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Abstract

The alloying principle has been developed to obtain the desired properties
of materials, which typically involves adding secondary or foreign
elements of minor quantities to a primary component. Thus alloys are
named after the major component of the alloy, for example, Fe-base, Al-
base, and Ni-base alloys. However, in the past two decades, a new alloying
strategy that consists of the combination of multiple primary elements in
large concentrations led to the development of a new class of metallic
materials called High Entropy Alloys (HEAs). Due to this distinct alloying
concept, HEAs often exhibit unusual properties compared to conventional
alloys. Very few investigations were carried out on multi-dimensional
alloys and are primarily focused on experimental analysis. The literature
shows that a few high-entropy alloys possess exceptional properties
exceeding those of conventional alloys. But enhancing its material

properties for engineering applications is a challenge.

One of the primary and effective methods to enhance the material
properties of high entropy alloys is through surface modification. The
Friction stir process (FSP) is one of the effective processes for improving
material properties by microstructural modification. The mechanical and
microstructural properties are controlled by processing parameters like
rotational and translational speeds. In the present study, FSP is carried out
on Alp3CoCrFeNi High entropy alloy, using two different tool geometries
(i.e., cylindrical and square-shaped) by varying the process parameters,
mainly tool rotational speed and traverse speed. A numerical study was
performed using ABAQUS CAE finite element software to understand the
complex thermo-mechanical process involved with friction stir processing.
The simulation primarily aims to study the effect of process parameters and

tool geometry on the HEA workpiece.



The Johnson-Cook material model is utilized to obtain the stress and strain
distribution on the workpiece. The temperature distribution over the plate
was obtained by penalty-based frictional contact between the tool and the
plate. The model also observed a change in material flow behavior as
shoulder geometry changed. An experimental study on the above model
was also conducted to understand the computational model's potential
deviations compared to the real-time experiments. The experimental setup
acted as a measure to validate selected model results to understand its

ability to replicate the actual phenomenon.

Keywords: Friction stir Processing, High Entropy Alloys, Temperature
distribution, Flow Stress, ABAQUS/CAE.
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Chapter 1

Introduction

1.1History and Background

Over thousands of years, humankind has strived to produce numerous
modern materials [1], exploring contemporary metals and making new
alloys which have played a crucial part in many developments. From the
time of the Bronze Age, alloying principles were created. Many
conventional alloys have been developed as a result of the alloying
principle, which is mainly dependent on principle elements. About 30+
practical conventional alloys have been developed, for example, steels (Fe-
based), Al, Cu, Ti, Mg, Ni alloys, and so on. [2]. These alloys are
developed based on the principle base-element paradigm, i.e., the alloys
include one or rarely two principle base elements, and tiny amounts of
foreign elements are added to enhance or modify material properties. Thus,
the principle base-element paradigm restricts their Composition and the
evolution of novel properties. Currently used, most of the high-
performance alloys were being developed in the 1960s. Since then,
numerous approaches have been carried out to address the ongoing need

for advanced applications with improved material properties|3].

One such approach to boost the material properties of conventional alloys
is novel processing techniques like thermo-mechanical treatments, high
strain rate forming, equal-channel angular processing, friction stir
processing, rapid solidification, and surface treatments. Another approach
developed by Yeh et al. is to vary the composition of the alloys, which led

to the development of new intermetallic compounds and their alloys.



Many kinds of research are being carried out on combining both processing
and compositional techniques to satisfy the current need to develop
materials with superior properties. The key objectives in alloy research are
to obtain materials with High strength, toughness, hardness, stiffness, wear
resistance, oxidation resistance, elevated temperature strength, corrosion
resistance, formability, lightweight, good magnetic properties, and
environment friendly. The conventional alloys met the requirements
mentioned above. However, there is still a massive demand for material
improvements in various applications, such as Aerospace & automotive
engines, nuclear & tool materials, light materials with superior properties,
functional coatings, superconductors, and high-temperature refractory
materials [4-8]. To overcome the marginal returns from conventional
alloys in meeting the above requirements, about one and a half decades
ago, Yeh et al. and Cantor et al. caught researchers' attention based on the

concept of multiple principle elements design [9].

In contrast to the principle base-element paradigm, a new alloying strategy
was developed, which involves combining multiple primary elements in an
equimolar or relatively close proportion to form a unique family of metal
alloys called High Entropy alloys (HEAs). Due to this distinct alloying
concept, HEAs often exhibit unique properties compared to conventional
alloys. HEAs are increasingly studied because of their novel properties
[2,4-8]. HEAs possess excellent mechanical properties than traditional
alloys in terms of hardness, strength, wear, and oxidation resistance, which
are appealable in various fields like automotive, industrial applications,
aerospace industry, etc. Furthermore, high entropy alloys do not require
any particular equipment for fabrication, indicating the enormous potential

for large-scale production and vast applications
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Fig. 1.1: FCC: Schematic representation of High entropy alloys

(5 principle elements)

1.2 Definition of HEASs

1.2.1 Definition based on Composition:

There is no well-defined definition for "multicomponent alloys", whereas
several explanations exist for High entropy alloys. From the literature,
High entropy alloys are referred to as novel materials consisting of
equimolar or nearly-equimolar compositions of at least five major alloying
elements. The above definition merely specifies elemental concentrations

and sets no limits on entropy magnitude [10].

