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ABSTRACT

This thesis presents a comprehensive study on the synthesis, consolidation, and
characterization of Fe-based amorphous alloy powders developed through MA
and subsequently consolidated using SPS. Two ternary compositions
Fess4s3Alias60Ti1.087 and Fegog15Abess0Ti3.325 were selected based on their
potential glass-forming ability and phase stability. The MA process, carried out
for up to 80 hours, led to significant structural refinement and partial
amorphization, as confirmed by X-ray diffraction (XRD), transmission electron
microscopy (TEM), and selected area electron diffraction (SAED). Scanning
electron microscopy (SEM) coupled with energy-dispersive X-ray spectroscopy
(EDS) showed morphological evolution and compositional homogeneity with
increased milling duration. Particle size analysis indicated a trend of particle
refinement followed by agglomeration due to cold welding. Differential
scanning calorimetry (DSC) highlighted distinct thermal transformation
behaviors for both compositions. Subsequent SPS consolidation at temperatures
ranging from 300 °C to 1200 °C resulted in improved densification, with
Fess.453Al14.560T11.987 exhibiting higher practical density and lower porosity. The
XRD patterns of sintered samples revealed the formation of intermetallic phases
at elevated temperatures, while SEM analysis demonstrated enhanced inter-
particle bonding. Mechanical characterization using the Vickers hardness test
showed a substantial increase in hardness with sintering temperature, with a
maximum value of 1029 + 8.7 HV for the Fess 453Al14560T11.987 sample sintered
at 1200 °C. The results establish the effectiveness of combining MA and SPS to
fabricate high-density Fe-based amorphous alloys with promising structural and

functional properties.
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Chapter 1

Introduction

1.1 Background

Amorphous alloys, or metallic glasses are class of materials with no long-range
crystalline order, typically fabricated by rapid solidification or solid-state
processing techniques. This disorder in atomic structure imparts abnormal
physical and mechanical properties such as high strength, favorable wear and

corrosion resistance, and excellent soft magnetic behavior[1].

Among the different types, Fe-based amorphous alloys are especially important
because they possess low cost, rich raw material resources, and good soft
magnetic properties, making them ideal for applications in transformers,
inductors, and magnetic shielding. Their high strength and hardness also render
them appealing for structural applications. Still, processing and synthesizing
these materials without causing crystallization is a major challenge, which
requires sophisticated methods such as MA and SPS for controlled

production[2].

Conventional processing methods such as casting and melt spinning often fall
short in producing fully amorphous bulk materials due to their inherent
limitations in cooling rates and compositional control. These techniques
typically require extremely high quenching rates in the order of 10°-10° K/s to
suppress crystallization, which restricts the size and geometry of the resulting
amorphous components[3]. Furthermore, maintaining structural homogeneity
and avoiding defects during bulk consolidation is challenging with traditional
sintering or hot pressing, often leading to grain growth and partial
crystallization. These drawbacks have driven the development of alternative
solid-state synthesis and densification techniques. MA is a high-energy ball
milling process, facilitates the creation of amorphous phase through successive
cold wielding and fracturing under room conditions, thus avoiding rapid
cooling. Moreover, SPS provides fast consolidation with sharp temperature and

time control, reducing crystallization to high-density compacts. In combination,



these methods offer a promising approach to fabricating bulk amorphous

materials with predefined properties[4].
1.2 Amorphous Alloys

Amorphous alloys are metallic materials distinguished by their lack of a regular,
repeating atomic structure, which sets them apart from traditional crystalline
metals. This non-crystalline structure is typically achieved by rapid cooling or
mechanical processing methods that inhibit the formation of crystals. Due to
this disordered atomic arrangement, amorphous alloys exhibit several
remarkable properties, such as high tensile strength, exceptional hardness and
superior resistance to corrosion and wear. They also demonstrate unique
magnetic behaviors, including low coercivity and high permeability, which are
beneficial in electrical and electronic applications. Unlike their crystalline
counterparts, amorphous alloys do not have grain boundaries, reducing common
failure mechanisms and enabling improved mechanical performance and

durability[5].
1.2.1 Formation mechanisms of amorphous materials

Amorphous structures form when atoms are prevented from arranging into a
regular crystal lattice, usually by rapid cooling or mechanical alloying. These
processes limit atomic movement, causing atoms to “freeze” in a disordered
state. The resulting material lacks long-range order but retains short-range
atomic arrangements. Factors like alloy composition and processing conditions

influence the formation and stability of the amorphous phase[6].

1.2.2 Advantage over crystalline materials and applications in various

industries

Amorphous alloys offer several advantages over their crystalline counterparts,
including higher strength and hardness, improved corrosion and wear
resistance, and superior magnetic properties due to the absence of grain
boundaries. These unique features make them ideal for applications in diverse
industries such as electronics, where they are used in soft magnetic cores;
aerospace and automotive sectors, for lightweight and durable structural

components; and biomedical fields, owing to their excellent biocompatibility



and corrosion resistance. Their ability to combine mechanical robustness with

functional performance continues to drive research and industrial adoption[7].
1.3 Mechanical Alloying
1.3.1 Principle and process

We use mechanical alloying (MA) in this research as a solid-state synthesis
process to create amorphous alloy powders. MA is the solid-state alloying
process where cold welding, fracture, and rewelding of the powder particles
recur repeatedly throughout the milling duration. It appears to be an easy

process, but it has many variables that influence the ultimate quality of the

product.
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Figure 1.1 (a) Schematic of Ball Milling Process in Planetary Ball Mill (b) collision of balls

and powder mixture during Mechanical alloying

The milling parameters include:
o Ball mill type
e Material of the container or vial
e Speed and time of milling
e Grinding medium (wet or dry)
o Ball-to-powder ratio (BPR)
o Size of the balls

e Process control agent (PCA)



During ball milling, powders are blended in necessary amounts in a vial,
followed by adding grinding media such as steel balls into the same vial.
Subsequently, the powders are milled for a specific period of time to achieve a

uniform composition[8].
1.3.2 Key Parameters Affecting Mechanical Alloying

e Type of Mill: The choice of mill depends on the material to be milled
and the desired characteristics of the final powder. For large-scale
powder production, attritor mills or planetary ball mills (e.g., Fritsch
Pulverisette) are preferred[8]. These mills operate in a closed chamber
with milling balls, typically around 250 rpm. Attritors are significantly
faster and more efficient compared to conventional ball mills.

