Fe-Si-B metallic glass foil. The

summary of microstructure and tensile behavior corresponding to these three samples is

presented in Table 4.3. The results about effect of tensile loading on structural changes

within these samples have been presented in the upcoming subsections.

Table 4.3. Summary of Microstructure and Tensile Behavior of Laser
Treated Fe-Si-B Metallic Glass Foils Selected for Investigating Effects of
Loading on Crystallization.

Laser Scanning α-(Fe,Si) Fe2B Total Nature of Ultimate
Fluence Speed Crystallized Crystallized Crystallized Stress Strain Tensile
(F) (V) Fraction Fraction Fraction Curve Strength

J/mm2 mm/s Vol% Vol% Vol% MPa
as-cast foil - - - - Linear 2310 ± 70

0.42 500 - - - Linear 2185 ± 115
0.49 430 3.6 0.15 3.75 Linear 2190± 100
0.71 300 31 6 37 Linear 320 ± 30

4.3.1. Fracture Behavior

The current subsection explores effect of laser treatments on fracture surface

morphology and in turn the crystallization. On a side note, as a starter Fig. 4.19 represents
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Figure 4.19. Set of images showing trail of waves in different length scales.
Image on the left is a photo of trails/pattern created by a boat and a surfer
traveling on water surface. Correspondingly, image on the right shows the
pattern created by crack traveling within metallic glass during fracture.

the love of nature towards fractal patterns. Image on the left is a photograph of Arkansas

River taken using a cell phone camera by the author. Moving boat and a surfer act like stress

concentrators to create the trail of waves in water. Image on the right is a scanning electron

microscope micrograph of a fracture surface of a metallic glass. The localized temperature

rise and stress concentration at the crack tip during the fracture produce a pattern similar

to the trail of waves at micro-scale.
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4.3.1.1. Microscopic Features of Fractured Region

4.3.1.1.1 Surface Morphology

The fractured surface observation using secondary electron detector of SEM revealed

a vein pattern for the as-cast foil with an average vein spacing of 1 ± 0.2 µm (Fig. 4.20

a). Such a pattern has been attributed to local softening within the shear bands [20, 148].

Because of the applied stress, shear-induced structural disordering of the localized volume

takes place on the shear plane [20]. Furthermore, temperature rise also contributes towards

softening of the material on the shear plane [148]. This softening was considered to be

instrumental for rapid initiation and propagation of crack resulting in vein like features on

the fractured surface of a metallic glass.

The tensile fractograph of the sample corresponding to laser fluence of 0.42 J/mm2

also indicated the presence of vein pattern (Fig. 4.20 b). However, the spacing between the

veins reduced (average vein spacing of 0.45 ± 0.09 µm) indicating reduction in toughness

[149, 150] and UTS/fracture strength values compared to the as-cast metallic glass (from

∼2310 MPa to ∼2185 MPa) (Table 4.3). The structural relaxation of metallic glass has

been reported to redistribute and decrease the free volume (the excess atomic scale voids

in the glassy material compared to its crystalline counterpart) within the relaxed region

[151]. This fact results in increased resistance to the nucleation of shear bands leading

to the embrittlement of the material while at the same time indicating the presence of

shear deformation [31, 152–156]. Moreover, as the structurally relaxed volume in the laser

treated region of 0.6 mm width and 50 mm length was much smaller than the entire bulk

of the amorphous sample of 90 mm length and 12 mm width. Therefore, even though the

fracture surface observations indicated embrittlement upon structural relaxation, the overall

UTS/fracture strength of the structurally relaxed laser treated Fe-Si-B metallic glass foils

still remained closer to the UTS/fracture strength of the as-cast metallic glass foil.

