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Abstract

This work focuses on exploring how sequential thermomechanical processing—
specifically hot rolling followed by thermal annealing—affects the microstructural
features, crystallographic texture evolution, and deformation response of a Mg-0.4
wt% Bi alloy. The alloy underwent hot deformation at 300°C, after which it was
subjected to annealing at three distinct temperatures: 225°C, 325°C, and 425°C. These
treatments were systematically analyzed to assess their influence on grain size
reduction, texture transformation, and resultant mechanical characteristics.. Scanning
Electron Microscopy (SEM) revealed an increase in grain size from 19.88um at 225°C
to 22.79um at 325°C, indicating full recrystallization. Annealing at 425°C resulted in a
significant 61% increase in grain size, reaching 36.77um, which reflects substantial
grain growth at higher temperatures.Electron Backscatter Diffraction (EBSD)
assessments performed at varying annealing temperatures revealed that as the
temperature rose from 225°C to 325°C, there was a notable decline in peak texture
intensity, dropping from 22.01 to 15.10., attributed to texture weakening that leads to
random nucleation of grains, However, further increase in temperature to 425°C,
maximum texture intensity increased to 20.16um, pointing to the dominating grain
growth orientation. Furthermore, Kernel Average Misorientation (KAM) maps
indicate a decrease in dislocation density and internal strain with increasing annealing
temperature, from a KAM value of 0.55 at 325°C to 0.11 at 425°C, confirming
progressive microstructural recovery. Tensile testing showed that the as-cast and
homogenized samples exhibit low strength with moderate ductility, whereas rolling at
300°C significantly enhanced strength but reduced elongation. Optimal mechanical
properties were obtained at 325°C, yielding a balanced combination of strength (YS:
91 MPa, UTS: 143 MPa) and ductility (elongation: 5.5%).The results highlight that
the combination of hot rolling under controlled conditions followed by strategically
selected annealing treatments can significantly influence microstructural refinement,
texture adjustment, and mechanical property improvement in Mg-Bi alloys, thereby

positioning them as strong contenders for use in lightweight structural components..
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Chapter 1
INTRODUCTION

Magnesium-based alloys are extensively utilized in sectors such as
aerospace, automotive, and biomedical engineering due to their
remarkably low density and excellent specific strength. Magnesium-based
alloys have found widespread application in fields such as biomedical
devices, aerospace structures, and automotive components, where
achieving substantial weight savings while maintaining mechanical
reliability is of paramount importance. However,the broader utilization of
these alloys is hindered by inherent drawbacks, including insufficient
ductility, restricted formability, and resistance to corrosion. To address
these issues, alloying strategies have been extensively explored, with
bismuth (Bi) emerging as a promising addition due to its low toxicity,
cost-effectiveness, and ability to form thermally stable intermetallic
compounds like MgsBi2, which enhance mechanical performance and
microstructural stability. The combination of alloy composition and
thermomechanical processing plays a crucial role in optimizing Mg-Bi
systems. Hot rolling, conducted above the recrystallization temperature,
refines grain structures, eliminates casting defects, and activates dynamic
recrystallization (DRX), & this consideration is especially critical for
magnesium, as the number of active slip systems available at ambient
temperature is inherently limited.. This thesis investigates the effects of
hot rolling on Mg-0.4 wt% Bi alloys, focusing on the impact of high-
temperature deformation followed by annealing on the development of
microstructure, evolution of crystallographic texture, and the resulting
mechanical behavior. Primary goal is to establish a processing—structure—
property relationship that advances the metallurgical understanding of
Mg- Bi systems and facilitates the development of next-generation

lightweight alloys for structural applications.