e Milling Container: The container material should minimize wear and
contamination caused by the repeated impact of the grinding balls.
Common materials include hardened steel, tungsten carbide, tool steel,
and bearing steel[8].

e Milling Speed: Higher milling speeds increase the kinetic energy
transferred to the powder, raising the temperature within the vial and
improving homogenization of the alloying elements.

e Milling Duration: Prolonged milling reduces particle size and enhances
alloying. However, longer durations may lead to contamination or
formation of unwanted phases[9].

e Ball Size: Larger grinding balls impart higher impact energy to the
powder particles. Using balls and containers made from the same
material minimizes contamination[10].

e Ball-to-Powder Weight Ratio (BPR): BPR is a significant determinant
of the milling process’s efficiency. Values between 1:1 to 220:1 have
been investigated. For small mills, it is common to have a 10:1 ratio,
while larger mills utilize 50:1 or greater. Higher BPR increases collision
frequency, shortens processing time, and enhances energy transfer to the
powder[11].

o Extent of Vial Filling: For effective milling, the vial should not be filled

more than 50% of its volume. Underfilling leads to low production



efficiency, while overfilling reduces the space available for effective
collisions between balls and powder.

e Milling Atmosphere: To prevent oxidation or contamination, inert
gases like high-purity argon or nitrogen are commonly used. Reactive
materials like titanium may require tailored atmospheres. Specific
environments can be employed to synthesize special alloys or
compounds, such as nitrides (using nitrogen or ammonia) and hydrides
(using hydrogen)[12].

e Process Control Agents (PCA): Ductile powders tend to cold-weld
during milling, which hinders alloy formation. To counteract this, 1-5
wt.% PCA is added. PCAs can be in solid, liquid, or gaseous form and
generally act by adsorbing particle surfaces to reduce surface energy.
Commonly used PCAs include stearic acid, methanol, ethanol and
hexane. These agents decompose during milling and may form

dispersoid compounds that get embedded in the powder structure[13].
1.4 Spark Plasma Sintering (SPS)

SPS is an advanced powder consolidation method that simultaneously utilizes
uniaxial pressure and pulsed direct electric current. The combination facilitates
quick sintering of materials at relatively lower temperatures and shorter duration
than the normal sintering processes. The efficiency of SPS stems from localized
heating induced by the electric current at particle contacts, leading to swift
densification with minimal grain growth. Consequently, SPS is particularly
effective for consolidating nanostructured and amorphous powders, allowing
for the preservation of their unique microstructures and, in turn, enhancing their

mechanical properties[14].
1.4.1 Principle and Process

SPS is a process of powder consolidation that utilizes uniaxial pressure and
pulsed direct current to compact powders obtained from mechanical alloying.

SPS primarily consists of three main stages:

a) Plasma heating: In this stage, electrical discharge among the powder
particles causes their surfaces to be heated to very high temperatures (a few

thousand degrees Celsius). The heat generated is evenly distributed on the

5



particle surface, leading to the evaporation of impurities and the melting of

particles, which facilitate neck formation[15].

b) Joule heating: This warming is caused by the electric current, as pulsed DC
current flows from particle to particle through the connecting necks. This
enhances diffusion, leading to the growth of particles. The localized heating and
uniform heat distribution allow for a rapid increase and decrease in temperature,

which effectively minimizes grain coarsening[16].

c) Plastic deformation: The hot compacts soften and plastically deform when
subjected to uniaxial stress, resulting in the formation of densely compacted

pellets.

SPS is generally performed using graphite dies. The powder compacts, placed
within the graphite die, are subjected to uniaxial pressure (typically up to 100
MPa) applied through punches. A pulsed DC power supply is connected to the

top and bottom punches to facilitate the sintering process[17].

Figure 1.2 shows the SPS setup, while Figure 1.3 schematically illustrates the

plasma formation and Joule heating mechanisms involved in the SPS process.

Spark Plasma Sintering (SPS)

[ Pressure
Pulsed DC *
power supply Graphite
punch
(r=————] T e
I
I
: Powdcer
I
|
1
I
Vacuum * G rn;.)lnlc
die
chamber Pressure

Figure 1.2 Spark Plasma Sintering set up[17].



Spark Plasma Sintering (SPS)
mechanism
Plasma heating Joule heating

Plasma -' Electrical
discharge current

Figure 1.3 Sintering mechanism during SPS[17].

The entire process is usually conducted in an inert atmosphere or vacuum and

requires only 5 to 20 minutes, making it a much quicker technique compared to

traditional sintering methods.

1.4.2 Key parameter affecting Spark Plasma Sintering

Temperature: In SPS consolidation method, heat is absorbed by the
compacted powder, with the energy supplied by the electric current. This
process allows for the study of sample density and observation of the
influence of sintering temperature on the sintered material. The
correlation between density (p) and sintering temperature (T) can be
described by the following equation[18]:
p=s (%) +b (1)

Here, 's' represents the slope of the curve, also referred to as temperature
sensitivity, Tm denotes the melting point of the material, and 'b' is the
intercept of the density axis.

Pressure: In Spark Plasma Sintering (SPS), the uniaxial load plays a
significant role in the densification of the final products by offering two
distinct advantages. Firstly, pressure facilitates the reshuffling of
activated powder particles, which effectively prevents them from
agglomerating. Secondly, the applied pressure provides a crucial driving
force that enhances the overall sintering process. The impact of pressure

on densification can be interpreted using the following equation[4]:
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Here, 't' represents the sintering time, 'B' is an expression that

incorporates temperature and the diffusion coefficient, 'y' denotes the

4! !

surface energy, is the geometrical constant, 'x' is a parameter

g

representing particle size, and 'P' signifies the external applied pressure.

Heating rate: High rate of heating during sintering decreases both the
grain size and the manufacturing time. Furthermore, a high heating rate
enhances the sinterability of the material, initiating the activation of
powder particles, which leads to neck formation through grain surface

diffusion[19].