With an increase in laser fluence to 0.49 J/mm2, the fracture surface morphology

changed to a mixture of chevron and vein pattern (Fig. 4.20 c) indicating further

embrittlement [157, 158]. The spacing between the veins within this pattern appears much
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Figure 4.20. SEM fractographs recorded at the operating voltage of 15
keV using Everhart-Thornley secondary electron detector showing fracture
surface of (a) as-cast foil revealing a vein pattern and (b) 0.42 J/mm2

(500mm/s), (c) 0.49 J/mm2 (430 mm/s), and (d) 0.71 J/mm2 (300 mm/s)
laser treated metallic glass foils revealing a variation in fracture surface
morphology.

less (0.25 ± 0.08 µm) compared to the vein spacing obtained in as-cast and 0.42 J/mm2

laser treated sample (Fig. 4.20 a, b, and c). This indicates the presence of shear deformation

but at a much finer scale. Such fine veins along with chevron ridges are the signature of

embrittlement. With further increase in the laser fluence to 0.71 J/mm2 the fracture surface

revealed a pure chevron pattern (Fig. 4.20 d) which is an indication of a severe embrittlement

of the sample. This is clearly manifested in substantial drop in the UTS/fracture strength
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value (∼320 MPa) (Table 4.3) which was attributed to secondary crystallization of hard Fe2B

phase leading to crack initiation [150]. The chevron ridges in this sample are much thicker

(2.3 ± 0.6 µ m) compared to the sample treated with 0. 49 J/mm2 (which is 1.3 ± 0.2 µm).

4.3.1.1.2 Structural Changes Evolved upon Tensile Loading

As mentioned in Chapter 2, the thin foils for TEM studies were lifted out using FIB

from the site specific locations within the fracture region and a region away from the fracture

of the tensile loaded as-cast and laser treated metallic glass samples. The locations of lift

out in the case of laser treated samples are represented by regions I and II, respectively in

(Fig. 3.6 a). The exact sites of these locations for preparation of FIB lift out samples are

presented in the high magnification views in (Fig. 3.6 b and c). In the case of as-cast Fe-Si-B

metallic glass sample, TEM micrographs from the location away from the fractured region

completely lack diffraction contrast (Fig. 4.21 a). The SAD ring pattern corresponding

to this region is indicative of the retention of amorphous structure (inset of Fig. 4.21 a).

Similarly, the TEM observation corresponding to the fractured region revealed an absence

of diffraction contrast (Fig. 4.21 b). The ring SAD pattern corresponding to this region

further confirmed the retention of amorphous structure even after undergoing fracture under

tensile loading (inset of Fig. 4.21 b). Although the sample corresponding to laser fluence

of 0.42 J/mm2 underwent structural relaxation due to laser thermal treatment (drop in

UTS/fracture strength of nearly 5% compared to as-cast sample, Table 4.3), it appeared to

retain the amorphous structure upon laser thermal treatment. The TEM analyses of this

sample corresponding to both the region away from the fracture (Fig. 4.21 c) and within

the fracture of laser thermal treated volume (Fig. 4.21 d) confirmed the complete absence

of crystallization.

Furthermore, with an increase in laser fluence within the range of 0.49-0.71 J/mm2,

the laser thermal treatment resulted in crystallization of the metallic glass foils (Fig. 4.21

e-h). In several earlier works, similar observations for crystallization in laser thermal treated

Fe-Si-B metallic glasses were made [1, 42, 43]. Similarly in the present study, the SAD

pattern indicated the evolution of α-(Fe,Si) as the major crystalline phase in case of the
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0.49 J/mm2 laser fluence condition both in the fracture region and the region away from the

fracture within the laser treated volume (inset of Fig. 4.21 e and f). However, the TEM

analyses also indicated that the crystallite/grain size within the fractured region experienced

significant coarsening (40 ± 11 nm, Fig. 4.21 f) compared to the crystallites/grains (11 ±

3 nm) in the region away from fracture (Fig. 4.21 e). The sample corresponding to 0.71

J/mm2 also followed the same trend as that for 0.49 J/mm2 with a significant crystallite/grain

growth/coarsening (76 ± 21 nm) within the fractured region (Fig. 4.21 h) compared to the

crystallites/grains (29 ± 6 nm) in the region away from fracture (Fig. 4.21 g). However,

under a higher laser fluence (0.71 J/mm2) treatment, in addition to α-(Fe,Si) crystallite

phase, Fe2B crystallite phase separation also occurred (inset of Fig. 4.21 g and 4.21 h).