1.2.2 Definition based on Entropy:

Boltzmann's equation from thermodynamics relates the configurational
entropy & the system's complexity. The configurational entropy that for
each mole of a solution consisting of n components, each with molar

fractions of X; can be expressed as [9,12]:

AScons = - RYJL; (X In X)) (1)

Where,

R = Molar gas constant

Amount of a particular element in a solution (in moles)

Xj = mole fraction = ; —
! The total amount of all elements in a solution (in moles)

3



Therefore [13],

1 1 1 1 1 1 1 1
ASconf=-R (Hln; + ;11‘1; + ;ln; + + ;ln;)

AScons =-R (ln%) =R (Inn) (2)

From the above equation, it is clear that as the number of elements in the
solution increases, AS.,,s increases.
Forn=4,AScnr =R (In4) = 1.39R

n=>5,ASns =R (In5) =1.61R

n=6,AS.nr =R (In6) = 1.79R

85 | 0| 088R | TIR [ T.30R [ 161R | 1.70R | 1.95R | 208R | 22R | 2.9R | 24R | 24eR |

Table 1.1: AS; oy for different number of elements in a system [3]

Based on the number of elements in the system & AS;,,r, the

multicomponent alloys are classified as Low, medium, and high entropy

alloys.

High-entropy alloys

Low-entropy alloys
(traditional)
AS__.SR

cont

AS__,>1.5R

Fig. 1.2: Classification of Multi-component alloys based on AS;,, ¢ [3]
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Fig. 1.3: Change in AS.,, as a function of n [4]

1.3 Severe Plastic Deformation
Since ancient times, improving the material properties has been a primary
focus of the research community for advanced applications. The
mechanical characteristics of materials depend on their microstructure. The
Hall-Petch equation shows that a material's strength is proportional to its
grain size [14].
-1

0y,=0,+tkdz

Where d = grain size , k = constant and o , = friction stress

Thus to achieve the high strength of an alloy, refine (reduce) the grain size.
Since then, attempts have been made to improve the material
characteristics by inducing deformation, and many processing techniques

like rolling, forging, extrusion, etc., are being developed.

The process of inducing deformation is referred to as "Metal forming." The
von Mises plastic strain imposed in traditional metal forming techniques,
including rolling, forging, and extrusion, is typically less than 2.0. Thus
induced deformation refines the microstructure from coarse to ultra-fine
(sub-microns) size grains. Nonetheless, the grain size obtained by this
method is generally in the range of 1 — 10 um, which is significantly

insufficient to boost the strength. Therefore, multiple passes of rolling,



drawing, and extrusion are carried out for further refinement of grains up
to a nano-level by applying the Von-Mises plastic strain of > 2 [15]. But
by undergoing multiple passes, the dimensions could be altered, i.e.,
thickness and diameter become very small. The Severe Plastic

Deformation (SPD) approach is employed to overcome the above concern.

The metal processing techniques that enable the refinement of
microstructure under plastic deformation to extreme strains that are
difficult to achieve with conventional metal forming processes are known
as Severe plastic deformation techniques [16]. Severe plastic deformation
has drawn researchers' interest over the last two decades owing to its ability
to achieve bulk nano or ultrafine-grained microstructure. In the newly
developed technique, the material is subjected to severe plastic
deformation (Von-Mises plastic strain >2), which refines the grains to sub-
micron levels [17]. This is the leading technique that produces ultrafine-
grained materials from coarse-grained (>100 pm) through multiple passes

of plastic deformation.

SPD is accomplished when the material is plastically deformed repeatedly
without changing the original shape and dimensions, which means the
effective plastic strain in each step gets added to the next step, thus
resulting in significant plastic strain [18]. The materials subjected to SPD
exhibit exciting and distinct properties that are not observed in typical
coarse-grained materials. Several processing techniques that have been
developed for achieving SPD are:

v" Equi-channel angular pressing (ECAP).

v" Torsion or shear under high pressure.