1.4.3 Comparison with SPS and Conventional techniques

Table 1 Comparison with SPS and conventional techniques

Parameter Conventional Sintering Spark Plasma Sintering
(SPS)
Heating External heating via Internal Joule heating via
Mechanism furnace pulsed DC current
Heating Rate Slow (5-20 °C/min) Rapid (up to 1000 °C/min)
Sintering High (due to slow Lower (enhanced diffusion
Temperature diffusion) from current and pressure)

Sintering Time

Several hours

Few minutes

Pressure Optional or limited Applied uniaxial pressure
Application (typically 20-100 MPa)
Grain Growth Significant due to Minimal due to rapid
prolonged high processing
temperature
Microstructure Limited Excellent
Control
Energy Efficiency Low High
Applicability Traditional ceramics and Nanostructured, amorphous,
metals and reactive materials
Atmosphere Required (often inert Vacuum or inert atmosphere
Control gases)




1.5 Significance of Fe-Based Systems

Fe-based systems are important due to their excellent combination of
mechanical strength, magnetic properties, corrosion resistance, and cost-
effectiveness. Unlike noble metal-based alloys, Fe-based alloys offer a more
economical alternative while still delivering superior performance in
demanding environments. Particularly in the form of amorphous or
nanocrystalline structures, Fe-based alloys exhibit enhanced soft magnetic
behavior, high wear resistance, and thermal stability, making them ideal for
applications in transformers, magnetic sensors, biomedical implants, and
structural components. Furthermore, their compatibility with advanced
processing methods like me MA and SPS enables the development of
customized microstructures and tailored properties, expanding their potential

for high-performance and functional applications[3], [20], [21].



Chapter 2

Literature Review

2.1 Crystalline alloys: Overview

Crystalline alloys, commonly referred to as traditional metallic alloys, are
characterized by a periodic atomic arrangement, contrasting significantly with
the disordered structure of amorphous alloys. Crystalline alloys have formed the
backbone of metallic materials for structural and functional applications due to
their tunable microstructures, well-established processing techniques, and broad

mechanical and thermal property ranges.

Recent literature has emphasized the continued importance of crystalline alloys,
especially in comparison with their amorphous counterparts. For example, in
contrast to amorphous alloys, which are thermodynamically metastable and
often require complex processing conditions such as rapid solidification or
mechanical alloying to avoid crystallization, crystalline alloys can be readily
synthesized and processed using conventional metallurgy approaches like
casting, forging, and rolling[22]. Their well-ordered grain structure enables
plastic deformation mechanisms such as dislocation motion, twinning, and grain
boundary sliding, providing ductility and toughness, which are sometimes

limited in amorphous systems.

The evolution of crystalline alloy design has also incorporated insights from
multicomponent systems. High-entropy crystalline alloys, for example, adopt
face centered cubic (FCC) or body centered cubic (BCC) crystal structures and
are stabilized by configurational entropy. These alloys have demonstrated
unique combinations of strength, ductility, and corrosion resistance[23]. In
some cases, crystalline high-entropy alloys (HEAs) coexist with amorphous
phases, offering a hybrid microstructure with improved thermal stability and

mechanical response[24].

Despite the growing interest in amorphous alloys due to their superior strength
and soft magnetic properties, crystalline alloys maintain significant advantages
in terms of scalability, machinability, and thermal stability. Crystalline Fe-based

alloys, for instance, remain dominant in power applications due to their high
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saturation magnetization, even though amorphous alternatives offer lower core

loss at high frequencies[25].
2.2 Fe-based Amorphous Alloys
2.2.1 Composition and Glass-forming Ability (GFA)

Fe-based amorphous alloys are primarily composed of iron as the matrix
element with the addition of metalloids such as B, Si, and P, along with minor
elements like Cu and Nb to improve glass-forming ability. The high GFA of
these alloys is attributed to the presence of multiple alloying elements,
significant atomic size mismatch, and negative mixing enthalpies, which hinder
crystallization. In particular, systems such as Fe777S1sB1oP4Cuo3 demonstrate
superior GFA and thermal stability when processed through methods like gas
atomization followed by spark plasma sintering (SPS), with optimized
amorphous structure retention below 712 K [25]. Furthermore, mechanical
alloying has enabled the production of Fe-based amorphous alloys by bypassing
the liquid phase, allowing for amorphization in systems with both negative and

slightly positive mixing enthalpies [22].
2.2.2 Mechanical and Thermal Properties

Fe-based amorphous alloys are known for their exceptional hardness, high
tensile strength (up to 3.6 GPa), and good wear resistance. Their disordered
atomic arrangement restricts dislocation movement, leading to high strength but
typically limited ductility. Additionally, they offer high soft magnetic properties,
including high permeability and saturation magnetization (e.g., Bs = 1.34 T),
making them suitable for magnetic applications in high-frequency environments
[25]. Thermal analysis revealed crystallization onset temperatures around 790—
830 K, depending on composition, with structural relaxation and nanocrystal
formation influencing mechanical and magnetic performance [21]. Controlled
nano-crystallization in Fe-based systems can also enhance magnetic properties

without significantly compromising the amorphous matrix[26].
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Table 2 Review of some Amorphous alloys studied

Alloy Thermal
Bs (T M tostricti FA
System s(D Stability agnetostriction G
Fe-based Moderate to
1.3-1.7 Moderat High
[25], [21] High oderate ‘&
Co;);l]s ed 0.45-0.57 Very High Near-zero Moderate
Nl-[lz)gied 0.5-0.8 Moderate Low Moderate
Zr-based High (Tx = )
~0.3-0.6 L Very High
[24] 800-850 K) oW ey Hig
Pd-based | 5 05 | Very High Low Excellent
[24]
EHt'gh High
ntro : . . .
Py Variable (depending Variable Very High
(HEAA) on elements)
[22], [23]
Ti-based ~0.3-0.5 Moderate Low High
[24]
Mg-based .
g[zzzase <0.3 Low High Poor

2.3 Mechanical Alloying as a Synthesis Method for Amorphous Alloys

2.3.1 Mechanism of Amorphization

MA is a powerful solid-state synthesis route to produce amorphous alloys by
repeated cold welding, fracturing, and rewelding of powder particles in a high-
energy ball mill. Unlike rapid solidification techniques that rely on liquid-phase
processing, MA can achieve amorphization directly in the solid state, expanding
the compositional range and avoiding issues like gravity segregation[22]. The
transformation mechanisms can follow either direct amorphization—via solid-
state amorphization reactions (SSAR)or indirect paths involving intermediate

phases such as intermetallic compounds, solid solutions, nanocrystals.

ZrysFeNiSip4Bos alloys synthesized by MA showed

For example,

transformation from crystalline Ni-type FCC structures to a fully amorphous

12



phase after prolonged milling [23]. Similarly, the Cu—W and Cu—Ag systems,
which have positive mixing enthalpies, were successfully amorphized via MA,
something not feasible by melt spinning[22]. These results demonstrate that MA
enables amorphization even in thermodynamically unfavorable systems by

promoting high defect densities and kinetic barriers to crystallization.