1.1 Mg alloys and their properties



Among all structural metallic materials, magnesium (Mg) alloys stand out
as the lightest, possessing a density of around 1.74 g/cm3. Their
lightweight nature makes them approximately 35% less dense than
aluminum, offering a significant advantage in applications where reduced
mass is crucial. The remarkable low density of Mg alloys, paired with their
advantageous specific strength and rigidity, renders them highly desirable
for use in aerospace, automotive, biomedical, and electronic applications.
Their ability to significantly reduce overall weight makes them an
excellent choice for industries where minimizing mass is a priority..
Magnesium  exhibits good castability, machinability, and
electromagnetic shielding, but its relatively low ductility, poor resistance
to corrosion, and limited formability at ambient temperature pose

challenges for widespread structural use.

Mg alloys are generally categorized into wrought alloys and casting
alloys, with compositions tailored to enhance specific properties.
Frequently used elements in alloy composition include Al, Zn, Mn, Zr, RE
(rare earths), Ca, and more recently, Bi, Li, and Sn. For example, the AZ
series (Mg— Al-Zn) and AM series (Mg—Al-Mn) offer good mechanical
strength and moderate resistance to corrosion, while the ZK series (Mg—
Zn-Zr) provides improved toughness and weldability. RE-containing
alloys such as WE43 and AE42 are used in high-temperature
applications due to their excellent creep resistance. Magnesium alloys
are characterized by their hexagonal close-packed (HCP) crystal
configuration, which inherently restricts the number of slip systems
accessible for deformation under ambient conditions.. As a result,
deformation occurs mainly through twinning and basal slip, leading to
poor ductility and anisotropic mechanical behavior. However, through
thermomechanical treatments like hot rolling, extrusion, and annealing, it
is possible to refine grains, modify texture, and activate non-basal slip
systems to improve ductility and formability. Despite their drawbacks,

magnesium alloys continue to evolve through alloy design and process



optimization. Elements such as Li can reduce density further and increase
ductility; Ca and Bi enhance corrosion resistance and dynamic
recrystallization; and Sn, Zn, and Mn contribute to solid solution
strengthening and intermetallic phase formation.

1.2 Frequently used alloying elements in magnesium

Magnesium alloys are typically strengthened and modified through the
addition of various alloying elements, each offering unique benefits to
microstructural stability, mechanical performance, corrosion resistance,
and functional properties. Common alloying elements include zinc (Zn),
manganese (Mn),aluminum (Al), rare earth elements (REs), zirconium

(Zr), calcium (Ca), tin (Sn), lithium (Li), and more recently, bismuth (Bi).

Aluminum (Al) is the most widely used element in Mg alloys (e.g., AZ
and AM series), offering good strength through solid solution
strengthening and hardening as a result of precipitates. It also enhances
castability but can reduce corrosion resistance in chloride-rich

environments.

Zinc (Zn) Enhances mechanical durability and resistance to deformation
over time, frequently utilized in conjunction with aluminum. It contributes
to age hardening and forms secondary phases like MgZn or MgZnz, which

refine grain structure and improve mechanical response.

Manganese (Mn) serves mainly as a grain refiner and impurity getter,
improving corrosion resistance by reducing iron content in solid solution.

It is a critical element in AM and AZ series alloys.

Rare Earth Elements (REs) Elements from the Rare Earth group,
including Nd, Y, Gd, and Ce, contribute to superior performance at
elevated temperatures by enhancing structural integrity, minimizing creep
deformation, and improving thermal stability. Additionally, their presence
modifies texture characteristics, resulting in increased ductility and better

material workability.



Zirconium (Zr) is used primarily in non-Al-containing Mg alloys (e.g.,
ZK series) as a potent grain refiner and recrystallization controller,

especially in high-purity systems.

Calcium (Ca) is a lightweight, cost-effective addition that improves creep
resistance and ignition resistance, making it suitable for automotive
applications. It also modifies the texture and enhances corrosion resistance

at low concentrations.

Tin (Sn) enhances mechanical properties through solid solution and
precipitation strengthening mechanisms. In minor quantities, it aids in
grain refinement, leading to a finer microstructure while simultaneously

boosting corrosion resistance.