Examples: High-Pressure Torsion, High-Pressure Sliding,
Friction Stir Processing
v" Direct/indirect extrusion

Examples: Simple Shear Extrusion, Twist Extrusion, etc.,



v’ Pressing/Forging

Examples: Constraint Groove Pressing, Repetitive forging (RF)
v Based on rolling
v" Combined SPD techniques

1.3.1 Severe Plastic Deformation of High entropy alloys

As discussed in earlier sections, HEAs exhibit unique properties compared
to conventional alloys. HEAs possess superior mechanical properties like
strength, hardness, wear, and oxidation resistance than traditional alloys,
which are attractive in many fields. The mechanical behavior of materials
can be further enhanced by thermomechanical treatment. Nano-level grains
can be achieved in HEAs alloys using the Severe plastic deformation

technique, and, in particular, Frictions stir processing has been used.

1.4 Friction Stir Processing

One cannot find all the required properties in one material. In many
applications like the aerospace industry, automotive industry, structural
construction, etc., the selection of materials with specific properties plays
a significant role. Thus alloying principle has been developed to meet some
requirements. However, processing those alloys with particular properties
like high strength and hardness has constraints on production cost and time.
The materials with fine and homogeneous grain sizes and structures
possess high strength and ductility. Hence, developing a technique that
produces a material with the requirements mentioned above at low
production cost and time is necessary. Thus new techniques like Equi-
channel angular pressing, Friction stir processing, High-pressure Torsion,
Simple shear extrusion, Twist Extrusion, and so on were developed. In this
research, friction stir processing is employed to refine the grains of a

microstructure which, in return, increases the strength and hardness.



1.4.1 Working Principle of Friction Stir Processing

Friction stir processing is a derivative of R.S.Mishra and Co's invention of
friction stir welding (FSW) in 1999 [19]. FSP works similarly to FSW, but
instead of joining the metals modifies the microstructure. This new process
is one of the exciting techniques for enhancing properties and modification
of microstructure. The following is the basic working principle of FSP: A
non-consumable tool with a pin of small diameter concentric with a larger
diameter shoulder rotating at a very high speed is penetrated into the plate
(workpiece). The friction between the plate and tool generates significant
heat energy. The frictional heat yielded results in softening of a material.
When the tool's shoulder touches the plate, the softened material plastically
deforms severly and is recrystallized because of the stirring effect of probe.

Therefore, a more refined and more homogeneous microstructure could be

Ay &

(b) Pin Plunging

achieved.

a) Start of Tool rotation

)

¢) Shoulder contact d) Traversing

Fig. 1.4: Steps involved in FSP [4]
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Fig. 1.5: Schematic representation of FSP [5]

The microstructure evolved during FSP is owing to plastic deformation,
material flow, & rise in temperature characterized by a stirring region
surrounded by a thermo-mechanical affected zone (TMAZ), heat-affected
zone (HAZ), and base metal zone [20]. The plastically deformed material
transfers from the tool's retreating side (RS) to the advancing side (AS). It
is later forged by the tool's shoulder, causing the material to undergo
significant state modification. In the FSP process, the processed area and
TMAZ are primarily interested areas. This area determines the properties

of the processed zone, specifically adhesion.

1.4.2 Process Parameters of FSP

The process parameters have a significant impact on obtaining the desired
microstructure in a processed area. The process parameters of FSP should
be selected with utmost care to ensure that a sufficient amount of heat is
generated and stirring is performed for plastic deformation &
recrystallization. The FSP's process parameters are generally classified
into three major types: Machine variables, Tool design variables, &
Material Properties. The selection of process variables depends on the
material properties of the workpiece. High-melting point alloys require

more heat input for softening and recrystallization.



Mechanical characteristics like hardness, yield strength, and ductility of
the workpiece regulate plastic deformation [21,22]. For higher thermal
conductivity alloys, larger heat input is necessary for a defect-free stirring

zone [23].

Process Parameters of FSP

4«" —N

Machine Variables Tool Design Variables Material Properties
|
» Tool rotational speed ———>Shoulder » Mechanical
» Tool traverse speed E X
Diameter Pprofile . » Thermal

— Tool tiltangle
[

—— Pin
Tool plunge depth
r v l

Diameter Profile Height

Fig. 1.6: Classification of FSP Process Parameters

1.4.3 Effect of Machine Variables

The rotational and transverse speeds of the tool are primary process
parameters of FSP. The slight change in the combination of these process
parameters may end in defects in the processing zone. The friction between
the plate (workpiece) & the tool generates the heat required for plastic
deformation and recrystallization. The mechanical properties directly
depend on the evolution of microstructure and plastic deformation, which
are affected by the amount of heat generated. The amount of heat generated
directly depends on rotational speed and is inversely reliant on transverse
movement, affecting resultant properties [24]. As the heat generated is
lower, grain refinement will be more and vice-versa, but a sufficient
amount of heat must be generated for material softening [25]. The plunge
rate and tool tilt angle also affect the stir zone but are assumed constant.

Thus optimum parameters are considered for a defect-free processing zone.