(a) VSi &Zr ¢FCC
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O ——
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Figure 2.1 XRD patterns of the milled ZrFeNiSio4Bos HEAs powders as function of milling
times (a) and (b) x=2.5 [23]

2.3.2 Influencing Parameters

The amorphization outcome in MA strongly depends on processing variables.

Milling time is critical: in the case of Fe-based amorphous powders (e.g.,

13



Fe777S18B10P4Cuo3), amorphous structure formation was confirmed after
extended milling, with DSC curves showing overlapping exothermic peaks at
~795-823 K indicating homogeneous amorphous phases [25]. In AlgsNigYs
systems, amorphization proceeded over 80-200 hours, with over-milling

leading to recrystallization due to stored energy release [22].

Milling speed influences collision energy. In Co7sTizs, increasing speeds to 3.3
s! led to undesirable recrystallization, while 2.1 s resulted in a fully

amorphous phase after 48h of milling [22].

Ball-to-powder ratios (BPR) also affect energy transfer. In Si-B—C—N systems,
BPRs from 10:1 to 100:1 enhanced amorphization but introduced contamination

from the milling media (e.g., ZrO,) [22].

(a) ¢ v Zr0,

Relative Intensity, a.u

10 X ) 40 S0 o) N =0

20, degree

(b)

' 10 mm

S mm

Relative Intensity, a.u.
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Figure 2.2 XRD patterns for Si-B-C-N samples milled for 10h (a) varying ball-to-powder mass

rations, (b) different diameters of milling media. [20]
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Cryomilling, a combination of mechanical alloying and low-temperature
processing, helped achieve finer grains and reduced thermal crystallization. For
example, All26Si—TiB2 composites cryomilled for 30 minutes post-MA showed

a ~50% reduction in particle size and improved density (95-96% vs. 90%) [22].

High entropy mixing (e.g., ZrTiCuNiBe) promotes GFA and mechanical
stability in Zr-based HEA systems. The alloy Zr:sFeNiSio4Bos exhibited
excellent amorphous phase stability with crystallization temperatures ~689 °C

after 180 h of milling [23].
2.4 Spark Plasma Sintering for Consolidation of Amorphous Alloys
2.4.1. Effect of SPS Parameters

SPS is a new powder consolidation method that utilizes high pulsed DC and
uniaxial pressure to achieve rapid densification at lower temperatures and
reduced holding times compared to conventional sintering. Critical SPS
parameters sintering temperature (Ts), heating rate, holding time, pressure, and
atmosphere directly impact densification, structural evolution, and magnetic

properties of amorphous alloys.

For instance, Fe77.7S18B10P4Cuo 3 amorphous powders consolidated at Ts = 696—
712 K, with a heating rate of 100 K/min and pressure of 800 MPa, achieved
relative densities up to 94%, without significant crystallization [25]. Compared
to conventional methods, SPS reduces porosity effectively due to its high
heating rates and pressure-induced plastic flow. A similar approach was seen in
previous studies on Fe-based amorphous ribbons using warm compaction or hot
pressing, which showed inferior magnetic properties due to structural relaxation

and partial crystallization [21].
2.4.2 SPS of Amorphous Alloys

SPS is particularly well-suited for the consolidation of Fe-based amorphous
alloys, offering fast densification while preserving soft magnetic performance.
In the SPS-processed Fe77.7SisB1oP4Cuo; compact, soft magnetic properties
were retained with saturation magnetic flux density (Bs) of 1.34 T and
permeability (n) of 163 at 20 kHz, making it viable for high-frequency
applications [25].
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Key to this success is the use of gas atomized spherical powders with good
glass-forming ability (GFA), which enhances compaction uniformity and
isotropy compared to flake powders often used in other compaction approaches
[21], [26]. In contrast, flake-based amorphous compacts consolidated by hot
pressing often showed anisotropy in magnetic response and higher losses due to

microcrack formation and texture alignment [26].
2.4.3 Challenges in Preserving Amorphous Structure during SPS

One of the major challenges in SPS consolidation of amorphous materials is
preventing crystallization during sintering. Even when the bulk sintering
temperature is kept below the crystallization onset temperature (Tx), localized
overheating due to Joule heating and poor thermal conductivity of powders may

cause partial or full crystallization.

For example, in Fe77.7SisB10P4Cuo3, samples sintered above 725 K exhibited
diminished DSC exothermic peaks and clear crystalline diffraction peaks in
XRD patterns, indicating structural degradation [25]. Similarly, prior work on
consolidated Zr- and Fe-based bulk metallic glasses (BMGs) also showed that
holding times greater than a few minutes at elevated temperatures caused
structural relaxation and crystalline phase formation, leading to deteriorated

magnetic and mechanical performance [24], [21].

Additional issues, such as non-uniform current distribution, temperature
gradients between die and sample, and interfacial reactions, can further
complicate amorphous retention. Use of short holding times (near-zero), rapid
heating and cooling, and pre-optimization of powder composition (e.g., higher
B and P content to boost GFA) have been shown to mitigate these effects [25],
[23].

2.5 Objective

The main aim of this study is to prepare and characterize Fe-based amorphous
powders prepared via mechanical alloying and then consolidated by SPS. The

objectives of the research are as follows:

o To investigate the amorphization behavior of a Fe-based ternary system

via mechanical alloying.

16



To study the phase formation during the MA process.

To examine the phase evolution during the sintering of amorphous

powder using SPS.

To evaluate the mechanical properties of the sintered samples through

Vickers hardness.

17



Chapter 3
Methodology

The methodology for this study involves a sequence of stages starting from the
selection of elemental powders, followed by MA, powder characterization, SPS,
and final material characterization. A schematic flowchart outlining the

complete experimental process is provided below:

Flowchart

Composition Selection

U

Mechanical Alloying

4

Characterization of MA powder

! ! |

| FESEM || Particle size |[ xrp | [ psc || HRTEM |

N
Mechanical Property . Sintering
evaluation using Vickers U

hardness
Characterization of Sinters

|
l

| FE-SEM ‘ | XRD | ’Deusiﬁcation‘

3.1 Composition Selection

The ternary phase diagram (Figure 3.1) of the Fe—Al-Ti system was used to
identify a Fe-rich single-phase BCC B2 region. From this stable phase region,
two compositions Fe72AlTiz (at. %) and FessAls3Tis (at. %) were selected to
study the phase formation, microstructure, and densification during MA and

SPS.
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Figure 3.1 Fe-Al-Ti isothermal ternary phase diagram

Elemental powders of Fe (99.5%, 200 mesh, Sisco Research Laboratories), Al
(99.5%, 325 mesh, SRL), and Ti (99.9%, 150 mesh, Alfa Aesar) were used. The
powders were weighed and mixed in their respective compositions using an

electronic balance.