Lithium (Li) significantly reduces density and increases ductility,
especially in dual-phase a+ Mg-Li alloys. It is useful in applications

requiring ultra-lightweight, highly formable materials.

Bismuth (Bi), as discussed extensively in this review, enhances grain
refinement, promotes dynamic recrystallization, and contributes to
superplasticity and electrochemical performance when appropriately

alloyed with Mg.

1.3 Structure of Mg alloys

Magnesium in its pure form adopts a hexagonal close-packed (HCP)
crystal arrangement, characterized by lattice constants of a = 0.320 nm and
¢ = 0.521 nm, as depicted in Fig 1.1.. The HCP crystal structure is
characterized by limited number of slip systems at ambient temperature—
primarily the basal <a> slip—making Mg inherently brittle and difficult to
deform at ambient conditions. This crystallographic anisotropy is one of
the fundamental reasons for the poor ductility and formability of Mg

alloys compared to FCC or BCC metals.

In the hexagonal close packed (HCP) structure, only three independent



slip systems are typically active at room temperature, which is not
sufficient to adjust for any arbitrary plastic deformation (as per von Mises
criterion). To overcome this limitation, plasticity in Mg is often aided
by twinning, particularly tension twinning along the {10-12} planes.
At elevated temperatures, alternative deformation mechanisms beyond
basal slip—such as prismatic and pyramidal slip system play a crucial
role in accommodating plastic strain under certain stress conditions
because they are being activated, enhancing ductility and formability.
Alloying elements and thermomechanical processing (like hot rolling) can
significantly influence the activity of these deformation mechanisms. For
example, elements like Bi, Ca, or REs can modify texture and promote
dynamic recrystallization, thereby altering the mechanical response and
improving ductility. Understanding the HCP structure and its implications
on deformation behavior is essential for tailoring magnesium alloys for
structural applications.

Imary Slip Planes And Directions In HCP
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Figl.1:Shows the hcp crystal structure of Mg and slip planes and directions

1.4 Applications of Mg based alloys

Magnesium-based alloys are valued across industries for being
lightweight, strong, and easy to machine.. One of the most prominent
applications is in the automotive sector, where Mg alloys are used to make

the vehicle lightweight, thereby enhancing the vehicle’s fuel efficiency



and decreasing the carbon dioxide (CO2) emissions of the vehicle.
Components such as Components such as seat frames, engine blocks,

transmission casings, and steering wheels as shown in Figl.2.

Figl.2: Shows the real world use of Mg based alloys in fabricating steering wheels.

Mg based alloys are highly regarded in aerospace applications due to their
outstanding balance of strength and lightweight properties, making them
an ideal choice for reducing overall structural mass while maintaining
mechanical integrity. making them suitable for non-critical structural
components, interior fittings, and helicopter gearbox housings. Their use
contributes significantly to weight savings and enhanced fuel economy in

aircraft.

Mg alloys are also employed in electronics for casings in laptops, mobile
phones, and cameras due to their EMI shielding properties and ease of die

casting.

Furthermore, in the energy sector, Mg-Bi and other Mg-based alloys are
gaining attention for electrochemical energy storage applications,
especially in magnesium-ion batteries,because oftheir high volumetric

capacity and favorable alloying behavior.

1.5 Limitations of Mg based alloys

Although magnesium alloys exhibit a favorable combination of low

density and high specific strength, several significant drawbacks restrict



their broader adoption across various industries.

Poor Ductility: Due to their crytsalligraphic structure of hexagonal close-
packed (HCP) crystal structure, Mg alloys have limited number of active

slip systems at ambient temperature, restricting the plastic deformation.

Poor resistance to Corrosion: Mg alloys are highly reactive and prone to

galvanic and pitting corrosion, especially in moist or saline environments.

Limited High-Temperature Strength:At elevated temperatures, the
mechanical integrity of these alloys deteriorates quickly, limiting their

suitability for applications requiring high thermal stability.