10



The empirical relationship between the rotational speed (w), transverse

speed (v), and maximum temperature (Tmax) is proposed as [26]:

a

Tmax _ K w?
=K\—— 3)
Tmp v *10
Where,

K = 0.64 and 0.76, a = 0.039 to 0.062 and Tm (c C) = Alloy

melting point.

1.4.4 Effect of Tool Design Variables

The shoulder & pin are the primary tool design variables. The tool's
geometry influences material softening, heat generation, and the resulting
microstructure [27]. The tool's geometry mainly includes the profile and
diameter of both shoulder and pin. The pin's length depends on the
thickness of the workpiece, and it should be less than the workpiece's
thickness. Machine (w and v ) and tool design variables affect the material
flow behavior in the processing zone [28]. The following figure illustrates
the best tool design for obtaining a good processing zone from the

literature.

Generally, the concave-shaped bottom surface of the tool shoulder is
utilised as it prevents the escape of the volume of softened material from
the pin in the processed zone. It is necessary to provide the tilt angle to
keep the softened material under the shoulder surface. Usually, a tilt angle
ranging from 1-3° is supplied to the tool. The geometry of the shoulder
determines the amount of heat produced. As the shoulder diameter gets
bigger, the processing zone & heat generation grows, further enhancing the
material flow behavior. So far, various pin profiles like hexagonal,
cylindrical, square, tapered-cylindrical, threaded-cylindrical, triangular,

etc., have been utilised. It has been observed that the wear rate of a square

11



probe is greater than that of a cylindrical probe as the sharp corners of the

square tool are rapidly deteriorated. In the current study, square and

cylindrical pin profiled tools are adopted for FSP.

Pin/Probe

Shoulder

Fig. 1.7: FSP Tool Geometry

1.4.5 Advantages of FSP

In comparison to other metal processing methods, FSP possesses numerous

and distinct advantages. They are:

7
°

R/
°

R/
°

R/
o

FSP does not modify the dimensions and shape of the processing
components.

FSP is a versatile technique that may be used to manufacture,
process, and synthesise materials with a wide range of applications.
FSP is a solid-state processing approach that accomplishes grain
refinement of microstructure, uniformity, and densification in
single-step processing.

The processing zone's mechanical behavior and grain refinement
are precisely controlled by process parameters of FSP like the
tool’s rotating and traversal speeds, optimum tool design, & active

cooling.

12



R/
°

The depth and area of the FSPed area can be altered by adjusting
the tool's pin length and shoulder diameter, which is difficult in

other metalworking techniques.

>

*.
*

In FSP, the heat required for processing comes from friction and
plastic deformation. Thus making it a green and energy-efficient

approach without emission of noise, toxic gases, and eradiation.

1.4.6 Applications of FSP

R/

% FSP can be used to eliminate many of the flaws in the casting
process, such as porosity & microstructural defects.

%

*

The microstructural characteristics of powder metal objects can
also be improved by friction stir processing.

R/
°

FSP can also make metal matrix composites.

R/
°

FSP could be utilised to modify the microstructure and boost the
mechanical characteristics of metallic materials.

1.5 Organization of the Thesis

The following chapters make up this thesis:

Chapter 1: Brief history and background of High entropy alloys, Working
principle of FSP, the effect of process parameters, applications, and
advantages of FSP.

Chapter 2: The literature review of the past work, identified research gap,
and research statement formulation.

Chapter 3: Experimental procedure, the plate material section, tool
material selection, and design.

Chapter 4: Overview of numerical methods, the step-by-step procedure
followed in the modeling, and solver types.

Chapter 5: Results and discussions of the numerical model and
experimental analysis and validation of results.

Chapter 6: Conclusions and Future Scope of the research
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Chapter 2

Literature Review and Research Statement

In the field of welding, the friction stir technique is a real game-changer.
In the weld zones, this novel process generates very tiny grains. If this can
be employed as a processing technique, it will likely substitute the current
conventional, sophisticated, and costly methods. The property of the
friction stir region led to the creation of FSP, a revolutionary thermos-
mechanical material processing method that is both inexpensive and
energy-efficient. FSP is a relatively new approach, so minor literature is
available than FSW. This chapter presents an overview of the research
carried out to date in the area of Friction stir technology. Initially, FSP was
carried on Al and Mg-based alloys. After the development of HEAs, FSP
has been extended to them. Various experimental and numerically modeled

methods of FSP are discussed.

2.1 Past work on the Mechanical properties and Process
parameters

[Pathak et al. 29] explored the FSW of aluminium-5754 sheets. The main
objective was to analyse the impact of process parameters like rotating
speed, pin profile, plunge rate, and an idle period on temperature
distribution, microstructure, and weld strength. The results reveal that the
peak temperature rises with the tool's rotational speeds for both cylindrical
and tapered pin profiles. The friction heat generated using a cylindrical pin
was more significant during FSW than the tapered pin profile. It was
observed that shear loads rose as plunge depth, rotating speed, and dwell

duration increased.