Table 3 Elemental compositions of Fe-Al-Ti samples

Elements Sample 1 Sample 2

at. % | wt. % | at. % | wt. %

Fe 72 83.453 54 69.815
Al 26 14.560 43 26.860
Ti 2 1.987 3 3.325

3.2 Mechanical Alloying
3.2.1 Process

Mechanical alloying was conducted in a planetary ball mill (PM 200, Retsch
GmbH, Germany) (Figure 3.2) using hardened steel vials and 10 mm hardened
steel balls. The process was carried out at a disc speed of 300 RPM and a ball-
to-powder ratio (BPR) of 10:1. To prevent cold welding and enhance milling

efficiency, toluene (75 ml) and stearic acid (0.08 wt.%) were used as process
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control agents. Milling was performed for up to 80 hours, with intermediate

samples collected at 1 h, 20 h, 40 h, 60 h and 80 h for microstructural analysis.

Table 4 Variable of ball milling process

Parameter Details
Vial Material Hardened Steel
Ball Material Hardened Steel
Ball Diameter 10 mm
BPR 10:1
Disc Speed 300 RPM
Milling Duration Up to 80 hours
PCAs Toluene (75 ml), Stearic Acid (0.08 wt.%)
Sampling Intervals 1h, 20h, 40h, 60h, 80h
———

Figure 3.2 Planetary ball mill (PM 200, Retsch GmbH, Germany)
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3.2.2 MA powder characterization

a)

b)

d)

X-Ray diffraction studies

Phase identification of the ball-milled powder and sintered samples was
carried out using a Panalytical Empyrean Alpha 1 diffractometer
equipped with Cu-Ka radiation (A = 0.154 nm). The XRD scans were
recorded over an appropriate 20 range from 20 ° to 80 ° at a fixed step
size and scan rate. The obtained diffraction patterns were analyzed to
identify the crystalline phases and assess the degree of amorphization.
Morphology

The morphologies of both the sintered and powder samples were
examined using a field emission scanning electron microscope (JEOL
IT800). The chemical composition of the samples was analyzed using
an energy dispersive spectrometer (EDS) integrated with the FE-SEM
system.

Particle size analysis

Particle size analysis was performed using ImagelJ software based on the
circular method, where particles were manually outlined and analyzed
to determine their equivalent circular diameters.

Differential Scanning Calorimetry (DSC)

The phase transformations and thermal stability of the powders were
investigated using DSC (PerkinElmer STA 8000). The measurements
were conducted in a nitrogen (N2) atmosphere, with specimens heated at
a rate of 10 °C/min up to 1000 °C.

Transmission Electron Microscopy (TEM)

TEM (JEOL JEM-2100) was used to examine the amorphous and
crystalline nature of the mechanically alloyed powder particles. High-
resolution image and selected area electron diffraction (SAED) were
employed to distinguish between amorphous and crystalline phases.
Densification

The density of the sintered samples was measured using Archimedes’
principle, with distilled water serving as the immersion medium. The

bulk density values obtained were then compared with the theoretical
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densities to assess how effectively the samples were densified during the

sintering process.
3.3 Consolidation of Ball-Milled Powders via SPS

The ball-milled powders were consolidated using SPS (FCT Systeme GmbH,
Germany) in a graphite die with an inner diameter of 20.4 mm and punch of 20
mm diameter. Consolidation was carried out at four different temperatures
300°C, 800°C, 1000°C, and 1200°C for the Fegs453Ali4.560Ti1.987 composition,
and at 350°C, 800°C, 1000°C and 1200°C for Feeso.315Al6.860T13.325 composition.
Each consolidation was performed with a holding time of 5 min and a heating
rate of 100 °C/min. Sintering was performed under vacuum conditions with a
constant uniaxial pressure of 38 MPa. To ensure easy removal of the compacted
samples and to minimize temperature inhomogeneities, 0.2 mm thick graphite
foils were placed between the punches and powders, as well as between the die

and powders.

Figure 3.3 Spark Plasma Sintering (FCT Systeme GmbH, Germany)
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3.4 Mechanical Properties
3.4.1 Microhardness

Hardness tester (MMV-A) was used to determine the Vickers microhardness of
the polished samples. A load of 2000 gf was applied with a dwell time of 20
seconds for each hardness measurement. The average microhardness value for
each sintered sample was calculated from five individual readings, along with
the corresponding standard deviation to represent the variability in

measurements.
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Chapter 4

Results and Discussion

4.1 Phase evaluation during mechanical alloying

Figure 4.1(a) and Figure 4.1(b) display the X-ray diffraction (XRD) patterns of
Feg3453Al14.560 T11.987 and Feeo g15Al26.860T13.325 powders, respectively, milled for
different durations (1 h, 20 h, 40 h, 60 h, and 80 h). For both compositions, the
XRD pattern at 1 hour reveals sharp and intense peaks corresponding to the
elemental phases of Fe, Al, and Ti, indicating the crystalline nature of the
unalloyed starting powders. As the milling time progresses, the intensity of
these peaks gradually diminishes and becomes increasingly broadened,
accompanied by the disappearance of Ti peaks. This trend is indicative of
extensive alloying and nanocrystalline refinement due to repeated cold welding
and fracturing typical of the mechanical alloying process. At extended milling
times (60 h and 80 h), the diffraction patterns display broad, low-intensity

humps, characteristic of the formation of an amorphous phase.
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Figure 4.1 XRD patterns of (a) Fegs4s3Alias60Ti1987 and (b) Fegog15Alx6.s60T13325 powders
revealing phase evolution during mechanical alloying up to 80 h

The transition from crystalline to amorphous structure is more evident in the
Fess.453Al14560T11.987 composition, suggesting a relatively higher glass-forming
ability compared to the Fegosi5sAbsseoTiz325 composition. This could be
attributed to differences in elemental ratios, particularly the lower Al content
and more favorable atomic size mismatch, which can enhance amorphous phase

stability.