Casting and Formability Issues: Conventional casting often leads to
defects like porosity and segregation; their poor formability also limits

complex shaping.

Texture-Dependent Anisotropy: Strong basal texture formed during
processing results in mechanical anisotropy, affecting uniformity in

properties.

Weldability Challenges: Mg alloys are difficult to weld due to oxidation

and the formation of brittle intermetallic phases.

1.6 Balancing Strength and Ductility in Magnesium Alloys

Magnesium alloys exhibit a classic strength—ductility trade-off, where
enhancing one property often leads to the deterioration of the other. This
trade-off is fundamentally governed by the principles of mechanical

metallurgy:

Grain Refinement and Strengthening: From the Hall-Petch principle,
we observe that reducing grain size increases yield strength due to grain
boundary strengthening. However, finer grains can also restrict dislocation

movement, which limits plastic deformation and reduces ductility.



Precipitation and Second Phase Strengthening: While the introduction
of precipitates and secondary phases (e.g., Mg+2Ce, Mg+7Al12) impedes
dislocation motion and enhances strength, they also act as stress
concentrators and crack initiation sites, reducing ductility.

Texture Effects: Strong basal textures developed during rolling or
extrusion promote easy slip along the basal plane but restrict deformation
in non-basal directions. This anisotropic deformation enhances strength
but limits formability and ductility.

Limited Slip Systems: The hexaagonal close packed (HCP) crystal
structure associated to Magnesium has lesser number of active slip
systems at t he amb i e nt temperature, making it hard for the
material to accommodate uniform plastic deformation—this inherently

restricts ductility.

Need to Overcome the Trade-off

Overcoming the strength—ductility trade-off is essential for the wider
adoption of Mg based alloys in structural applications such as
transportation, aviation, and medical industries.. Achieving a optimum
balance between mechanical strength and ductility enables improved
crashworthiness and energy absorption, enhanced fatigue resistance

and structural integrity, greater design flexibility and formability



Chapter 2

LITERATURE REVIEW

Magnesium (Mg) based alloys have attracted huge amount of interest
because of their lightweight nature; but, their restricted ductility at room
temperature poses a significant challenge to their broader use. This
limitation stems from the few active deformation modes available at
ambient conditions. In materials with a hexagonal close-packed (HCP)
crystal arrangement like magnesium,the slip behavior exhibits a high
degree of anisotropy. The slip occuring on basal plane is the most easily
activated because of its low critical resolved shear stress (CRSS), whereas
non-basal slip systems require considerably higher CRSS values, making
them less effective under typical conditions. A comprehensive
understanding and modification of these slip systems are crucial for
enhancing the mechanical properties of Mg based alloys. This literature
review consolidates essential insights regarding the characteristics,
activation, and improvement of both basal and non-basal slip systems as

reported in recent studies.

2.1 Basal & Non-basal deformation mode in Mg based alloys

Basal slip in Mg based alloys is the predominant mode of plastic
deformation in hexagonal close-packed (HCP) metals like magnesium
(Mg). It occurs along the {0001} basal plane in the <11-20> direction,
which aligns with the close-packed atomic arrangement. Basal slip,
occurring on the {0001}<11-20> plane and direction, is the dominant
deformation mode in pure Mg due to its low CRSS. Li et al. (2021) found
that in Mg-2Y alloys, the require value of CRSS to initiate basal slip is
approximately 12.5 MPa as shown in Table 2.1 below[1]. Similar low
CRSS values were confirmed by Zhu et al. (2019), Sandl6bes et al. (2011),
and Lee et al. (2019), which highlight the ease of basal slip activation in
Mg alloys[2,5,7]. While favourable for initiating plastic deformation, the

over-reliance on basal slip can hinder ductility due to insufficient



independent slip systems, particularly when a strong basal texture
develops during thermomechanical processing (Yan et al., 2013; Lee et al.,
2019) [7,8].