15



[Yutaka S. Sato et al. 30] explored the FSW of Aluminium 6063-T5 alloy.
The main objective is to examine the impact of tool's rotational speed on
the microstructural evolution and hardness. It was noticed that as the
rotating rate increased, the peak temperature during FSW rose. As the peak
temperature increases, the grain refinement will be more, i.e., grain size
increases. Therefore, the rotational speed directly influences the increase

in grain size.

[Devinder Yadav et al. 31] explored the FSP of pure Aluminium. The
main objective is grain refinement & understanding of the microstructure's
evolution and its influence on the material properties. The results reveal
that substantial grain refinement and equiaxed, refined grains are observed
in a single pass. The strength and hardness of the alloy are increased

massively without a change in ductility.

[B.M. Darras et al. 32] examined the FSP of commercial AZ31-
magnesium alloy. The main objective was to understand the alloy's
microstructural behavior, temperature distribution, and hardness after FSP.
The results suggest that very fine grain sizes and microstructure

homogeneity were obtained in a single pass.

[Xiuli Feng et al. 33] studied the FSP of aluminum 2219-T6 alloy by
utilizing a unique submerged processing approach to enhance cooling. The
main aim was to investigate the microstructural characteristics and micro-
hardness in the FSPed zone with respect to changes in rotational speeds
and at constant traverse speed. The grain size of the FSPed area was
significantly lower than the base metal. The micro-hardness of the stirring

zone was observed to diminish as the rotating speed increased.

[Xiaomeng Qin et al. 34] studied the FSW of CoCrFeNi plates under
various normal forces and rotational speeds. The main focus was to
understand the impact of process parameters on grain refinement,

mechanical characteristics, and microstructure evolution. The stir zone
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possesses uniform recrystallized grains, and the thermomechanically
affected area possesses partially recrystallized grains. The grain size in the
processed area increases with the rotating speed of the tool. Differences in
grain size and composition are observed in SZ as onion-ring or fish-bone
shapes with varying rotating speeds. The grain refinement in the stirring
zone improved the mechanical characteristics of the welded plates, like the

tensile strength & hardness.

[Sam Yaw Anaman et al. 35] investigated the impacts of FSP on
CoCrFeNiMn HEA & associated electrochemical behavior by examining
the microstructures at multiple locations across the processed zone in
NaxSOg4 electrolyte solution using potentiodynamic polarisation. Also, the
pitting corrosion phenomenon of the processed area was evaluated by both
finite element (COMSOL Multiphysics) and experimental approaches. The
analysis reveals that very fine grain size is inspected in the microstructural
examination, and the stir zone with refined grains decreases from top to
bottom. Excellent corrosion characteristics are observed due to the creation

of Cr203 passive layer.

[Ning Li et al. 36] studied the FSP of CuCoCrFeNi HEA alloy. The main
intention was to know the viability of FSP on HEAs, enhance mechanical
properties, and understand the relationship between microstructure and
mechanical characteristics in the FSPed area. FSP enhanced the material's

hardness and yield strength by over 1.5 times over the base material.

[Feng Xiong et al. 37] worked on the FSP of CoCrFeMnNi HEA with and
without nitrogen addition. The research objective was to examine the
impacts of FSP and nitrogen addition on the mechanical behavior and
microstructural evolution of HEA. The addition of nitrogen efficiently
boosts the ultimate tensile and yield strengths of the HEA. After FSP, the
grain sizes of the HEA with and without the addition of nitrogen were 7.6

and 2.5 um, respectively. The mechanical properties like yield strength
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(493 MPa), UTS(832 MPa), and uniform elongation(32.6%) of nitrogen
added CoCrFeMnNi HEA and FSP possess superior properties to the FSP
of CoCrFeMnNi HEA. Solid solution strengthening via adding nitrogen &

grain- boundary strengthening via FSP could explain these gains.

[Komarasamya et al. 38] studied the FSP of Alo.iCoCrFeNi HEA. The
main objective was to understand the microstructure evolution and grain
refinement in the FSPed area at multiple locations using Scanning electron
Microscopy(SEM) and their impact on the mechanical behaviour. The
grain refinement from millimeters to 0.35-0.15 pm was accomplished
using FSP. After the grain refinement, yield strength improved by a factor
of 4 while sustaining a significant homogeneous % of elongation,

according to the Hall-Petch relationship.

2.2 Past work on the Finite Element Model / Simulations

[S. Z. Aljoaba et al. 39] studied the numerical model using STAR
CCM+CFD commercial software of FSP. The main objective of the 3D
CFD model is to predict the temperature profiles, strain rate values, grain
size, material flow behavior, and dynamic viscosity values. The
temperature significantly impacts grain size, which is influenced by
process parameters like the rotational and traverse speeds. The rotational
speed significantly impacts strain rate values; as it rises, so does the strain
rate. The maximum values were found towards the tool's shoulder's an
outside edge, where the temperature and material speed values were

maximum.