Furthermore, the process of grain size measurement is also illustrated on micrographs in Fig.

4.21 g and h. These observations emphasize the significant effect of the tensile loading on the

evolution of type and size of the crystallite/grain within the fractured region of the partially

crystallized laser thermal treated Fe-Si-B metallic glass foils.

4.3.2. Thermomechanical Effects Induced during Tensile Loading

The effects of generation of stress and temperature during tensile loading on the

crystallite/grain size and its growth/coarsening can be distinctly realized through comparison

of TEM observations of 1) laser thermal treated region of the sample that was not subjected

to tensile loading, 2) laser thermal treated region away from the fracture of the sample which

was subjected to tensile loading, and 3) fracture region of laser thermal treated sample that

was subjected to tensile loading. Both the laser thermal treated region of the sample that

was not subjected to tensile loading (0.71 J/mm2, Fig. 4.22) and the laser thermal treated

region away from the fracture of the sample that was subjected to tensile loading (0.71

J/mm2, Fig. 4.21 g) contained the crystallites/grains of nearly the same size (∼29 nm). This

is an indication of the fact that even though stress (thermal) and temperature developed

in these regions caused crystallization and crystallite/grain growth/coarsening to a certain

size (∼29 nm), additional global mechanical stresses generated during tensile loading in this

region were not high enough to trigger further growth/coarsening of these crystallites/grains.
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Figure 4.21. Set of TEM micrographs and the SAD patterns in the inset
showing microstructures of (a) - (b) as-cast Fe-Si-B metallic glass foil, (c)
-(d) Structurally relaxed laser treated Fe-Si-B metallic glass foil, and (e)
- (h) partially crystallized laser treated Fe-Si-B metallic glass foils. The
images on the left column represent the microstructure from the location
away from the fractured surface, whereas images on the right column
correspond to the microstructure at the fractured surface of these samples.
In addition, the process of grain size determination has been depicted in Fig.
3(g) and (h) where few grains are marked by a dotted boundary. Further,
the linear measurement for grain size determination in horizontal and
vertical directions has been illustrated using arrowed lines in one of the
grains.
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On the contrary, as stated earlier, TEM observation of the fracture region of the same laser

thermal treated sample that was subjected to tensile loading (0.71 J/mm2) indicated the

presence of crystallites/grains with the average grain size of 76 ± 21 nm (Fig. 4.21 h) that

are nearly 2.5 fold larger than the crystallites/grains compared to both the laser thermal

treated region of the sample that was not subjected to tensile loading (0.71 J/mm2, Fig.

4.22) and the laser thermal treated region away from the fracture of the sample subjected

to tensile loading (0.71 J/mm2, Fig. 4.21 g).

Figure 4.22. TEM micrograph of laser thermal treated Fe-Si-B metallic
glass foil corresponding to laser fluence of 0.71 J/mm2 without any loading.

This observation clearly points toward the fact that localized stress and temperature

developed in the fracture region reached the magnitudes which support further

growth/coarsening of the crystallites/grains in that region. It has been reported in the case

of nanocrystalline alloys that the applied stress can cause a stress assisted grain growth
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[159–162]. Such observations have been made in the case of tensile loading [162, 163],

compressive loading [164, 165], and indentation experiments [159, 166]. However, the

testing conditions employed during present tensile loading experiments apparently lacked

any significant effect on growth/coarsening of the average crystallite/grain size within the

region away from the fracture area of the laser treated partially crystalline Fe-Si-B metallic

glass foils.