TABLE 2.1 Table showing BICRSS value for different slip modes in Mg-2Y
alloy.

Slip Mode TCRSs

25°C 100°C 250°C
Basal Slip 125417 - -
Twin Nucleation 38512 - -
Twin Growth 33.8:0.7 - -
Prismatic Slip - - 39.7+0.3
Pyramidal slip - 437403 45,6407

Alloys exhibiting a distinct basal texture often restrict deformation to the
basal planes, leading to reduced formability. Lee et al. (2019) illustrated
that extruded Mg-1Gd alloys, characterized by a rare-earth induced basal
texture, showed limited capacity for deformation accommodation [7].
Similarly, Yan et al. (2013) noted that a pronounced basal texture in Mg-
2.0Zn-0.8Gd rolled sheets limited slip activity during tensile deformation

at ambient temperature[8].

Non-basal modes of slip: Magnesium (Mg) based alloys predominantly
deform via basal slip ({0001}<11-20>), which requires a low value of the
critical resolved shear stress (CRSS). However, this primary mode has
inherent  limitations, especially concerning ductility and work
hardening,because of the restricted number of independent slip systems

which are available. To overcome these constraints, the activation of non-
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basal slip systems is essential, as they facilitate additional plastic
deformation pathways, leading to more isotropic mechanical behavior.
These systems offer the potential for more isotropic plasticity and
improved ductility. However, they possess higher CRSS compared to basal
slip. As reported by Li et al. (2021), Zhu et al. (2019), and Tang et al.
(2024), the typical CRSS for prismatic and pyramidal slip modes ranges
between 34-40 MPa.

The activation of non-basal slip systems can be facilitated through
alloying. Elements such as yttrium (), calcium (Ca), lithium (Li), erbium
(Er), samarium (Sm), and manganese (Mn) have been shown to decrease
the CRSS gap between the basal and non-basal systems[6]. These solute
elements work by decreasing the stacking fault energy (SFE) and
promoting more homogeneous deformation. Huang et al. (2018), using the
in situ 3D X-ray diffraction, confirmed the occurrence of non-basal slip in
Mg-Y alloys as shown in Fig 2.1[3].
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Fig 2.1 :(a—c) Evolution of disorientation and misalignment of c-axis in Grains 1,
2, and 5 during deformation, illustrating grain orientation through a hexagonal
prism representation in the top-left corner of each figure, (d—g) Electron
Backscatter Diffraction (EBSD)-based slip trace analysis of a specimen deformed
separately , showing slip activity across basal, prismatic, and pyramidal systems

in distinct grains.
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Tang et al. (2024) developed a high-ductility Mg based alloy by co-
alloying with Li and Er, which activated non-basal slip and improved
intergranular deformation coordination. Their alloy exhibited enhanced
plasticity and reduced texture intensity. Zhou et al. (2023) focused on
decreasing the strength difference between basal and non-basal slips by
targeted alloying strategies, which led to more uniform deformation and
improved ductility as shown in Table 2.2.[6] In a follow-up study, Zhou et
al. (2024) reported that adding micro-alloyed Mn led to increased activity
of non-basal slips and improved strain accommodation in Mg based
alloys.

TABLE 2.2 Table showing EICRSS value for different slip systems and effect of
alloying on BICRSS

Slip Mode Typical CRSS (MPa) Effect of Alloying
Basal 12-13 Slight increase
Prismatic ~34-40 Decreased
Pyramidal <c+a> ~34-40 Decreased

The decrease in value of CRSS for non-basal systems with appropriate
alloying is essential to their activation. For example, Zhu et al. (2019)
showed that the addition of Ca promoted <c+a> pyramidal slip in Mg
based alloys, which significantly improved ductility without

compromising strength.

Microstructural factors also influence the activation of slip systems. Fine
grain size, tailored textures, and the absence of coarse second-phase
particles encourage activation of