[M Iordache et al.40] studied the finite element model of FSW in
ABAQUS/Explicit. In FEM analysis of the processes which involve
excessive deformation, Lagrangian elements distort, and solutions may not
be accurate. To mitigate severe mesh deformation, many modeling

approaches are commonly used. One such method used is Coupled
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Eulerian-Lagrangian technique which allows excess deformations. The

CEL modeled FE results are validated with experimental results.

[Arindam Baruah et al.41] simulated the plunge stage of the FSW in
ABAQUS to understand the complex behavior involved in it. The plunging
stage is recognized as the vital step in the FSW because it comprises
transient & dynamic material-flow behavior. The excessive deformation
error is eliminated using a multiple sections mesh partition & the Adaptive
re-meshing(ALE) technique. The results suggest that the amount of
frictional heat generated increases till the end of the plunging step and
subsequently drops in the dwelling step. The Von-mises stress was
observed to rise at the start of tool penetration and fell in the subsequent
step times, confirming the phenomena of material softening at higher

temperatures.

[Z. Zhang et al. 42] developed the finite element model of FSW using
ABAQUS/Explicit commercial software. The goal is to model the
temperature profile and material flow behaviour and the impact of process
parameters. To solve the problem of excessive deformation Arbitrary
Lagrangian-Eulerian (ALE) technique is adopted. The results obtained are:
As the tool's rotating speed is increased, the peak temperature rises.
Increasing the rotation speed and lowering the welding speed
simultaneously can boost the stirring effect in the nugget zone, enhancing
the quality of the weld. The rotational speed must be raised synchronously
with the welding speed to eliminate the probability of welding defects. If
both welding and rotational speeds are increased simultaneously, that can

increase residual stress.

[Emad Eldin M. KISHTA et al. 43] developed the finite element model
of FSW in ABAQUS/Explicit to predict the influence of process
parameters like rotating and traversal speeds on the temperature profile

over the workpiece. Initially, all the three parts (plate, backing plate, and
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tool) were developed by the Lagrangian approach. A very fine mesh is
required to avoid distortion for the processes which involve excess
deformation. This increased the computational cost drastically. To solve
the challenges above, Coupled Eulerian-Lagrangian approach was adopted
to model FSW. The results reveal that the maximum temperature increased

on both the advancing & retreating sides as the rotating speed increased.

2.3 Identified research gaps

High entropy alloys are novel materials with mechanical properties like
superior strength, hardness, wear, and oxidation resistance compared to
conventional alloys, which are attractive in many fields. HEAs can replace
many existing conventional materials in various industrial applications
owing to their unique characteristics. However, very few researchers
attempted to obtain ultrafine or nanoscale crystal structures of HEAs. The
literature shows that FSP is one of the practical processes for
microstructural modification; FSP can achieve an equiaxed uniform grain
structure. In order to achieve the necessary grain refinement, it is critical
to specify the tool geometry and process parameters like rotational and

translational speeds in FSP.

So far, very few have attempted to improve the HEA's mechanical
properties and microstructural behaviour. Many researchers have
emphasized on FSP-based experimental investigation of HEAs. There is
very little work in the literature on the finite element modeling of FSP on
High Entropy Alloys(HEA). The process parameters play a vital part in
obtaining defect-less processed area. As a result, optimizing the process
parameters is essential. The research on the FSP of HEAs is still not well
explored. FSP is a complex thermo-mechanical process. It is crucial to
comprehend the dynamic material flow and thermal behaviour during FSP.
The finite element model provides the flexibility to understand the process

better. The relation between the process parameters like shoulder profile,

20



pin profile, plunge rate, rotating, and traversal speeds on the temperature
distribution, stress, and strain fields can be adequately understood. The
experimental validation of FE results allows for a better understanding of
the numerical model's accuracy. The obtained results are compared to the

experimental findings for further correlation with microstructure.
2.4 Objective and Methodology of the present research

The current study focuses on the finite element analysis & experimental
study of the FSP of Alp3CoCrFeNi HEA. The numerical modeling was
created using ABAQUS/Explicit commercial software. The main objective
is to analyse the impact of the process parameters on the microstructural
evolution, temperature profile, mechanical characteristics, and residual
stresses of the stir zone. The impact of the pin profile was also studied. The
cylindrical and cuboidal pin profiles are utilised to comprehend the
material flow characteristics. To determine the accuracy of the numerical

model, the resulting FE results are compared to the experimental data.
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Fig. 2.1: Research Methodology
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Chapter 3

Experimental procedure of FSP

This chapter describes the procedure followed for experimentation of FSP,
selecting workpiece material (i.e., HEAs), considering their rapid
evolution in recent years, tool design, investigation of mechanical behavior
like microstructure, tensile strength, hardness of the processed zone, and
set up for experimentation. In this research, our focus is to analyze the
effects of FSP process parameters and their role in heat generation and

microstructure evolution experimentally.