The above observations tend to indicate that the current tensile loading

conditions exerted minimal or no direct effect on crystallization and/or crystallite/grain

growth/coarsening of as-cast, structurally relaxed, and the partially crystallized Fe-Si-B

metallic glass. On the contrary, fracture process exerted a significant influence on

crystal/grain growth/coarsening within the fracture region of partially crystallized metallic

glass. This situation can be evaluated on the basis of two possible secondary effects induced

by tensile loading on Fe-Si-B metallic glass: (i) temperature rise within the fracture region

and (ii) fracture induced stress assisted grain growth. During tensile loading, shear band

transition zones form on a shear plane which is usually at 45◦ to the loading axis (Fig. 4.23

a). This fact leads to the formation of shear bands (10-20 nm thick [16]) followed by a

single shear band extending throughout the cross section leading to crack formation (Fig.

4.23 b) [26]. A significant heating has been reported during such a fracture process. The

temperature rise during fracture was estimated using Eq. 2.4 and presented as a function of

time at distance x = 1 nm along the centerline of the shear band (x axis) (Fig. 4.23 c) , and

as a function of distance orthogonal to the centerline of the shear band (y-axis) at time =

1 ns (Fig. 4.23 d). The values of thermophysical properties employed for performing these

calculations using Eq. 2.4 were ρ= 7180 kg/m3 [42] and Cp= 500 J/(kgK) [108]. The value

of parameter H for the present Fe based metallic glass was 1000 J/m−2 which was based on

yield strength and shear offset (the relative movement between two sides of the shear band)

of the metallic glass [167]. The value of α was calculated using α = k
ρC

, where k was the

thermal conductivity. The value of k for the present composition has been reported as 9

W/(mK) [42, 101, 102].

82



Figure 4.23. Set of figures showing (a) schematic of a Fe-Si-B metallic
glass sample undergoing tensile loading, (b) schematic of shear band
extending into a crack, (d) temporal distribution of temperature from the
center of a shear band at distance of 1 nm, and (c) spatial distribution of
temperature time of 1 ns from the center of the shear band.

Both the temporal (Fig. 4.23 c) and spatial distribution (Fig. 4.23 d) of the

temperature indicated instantaneous maximum temperatures of the order of 1500 K.

However, the time frames were of the order of tens of nanoseconds before it dropped to

room temperature as a result generating cooling rates of the order of 108 K/s. At the same

time, it has also been estimated that heating rates would also be extremely rapid and of

the same order as the cooling rates during such laser thermal treatment. The crystallization

of amorphous materials is a heating rate dependent process [45, 124, 125]. In addition, the

temperature rise during fracture is dynamic in nature and the material undergoes extremely

rapid heating and cooling cycles through a peak temperature attained only for an extremely

short duration (fraction of nanosecond). In light of this, in the case of as-cast and structurally
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relaxed Fe-Si-B metallic glass foils, even though the instantaneous peak temperatures reached

were significantly high (∼ 1500 K), the extremely rapid temperature variation prevented

the crystallization of Fe-Si-B metallic glass to be observable within the resolution of few

nanometers. Notably, SEM observations of fracture surface revealed the localized plasticity

in the form of vein patterns (Fig. 4.24 a).

In the case of partially crystallized Fe-Si-B metallic glass foils, apart from temperature

rise, stress also played a key role in determining the response of the material. The average

plastic strain experienced by the crystallites/grains within the fractured regions can be

estimated according to Eq. 4.11

ε =

(
Xf −Xi

Xi

)
(4.11)

where X f is the final grain size, X i is the initial grain size.

As only the samples laser heat treated with fluences of 0.49 and 0.71 J/mm2 indicated

localized crystallite/grain growth/coarsening within the fractured region, the values of

localized strain corresponding to these fluences calculated from Eq. 4.11 have been tabulated

in Table 4.4. The computed values of localized strain (Table 4.4) indicate that at localized

level the material underwent extensive plastic deformation (165-263 %). Some of the

crystallites/grains also indicated signs of preferential elongation as clearly detected during

TEM observations in Fig. 4.24 b and Fig. 4.24 c. Furthermore, these crystallites/grains

revealed the presence of twin like features within them. It is interesting to note here that

the presence of shear localization has also been reported in the case of body centered cubic