4.2 High-Resolution TEM image and corresponding SAED pattern

confirming partial amorphous nature

Figure 4.2 shows the SAED and HRTEM images of the Fegs.4s3Ali4.560T11.987
powder after 80 hours of MA. The SAED pattern of Figure 4.2 (a) exhibits a
diffuse halo which is normally characteristics of an amorphous structure, but
the existence of a few diffraction spots clearly signifies the survival of
nanocrystalline zones. Also Figure 4.2 (b) presents a barely more spread-out

ring without any apparent spots, hence proving that it is partially amorphous.
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Figure 4.2 Results of SAED (a, b) patterns and HRTEM images (c, d) of 80 h mechanically
alloyed Feg3 453Al14560Ti1.987 powder

The HRTEM micrographs in Figure 4.2(c, d) also support the partially
amorphous character of the sample. The image mainly consists of some fringes
which clear the presence of some crystalline character. These observations all

support the fact that the sample is partially amorphous.

4.3 SEM-EDS Characterization of Milled Fe-Based Powders

The morphological evolution and elemental distribution of the
Fegs453Al14560T11.987 powder during mechanical alloying were investigated
through SEM and EDS analyses, as shown in Figures 4.3.1 (a—¢) and (a2—¢2).
At 1 hour of milling [Figures 4.3.1 (a, a2)], the powders exhibited large,
irregular particles resembling the original elemental morphology. These
particles showed signs of initial deformation with relatively smooth surfaces
and minimal mixing, as confirmed by EDS, which revealed distinct Fe-, Al-,
and Ti-rich regions. Upon milling for 20 hours [Figures 4.3.1 (b, b2)], a
noticeable refinement in particle size was observed due to increased fracturing.
The particles became more irregular and agglomerated due to cold welding,

though elemental segregation remained evident, indicating incomplete alloying.
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After 40 hours [Figures 4.3.1 (c, c2)], the powders displayed significantly finer
and more equiaxed morphology. The particles had undergone sufficient
fracturing and welding cycles, resulting in lamellar structures and partial
homogenization. EDS mapping at this stage showed improved elemental
intermixing. Continued milling to 60 hours [Figures 4.3.1 (d, d2)] led to a highly
refined microstructure with near-spherical and dense particles, and the average
size approached a steady-state value. EDS results revealed a near-uniform
distribution of Fe, Al, and Ti within individual particles, highlighting the

advanced stage of alloying.

Figure 4.3.1 SEM image and EDS result of Fegs 453Al14.560T11.987 at 1h, 20h, 40h, 60h and 80h

milled powder.

After 80 hours of milling [Figures 4.3.1 (e, €2)], the particles appeared further

refined with some agglomeration, a result of excessive cold welding. The
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powders showed dense, uniform morphology, indicating extensive mechanical
alloying. EDS confirmed excellent compositional homogeneity, marking the
formation of a nearly fully alloyed powder. These observations collectively
demonstrate the progressive refinement and alloying achieved during prolonged

mechanical milling.

4 (60h) (d'1)

.

Figure 4.3.2 SEM image and EDS result of Fego 315Al26.860T13.325 at 1h, 20h, 40h, 60h and 80h

milled powder.

The progressive structural transformation of FegosisAlessoTiz 325 powders
during mechanical alloying is evident from the SEM and EDS analyses. At the
initial stage of 1-hour milling [Figure 4.3.2 (a, a2)], the powders largely retained
their original elemental morphology, exhibiting large, irregular particles with
smooth surfaces, and EDS results indicated poor elemental mixing with distinct

Fe, Al, and Ti-rich zones. After 20 hours of milling [Figure 4.3.2(b, b2)], more
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intense plastic deformation and fracturing were observed, accompanied by the
onset of cold welding, resulting in smaller, more irregular particles forming
layered composite structures. Elemental intermixing had begun but remained
incomplete. By 40 hours [Figure 4.3.2 (c, c2)], the particles became finer, more
equiaxed, and displayed significant refinement, with layered internal structures
due to repeated fracturing and welding. EDS analysis at this stage showed a
more uniform distribution of Fe, Al, and Ti within individual particles. At 60
hours [Figure 4.3.2 (d, d2)], the powders reached a near steady-state particle
size, displaying compact, possibly spherical morphologies, suggesting
advanced homogenization and potential amorphous phase formation. Finally,
after 80 hours of milling [Figure 4.3.2 (e, €2)], the powders appeared highly
refined and densely packed, although a slight increase in average particle size
was observed, likely due to cold welding and agglomeration—an effect more
pronounced in this high-Al composition. EDS results confirmed excellent
compositional homogeneity, indicating the successful formation of a fully
alloyed powder suitable for further consolidation processes like spark plasma

sintering.

4.4 Particle Size Variation During Mechanical Alloying

Figure 4.4 shows average particle sizes diameter was found to be 8.16 + 4.39
pm, 3.32 £ 1.33 pm, 3.27 + 1.20 um, 4.45+ 1.42 ym and 5.17 + 1.81 um,
respectively for 1h, 20h, 40h, 60h and 80h mechanically alloyed
Fess453Alia560T11.087 powder particles. In case of 1h, 20h, 40h, 60h and 80h
mechanically alloyed Feso.s15ALs.860T13.325 powder particles, the average particle
sizes were 11.17 £ 5.12 pm, 4.63 £ 1.47 pum, 3.77 = 1.12 pm, 3.06 £ 1.03 pm
and 3.57 + 41.06 um respectively. The plot in Figure 5 represents the variation

of average particle size with progress of

29



18 - —B— Fegg 5158 560113305

—®— Feg; 453Al 14560 Tl 087

16

4- & \><,;

Avg. Particle Size Diameter(um)

0 T T T ' T T
0 20 40 60 80
Milling Time(h)

Figure 4.4 Variation of average particle size diameter with time of mechanical alloying for
Fes3 453Al14560Ti1.087 and Feeo s15Al6 860 Ti3 325 powder compositions.

mechanical alloying. It can be observed that for powder Fess4s3Aliss60T11.987
decrease in particle size for 1-20 h, 20-40 h there is stability in particle and 40-
80 h slightly increase in particle size and for powder FeeosisAless0Ti3325
decrease in particle size for 1-60 h and slightly increase in particle size for 60-
80 h. The metallic powder particles are of ductile in nature and hence can absorb
the impact energy of the grinding balls during ball milling at the initial stage.
As the defect density increases with time, the particles get more and more brittle
and after a certain duration of milling the defect density reaches a saturation
stage which leads to saturation in breaking of particles. Thus, higher rate of
decrease in particle size was observed during 1-20 h and increase in particle size

because of cold welding and agglomeration.
4.5 Thermal behavior of amorphous powder

Figure 4.5 shows the combined DSC heating curves of both Fe-based alloy
powders. The gradual increase in heat flow with temperature confirms that these
are heating profiles. For the Fes3 453Ali4.560T11.987 powder, an endothermic peak
is observed in the range of 306 °C to 375 °C, indicating a phase transformation

occurring within this temperature interval—likely related to the crystallization
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of the partially amorphous structure. Similarly, for the Feeos15ALs.860T13.325
powder, the endothermic region appears between 340 °C and 415 °C, suggesting
that phase transformation in this composition occurs at a slightly higher

temperature range.