3.1 Experimental setup of FSP

In the current research, a CNC (computer numerical control) milling
machine is modified as an FSP machine used to process HEAs. The
workbench moves in all three transverse directions (i.e., 1, ] & k). The tool
is mounted in the machine's spindle, which rotates by a motor at a very
high speed. During the tool plunge, large forces are exerted on the
workpiece as it rotates very fast. So it is essential to clamp the workpiece
properly. A specially built fixture with bolts and clamping plates is used to

restrain the relative motion of the plate (workpiece) in all directions.

The clamping plates are placed at the bottom and the edges of the
workpiece. The process parameters like plunge rate, rotating, and traversal
speeds are fed to the machine through the computer. The tool is
progressively inserted into the workpiece until its shoulder touches the
plate. The dwell time is provided to the tool for the uniform softening of a
material. The tool is then moved in the required direction for processing.

The temperature distribution over the workpiece is captured using a
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pyrometer with a sensitivity of 41 puV/°C. The captured data is examined

in the LabVIEW software in the connected computed.

e

Fig. 3.1: Experimental setup of FSP

Fig. 3.2: Workbench and clamping

3.2 Selection of workpiece material

HEAs are a novel family of metals with many applications in aerospace,
automobile, and structural uses owing to their higher elevated temperature

strength, oxidation resistance, wear resistance, hardness, etc. HEAs exhibit
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unique properties compared to conventional alloys by shifting the alloying

principle from a single principle element to multicomponent components.

In the current study, FCC-based Alo3CoCrFeNi high entropy alloy is
considered. This HEA displays a wide range of mechanical properties at
different temperatures and behaves like a conventional FCC alloy with
high flow stress and work hardening in the plastic zone. The percentage of
aluminum plays a crucial role in the alloy's microstructure. In the
AlxCoCrFeNi high entropy alloy family, the microstructure of the alloy
changes with the ratio of Al.

The microstructure of the AlxCoCrFeNi HEA is as follows:

For x<03 ----- FCC microstructure (Single phase)
03<x<09 ---—-- FCC + BCC microsture (Dual phase)
X>09 - BCC microstructure (Single phase)

The mechanical properties of Alo3CoCrFeNi alloy are as follows:

Young’s Modulus Specific Heat | Thermal Conductivity

7860 kg/m"3 205 GPa 460 J/Kg-K 5.989 Wim-K 155HV

Table 3.1: Mechanical properties of Alo3CoCrFeNi alloy

Fig. 3.3 Workpiece of Alo3CoCrFeNi alloy
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6.82 24.93 22.57 24.62 21.07 100

Table 3.2: Chemical Composition of Alp3CoCrFeNi alloy
3.3 Tool material selection and Design

As discussed in the previous sections, the strength and hardness of the tool
must be greater than the workpiece to be processed. So tungsten carbide
cobalt (WC) tool is used for FSP. The tool is fabricated on the standard
CNC lathe machine and diamond grinder. The tool's shoulder's bottom
surface is made flat to reduce fabrication complexity. The current study
uses the pin of two different geometries for processing, namely circular
and square profile pins. The pin's length must be smaller than the
workpiece's thickness. The shoulder diameter (Ds) depends on the
thickness of the workpiece (t) and can be obtained as Ds = 6.99 + 2.26 t.
The literature suggests that the shoulder-to-pin diametrical ratio must be 3

to 3.5.

Harder than Work-piece

Tool Material WC Tool
Shoulder Diameter » Ds =2.26*thickness+6.99 — » Dg =10 mm
Pin Diameter . D/d1=3t03.5 * Dp,=3mm
Pin Length Less than Plate Thickness . L=0.8mm

Fig.3.4: FSP Tool Design
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Fig. 3.5: FSP Tool with Circular Cross-Section
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Fig. 3.6: FSP Tool with Square Cross-Section

Fig. 3.7: WC Tools used for FSP
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3.4 Selection of Process Parameters

The process parameters have a significant impact on the resulting
processed zone. The microstructural characteristics, strength, & hardness
are affected by process parameters. An optimum combination of process
parameters should be chosen to obtain a defect-less processing zone. The
tool's traverse speed and plunge rate are kept constant in the current set of
experiments. The rotating speeds of 800 and 1000 rpm are used, and FSP
is carried with two different pin geometries at mentioned speeds. To
establish the optimal process parameters, several trial tests are conducted.
A total of 4 experiments are conducted on the actual workpiece sample by

using the air cooling method.