(bcc) nanocrystalline alloys [168, 169]. The shear bands form by sliding between several

aligned grain boundaries [159]. This shear gets extended to the crystallites/grains within

the propagation path of the shear bands by inter-granular slip. Furthermore, this slip has

been reported to emit partial dislocations which leave extended stacking faults along their

propagation path and may also lead to twinning [159]. In the case of bcc iron, it has been

reported that twinning occurs when there is a stress concentration at the head of piled up

dislocations [170]. Furthermore, a minor twinning activity has been observed for Fe-5wt%
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Si alloys at room temperature and strain rate of 10−3/s (similar to the present investigation)

[171]. The observed twin system was {112} [111]. Thus, even though the SAD patterns

obtained during TEM observations of the fractured regions of laser thermal treated partially

crystallized Fe-Si-B metallic glass did not reveal the presence of twins at the length scales

involved in the present work, the visual observations coupled with findings in the literature

[171] do support formation of twins in some of the crystallites/grains within the fractured

regions of these foils.

Table 4.4. Estimated Localized Strain and Activation Energy of
Crystallite/Grain Growth

Laser Scanning Initial Grain Final Grain Localized Activation
Fluence (F) Speed (V) Size (Xi) Size (Xf ) Strain Energy

J/mm2 mm/s nm nm % kJ/mol
0.49 430 11 ± 3 40 ± 11 263 100
0.71 300 29 ± 6 76 ± 21 165 89

The observations noted above suggested the role of stress along with the temperature

in crystallite/grain growth/coarsening within the fractured region of the partially crystallized

laser thermal treated (0.49 and 0.71 J/mm2) Fe-Si-B metallic glass. The kinetics of a

crystallite/grain growth/coarsening is expressed according to Eq. 2.1 [69]. The value of

n was assumed to be 0.5. It has been reported in the literature that n = 0.5 holds in

good agreement for the iron based systems during crystallite/grain growth/coarsening in

a sub hundred nanometer regime [7]. Furthermore, it has been reported in the case of

nanocrystalline Fe that no significant crystallite/grain growth occurs below 600 K [69]. Thus,

to estimate the effect of tensile loading on the activation energy of crystallite/grain growth

in the present case, the temporal distribution of temperature in the neighborhood away from

the shear band was considered. The average temperature between peak temperature (∼ 1500

K) and 600 K was considered in the computations. As a first level of approximation, the total

time of crystallite/grain growth/coarsening was considered as the time at which temperature

was 600 K (1.8x10−8s). Again, as only the samples laser heat treated with fluences of 0.49

and 0.71 J/mm2 indicated localized crystal/grain growth/coarsening within the fractured

region, the values of activation energy in the localized region of fracture corresponding to
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these fluences were computed using Eq. 2.1 and are presented in Table 4.4. The estimated

values of the activation energy of grain growth for both fluences (Table 4.4) were much lower

than the reported value of 248 kJ/mol [69]. Furthermore, these values were also lower than

the activation energy of 222 kJ/mol for the diffusion of silicon in α iron [172]. However,

these values are lower than but closer to the activation energy of 177 kJ/mol for grain

boundary self diffusion of Fe [172]. This indicates that, grain boundary dependent diffusion

(migration) play a critical role during crystallite/grain growth/coarsening during fracture of

laser thermal treated partially crystalline Fe-Si-B metallic glass. Such a behavior is assisted

by the application of stresses which further can reach much higher values at the crack tip

[173]. As a result, the estimated activation energy values are much lower than the observed

values for static grain growth/coarsening.