The change in the transformation range for the Feeo 315Al6.860T13.325 powder can
be explained by its increased content of aluminum, which raises the thermal

stability and glass-forming ability of the alloy.
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Figure 4.5 DSC curve to identify the phase transformations for Fegs 453Al14.560T11.987 and

Fego.315A 686013325 powder compositions.
4.6 Consolidation of Mechanically Alloyed Powders via SPS

After characterization of powder samples like XRD, SEM, DSC, average
particle size and TEM analysis we make sintered sample of both the MA powder
using SPS. Figure 4.6 shows a sintered sample of Fegs4s53Ali4.560Ti1.087 [Figure
4.6(a)]and Fegos15AbessoTizz2s [Figure 4.6(b)] powder at different
temperatures. Both the mechanically alloyed powders were consolidated via
SPS using graphite die and punch of 20 mm diameter. The 80 h mechanically
alloyed powders were sintered at 4 different temperatures 300°C, 800°C,
1000°C and 1200°C and the other 80 h mechanically alloyed powders were
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sintered at four different temperatures 350°C, 800°C, 1000°C and 1200°C at
constant pressure of 38 MPa. The heating rate and holding time at the sintering

temperatures were maintained at 100 °C/min and 5 min, respectively.

(a) (b)

Figure 4.6 Consolidated solid sample at different temperatures of powder (a)
Feg3,453A114,560Ti1,9g7 at 300 OC, 800 OC, 1000 OC, 1200 °C and (b) Fesg‘glsAlzs‘gsoTi&ns at 350
°C, 800 °C, 1000 °C, 1200 °C.

4.7 Density variation with sintering temperature

Figure 4.7 illustrates the variation in sample density with sintering temperature
for two different Fe-based compositions— Feg3 453Al14.560Ti1.987 [Figure 4.7(a)]
and Fesos1sAlsgs0Tiz325 [Figure 4.7(b)]. In both compositions, a consistent
trend is observed where the practical density increases with rising sintering
temperature, approaching the theoretical density. This improvement in
densification is attributed to enhanced atomic mobility and diffusion at elevated

temperatures, which promote inter-particle bonding and pore elimination.

For the Fessss3AliaseoTiios7 sample, the practical density increased from
3.24 g/cm® at 300 °C to 5.76 g/cm® at 1200 °C, corresponding to a porosity
reduction from 54% to 18%. Similarly, for the Feeosgi5Alx360Ti3.325
composition, the density improved from 3.04 g/cm?® at 350 °C to 4.93 g/cm’® at
1200 °C, reducing porosity from 52% to 22.6%.
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Figure 4.7 Density variation of consolidated samples at different temperatures comparing
theoretical and practical densities

Figure 4.7 illustrates the variation in sample density with sintering temperature
for two different Fe-based compositions— Feg3 453Ali4.560Ti1.987 [Figure 4.7(a)]
and Feeos15Alesc0Tiz 325 [Figure 4.7(b)]. In both compositions, a consistent
trend is observed where the practical density increases with rising sintering
temperature, approaching the theoretical density. This improvement in
densification is attributed to enhanced atomic mobility and diffusion at elevated

temperatures, which promote inter-particle bonding and pore elimination.

33



For the Fessss3AlisaseoTiiog7 Sample, the practical density increased from
3.24 g/cm® at 300 °C to 5.76 g/cm® at 1200 °C, corresponding to a porosity
reduction from 54% to 18%. Similarly, for the Fesogi5Al6360Ti3.325
composition, the density improved from 3.04 g/cm? at 350 °C to 4.93 g/cm® at
1200 °C, reducing porosity from 52% to 22.6%.

Despite these improvements, the practical density for both samples remained
lower than the theoretical values (7.05 g/cm® for Fes3as3AliaseoTiios7 and
6.37 g/cm® for FesosisAbsssoTiz325), indicating incomplete consolidation and
residual porosity. Notably, the FessassAliascoTiios7 samples consistently
showed better densification, likely due to their lower Al and Ti content, which

reduces oxide formation and enhances diffusion during sintering.
4.8 Phase evolution of sintered Samples with temperature (XRD Analysis)

Figure 4.8 shows the X-ray diffraction (XRD) patterns of sintered
Fessas3AliaseoTiios7 [Figure 4.8(a)] and FeesogisAlsssoTizs2s [Figure 4.8(b)]
samples at various sintering temperatures (300 °C/350 °C, 800 °C, 1000 °C, and
1200 °C).
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Figure 4.8 Phase evolution of sintered samples at different temperatures analyzed by XRD

Figure 4.8 shows the X-ray diffraction (XRD) patterns of sintered
Fegs4s3Aliase0Tii0s7 [Figure 4.8(a)] and FeesosisAlsssoTiz32s [Figure 4.8(b)]
samples at various sintering temperatures (300 °C/350 °C, 800 °C, 1000 °C, and
1200 °C). For both compositions, the XRD spectra reveal significant evolution
in phase composition as the sintering temperature increases. At lower
temperatures (300 °C/350 °C and 800 °C), peaks correspond to initial elemental
and simple intermetallic phases such as Fe, AlFes, and FeAl dominate.
However, as the sintering temperature increases to 1000 °C and 1200 °C, new
peaks emerge, signifying the formation of more complex intermetallic
compounds like Fe>Ti, AlTis, and Fe AlTi.