Thus, the localized plastic deformation in Fe-Si-B metallic glass was realized with

the presence of vein pattern (Fig. 4.24 a). Upon partial crystallization induced by laser

thermal treatment, the nanocrystals at the fracture surface experienced stress enhanced

crystallite/grain growth/coarsening assisted by a rapid heating/cooling cycle. Some of the

crystallites/grains also indicated preferential elongation demarcated by arrows and twin like

deformation features presented in Fig. 4.24 b-c suggesting a favorable orientation of such

grains with respect to the loading [161, 162]. Similar to the observations of the present work,

stress induced lowering of the activation energy of crystallite/grain growth/coarsening was

also observed before in the case of Fe-Si-B system [27, 94].
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Figure 4.24. Illustration of localized plasticity in Fe-Si-B metallic glass
foils showing (a) SEM micrograph of extended veins in as-cast Fe-Si-B
metallic glass foil, (b), and (c) TEM micrographs corresponding to laser
fluence of 0.49 and 0.71 J/mm2 respectively showing step like features and
elongated deformed grains as indicated by the arrow markers.
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CHAPTER 5

CONCLUDING REMARKS

The current work explored influences of thermokinetic conditions imposed during

laser thermal treatments on crystallization, microstructure evolution, and tensile behavior of

Fe-Si-B metallic glass. Moreover, effects of tensile loading on crystallization of laser thermal

treated Fe-Si-B metallic glass were also investigated. After comprehensively through results

and discussions in Chapter 4, the current Chapter provides important conclusions of the

work. The conclusions are also subdivided as per the objectives of the work defined in

Chapter 1.

5.1. Structural Changes and Phase Evolution

• Fe-Si-B based metallic glass foils treated with the lower laser fluences in the range of

0.39–0.48 J/mm2 (scanning speed 550-440 mm/s) underwent structural relaxation

within the treated region.

• Fe-Si-B based metallic glass ribbons treated with laser fluence in the range of 0.43

- 0.9 J/mm2 (scanning speed 430-235 mm/s) underwent crystallization.

• Formation of nano crystallites within the laser treated region was confirmed from

XRD spectra and supported by TEM analysis. The crystallite size increased initially

with laser fluences and stabilized at 32 nm for higher fluences.

• Crystallization led to formation of α-(Fe,Si) as the major component, and Fe2B as

the minor component. Fraction of crystallization steadily increased with increase in

laser fluence.

• The behavior of crystallite formation and growth was influenced by dynamic nature

of the laser processing. Faster heating rates of the order of 105 K/s resulted in

shift in crystallization onset temperatures to much higher level (1089 to 1110 K as

a function of scanning speed).

• An upward shift in crystallization temperature was followed by attainment of peak

temperature (varying from 1460 to 1240 K with increase in scanning speed) and
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termination of laser treatment.

• Rapid cooling of the similar order as that of heating rates, hereafter prematurely

arrested the crystal growth.

• The predicted arrest temperature decreased from 950 to 913 K with increase in laser

beam scanning speed.

• Temperature difference between peak temperature and arrest temperature, ∆T and

total time of growth, ∆t decreased with scanning speed as a result, giving much

finer crystallite size (in the range of 11 to 32 nm) within the laser treated regions

of the Fe-Si-B metallic glass foils .

5.2. Tensile Behavior

• The structural relaxation did not change the overall tensile behavior and the

UTS/fracture strength values of the laser treated metallic glass foils.

• The total crystallization fraction of 3.75% and grain size of the order of 10 nm

(corresponding to the laser fluence of 0.49 J/mm2) did not affect/have significant

impact on the tensile behavior of the foils.

• A further increase in laser fluences to 0.51 and 0.52 J/mm2 marginally reduced

the UTS/fracture strength of the foils owing to the total crystallization fractions of

5.6–8.6%.

• Laser treatments of the foils involving fluences of 0.53-0.71 J/mm2 led to

crystallization fractions of 11-37% comprising of minor amounts (2-6%) of hard

Fe2B phase resulting in severe reduction of the UTS/fracture strength of the laser

treated foils.

• Grain size increase also contributed to this reduction in case of the foil treated with

0.71 J/mm2.

• Although all the foils failed in a brittle manner, the fracture morphology in the

laser treated region changed. The as cast foil possessed a characteristic vein pattern

morphology within the fractured surface. The structurally relaxed samples also

revealed the vein pattern, however, the spacing between veins were much smaller
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compared to as cast foil.

• There was a transition from vein pattern to a mix of vein and chevron pattern and

gradually to a complete chevron pattern for the partially crystallized samples as a

function of laser fluence.

5.3. Effect of Loading on Crystallization

• Tensile loading had a minimal or no effect on the crystallization of as-cast and

structurally relaxed (laser fluence = 0.41 J/mm2) Fe-Si-B metallic glass.

• The average crystallite/grain size of a partially crystallized Fe-Si-B metallic glass

foils remained unaltered after tensile loading.

• A significant grain growth was observed in the fractured region of these partially

crystallized laser thermal treated metallic glass foils (from 11 ± 3 nm to 40 ± 11 nm

in 0.49 J/mm2 sample and from 29 ± 6 nm to 76 ± 26 nm in case of 0.71 J/mm2

sample).

• Such a grain growth behavior in fractured region was attributed to the temperature

rise during fracture of the Fe-Si-B metallic glass combined with the associated stress

effects which resulted in localized lowering of the activation energy for grain growth.
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CHAPTER 6

FUTURE SUGGESTIONS

In light of the current findings on evolution of crystallization during laser thermal

treatments [42], tensile behavior [150, 174], and effects of loading on crystallization of

laser treated Fe-Si-B metallic glass [175] coupled with previous findings about the magnetic

response of the same material [1, 27, 43, 44]; the author would like to propose the following

tasks as a future continuation of this work:

(1) DSC Analysis using Various Heating Rates : As discussed in Chapter 4, no clear

glass transition was observed during DSC experiments on as-cast and laser treated

metallic glass foils. Such a behavior was attributed to the closeness of glass transition

and crystallization temperatures, thus, not capturing the event of glass transition at

the heating rate of 20 K/min. In light of this, the author proposes a comprehensive

DSC analyses at various heating rates (preferably lower than 20 K/min) to capture

the event of glass transition during DSC runs. This will aid in quantification of

structural relaxation in terms of relative fraction of free volume as well as estimation

of activation energy of crystallization by suitable analysis methods such as Ozawa

or Kissinger analysis.

(2) Laser Patterning : The author proposes exploration of laser patterning of Fe-Si-B

metallic glass as a next natural step to the single linear laser track treatments

from the manufacturing point of view. Such experiments will be able to synthesize

flexibly the crystalline packets within the amorphous matrix. Especially, the

laser treatments can be carried out with sufficient separation between the laser

treated regions (to eliminate/minimize the reheating effects) and with laser

processing parameters leading to predominant evolution of α-(Fe,Si) phase to avoid

severe reduction in strength. It will be interesting to investigate and optimize

magnetostriction and other magnetic properties along with the mechanical behavior

of these laser synthesized soft magnetic metallic glass based composite materials.
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(3) Different Metallic Glass Compositions: From the mechanical behavior point of

view, the author suggests investigating laser treatments of other metallic glass

compositions which yield softer phases upon crystallization. Examples include

Ti40Zr30Be30 which forms soft bcc phase dendrites in the amorphous matrix upon

crystallization [26], and Zr36.6Ti31.4Nb7Cu5.9Bex which forms variable amounts

of soft crystalline phase in the amorphous matrix based on Be content [26],

and Zr48Cu46Al4Co2 which interestingly undergoes transformation of B2 CuZr

precipitates to martensite through twinning thus inducing ductility via lowered

stacking fault energy [176]. Design of laser treatments to evolve the required fraction

of soft crystalline phase would provide a rapid structure-property optimization.

(4) Laser Assisted Additive Manufacturing of Metallic Glass Based Composites: The

long term goal will be to laser additively synthesize metallic glass based composites

in various shapes with tailored microstructures with respect to the concerned

application.
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Figure 6.1. Schematic illustrating possible laser patterning treatments of
Fe-Si-B metallic glass.
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