The increasing intensity and sharpness of these peaks with temperature suggests
improved crystalline and enhanced atomic diffusion during sintering.
Specifically, the FesosisAl2s860Ti3325 composition [Figure 4.8(b)] exhibits the
formation of AlTiz and Fe AlTi at elevated temperatures, while the
Fess.453Al14560Ti1.087 cOmposition [Figure 4.8(a)] shows the presence of Alg2Fe1s
and Fe,Ti phases. Overall, these XRD results demonstrate the evolution and
stabilization of various intermetallic phases as a function of sintering
temperature, highlighting the critical role of thermal treatment in tailoring the

microstructure and phase composition of Fe-Al-Ti alloys.
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Figure 4.9 Optical image conforming different phase formation of the sintered sample of

Fegs.a53Al14.560Ti1.987 and Feeo 315Al26.860Ti3 325 at different sintering temperatures.

Figure 4.9 shows the optical micrographs of the sintered Fegss3Aliase0Tii.987
[Figures 4.9(a) and 4.9(b)] and Feso.815ALs.s860T13.325 [Figures 4.9(c) and 4.9(d)]
samples after etching. The specimens were etched using Keller’s reagent,
composed of distilled water, hydrofluoric acid (HF), hydrochloric acid (HCI),
and nitric acid (HNOs). The optical images distinctly reveal the formation of

different microstructural phases in the sintered samples.

For both compositions, etching clearly delineates phase contrast and grain
boundaries, suggesting successful densification and intermetallic phase
development during sintering. The sample sintered at 1200 °C [Figures 4.9(a)
and 4.9(c)] displays more distinct and heterogeneous microstructural features
compared to those sintered at 1000 °C [Figures 4.9(b) and 4.9(d)], indicating
more extensive diffusion and phase transformation at higher temperatures.
These observations support the XRD findings and further confirm the evolution

of complex phases with increasing sintering temperature.
4.9 SEM Analysis of Sintered Samples and Inter-Particle Bonding

Figures 4.10(a-d) and 4.10(e-h) display the SEM micrographs of
Fegs453Ali4560Ti1.987 and Feeos15ALes60Ti3325 powders, respectively, after SPS
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at various temperatures. These images reveal the progression of inter-particle
bonding and microstructural evolution with increasing sintering temperature. At
300 °C [Figure 4.10(a)] and 350 °C [Figure 4.10(e)], both compositions show
loosely packed and poorly bonded particles, retaining much of their original
powder morphology with noticeable pores and voids. The neck formation
between particles is minimal, indicating insufficient atomic diffusion at these

low temperatures.

Figure 4.10 Effect of Sintering Temperature on Inter-Particle Bonding in Sintered samples

At 800 °C [Figures 4.10(b) and 4.10(f)], partial sintering is evident. The
particles show signs of bonding and neck growth, but the microstructure
remains porous, and discrete particle boundaries are still visible. By 1000 °C

[Figures 4.10(c) and 4.10(g)], the samples exhibit improved densification, with
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smoother surfaces and reduced pore volume. Inter-particle boundaries begin to
fade, suggesting significant diffusion-driven consolidation. At the highest
sintering temperature of 1200°C [Figures 4.10(d) and 4.10(h)], both
compositions show a dense and relatively pore-free microstructure, with a
continuous matrix indicating strong inter-particle bonding and near-complete

consolidation.

Overall, the SEM analysis clearly demonstrates that increased sintering
temperature enhances densification by promoting solid-state diffusion, neck
growth, and elimination of porosity. The improvements are more pronounced
in the Fess 453Al14.560Ti1.087 COMpOsition, which appears to achieve better particle
coalescence and surface uniformity consistent with its higher practical density

and lower porosity as discussed earlier.
4.10 Mechanical Properties

4.10.1 Vickers Hardness Test
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Figure 4.11 Hardness value of both sintered sample at 1000 °C and 1200 °C

Figures 4.11(a) and (b) present the Vickers hardness results for the
Fess.453Al14560T11.987 and Feeos15Al26.860T13.325 samples, respectively, sintered at
1000 °C and 1200 °C. In Figure 4.11 (a), the Fe-rich composition shows a high
hardness value of 993 HV at 1000°C, which further increases to
1029 £8.67 HV at 1200 °C, indicating enhanced densification and likely the
formation of fine intermetallic phases at higher temperatures. In contrast, Figure
4.11 (b) shows that the Al- and Ti-rich composition exhibits a lower hardness of
317HV at 1000 °C, rising to 625+3.97HV at 1200 °C. The comparatively
lower hardness in this composition can be attributed to a higher proportion of
low-hardness phases or microstructural porosity. Missing data points at lower
temperatures for both samples because of loosely compaction, and the results
highlight the crucial role of temperature and composition in determining the

mechanical properties of these alloys.
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Chapter 5

Conclusion and Future Scope

5.1 Conclusion

The present study focused on synthesis, consolidation and characterization

of Fe-based ternary alloys Fess453Al14560Ti1.987 and Fesog15Ale860T13.325

produced via Ma and subsequently consolidated using SPS the following

key conclusions.

Mechanical alloying up to 80 hours successfully produced partially
to predominantly amorphous structures in  both
Feg3 453Al14560T11.087 and Feegos15Ale.860T13325 compositions. The
Fegs.4s3Al14560T11.9087 composition showed better glass-forming
ability.

XRD, TEM, and SAED confirmed the presence of amorphous and
nanocrystalline phases. SEM-EDS analysis demonstrated
improved compositional homogeneity and particle refinement with
increased milling time.

The average particle size reduced significantly during early milling
stages and showed slight agglomeration at extended durations due
to cold welding. The final particle sizes of Fegs.453Al14.560Ti1.987 IS

3.57+0.41 um and Fesgg15Al26.860Tiz3251s 5.17 £1.81 pm.

SPS consolidation at 300-1200 °C enhanced densification and
inter-particle bonding. Fes34s3Aliase0Ti1.987 consistently showed
higher practical density and lower porosity at all sintering
temperatures.

XRD of sintered samples revealed the formation of complex
intermetallic phases at elevated temperatures, indicating thermally
induced phase evolution.

Vickers’ hardness increased with sintering temperature. The
highest hardness 1029+8.7HV was achieved by the
Fess.453Alia 560 Ti1087 sample sintered at 1200 °C, attributed to its

superior densification and uniform microstructure.
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5.2 Future Scope

1. Explore different compositions of Fe-Al-Ti alloys, and potentially
include other elements, to improve their glass-forming ability and
mechanical properties.

2. Systematically adjust SPS parameters like heating rate, holding time,
and pressure to achieve better densification while keeping the
amorphous structure.

3. Investigate how well these optimized Fe-Al-Tiresist corrosion and wear,

which is crucial for their use in tough environments.
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