Fixed Process parameters

Cooling Type Air Cooling
Tool traverse speed (mm/min) 20
Plunge rate (mm/sec) 0.4
Work piece material Aly;CoCrFeNi
Tool material wcC
Shoulder dia. (mm) 10
Pin length (mm) 0.8
Variable process parameters Values
Rotational speed (rpm) 800,1000
Pin geometry and dimensions Cylindrical (3mm dia.) and cuboidal
(3 mm side)

Expected results
Temperature Distribution : by Pyrometer
Mechanical properties : Micro hardness, Ultimate tensile strength (UTS)

Metallurgical characteristics : Microstructure and chemical composition

Table 3.3: Process parameters used for FSP
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3.5 Experimental Procedure of FSP

The HEA workpiece is fixed correctly in the fixture using clamping plates,
nuts, and bolts such that the relative motion is restrained in all directions
during FSP. Generally, FSP involves three major stages: Plunging,
dwelling, and processing. In the Plunge stage, the tool is positioned in the
required area, and the tool rotating with specified rpm is slowly penetrated
into the plate till the shoulder touches the plate. In the dwelling stage, the
tool is kept idle for a few seconds such that friction generated between two
contact surfaces is converted into heat which is primary in FSP. In the
processing stage, the tool is moved at constant speed along the required
direction for processing. The material softens and deforms plastically due
to frictional heat. The softened material is moved to the tool's backside

from the front side.

The process parameters like pin length, profile, and shoulder profile are
important process characteristics that affect the material flow & rise in
temperature, thus affecting the evolution of microstructure in the processed
area. The same procedure is followed by two different tool pin geometries

by varying rotational speeds.

Fig. 3.8: During FSP of HEA
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3.6 Temperature measurement during FSP

The pyrometer is attached to the FSP machine to capture the temperature
distribution during FSP. The temperature data is captured and analyzed by
LabView software with the help of a data acquisition system attached to

the computer

Fig. 3.9 Pyrometer attached to FSP Machine
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Chapter 4
Finite Element Modelling of FSP

Only a little research has been done on high entropy alloys' metallurgical
& mechanical properties utilising friction stir processing (FSP). Most of
the studies are carried out on experimental work. Some simplified
numerical models have also been developed to analyze the temperature
distribution and residual stress, which may be connected to microstructure,
and to optimize the process parameters of the FSP for other alloys. The
numerical modeling method is one of the best methods proven to predict

and understand a process, especially when complex and new.

Finite element modeling of FSP is a complex temperature-dependent
mechanical process as it mainly involves excessive deformation and a lot
of plastic strain and heat. The process parameters like plunge rate, pin
length, tool geometries, and rotational and transverse speeds are critical
factors in heat and stress generation. The amount of heat produced affects
the temperature distribution of the processed specimen. Hence, to obtain a
well-processed zone, the combination of process parameters must be
optimized, which is critical. Since performing the experiments for different
permutations of process parameters becomes a highly tedious and
expensive process, a numerical model is created to study the impact of

various process parameters on the plate (workpiece).

This research work attempts to understand the complex phenomena
involved in FSP. Various modeling studies [42-46] have been tried so far.
However, FE modeling of the FSP process is still in its infant stage and
requires much more understanding of the complex process to be modeled.
The primary focus of the study of finite element modeled FSP is to analyze

temperature distribution, stress generated, material deformation, and
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optimize the process parameters like rotational and transverse speeds to
obtain a well-processed zone. A FE model has been developed in
ABAQUS CAE to analyse the impact of tool probe geometry, rotational
and transverse speeds on the material flow behavior [54]. The experimental
data is used to validate the FEM results. The presented findings are

preliminary and have to be improvised further.
4.1 Methodology

FEM is a numerical method used to obtain an approximate solution for
real-world problems provided with load and boundary conditions. Initially,
these problems are represented in complex partial differential equations,
which are challenging to solve. In FEM studies, The entire domain is
divided into several small elements to reduce the complexity. FEM
converts the complex PDEs into a simple system of linear
equations(AX=B). The basic steps followed in the FEM process are

represented in the figure below:

Define the Problem

|

Discretization of the Domain(Meshing)

|

Define stiffness matrix for each element

|

Obtain the Global stiffness matrix by assembling

|

Solve

! }

Post-Processing Validation

Fig.4.1: Basic steps in the FEM process
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ABAQUS/CAE is one of the widely used commercial FEM software. It
has many capabilities to analyze problems like simple, linear, complex

static, nonlinear, and transient dynamic analysis.

Applications:
The few popular industrial applications of ABAQUS are Automotive
Industry, Aerospace Industry, Industrial products industries, Academic

research work, and many more.

The finite element model simulation of any problem in ABAQUS mainly
consists of 3 different stages. They are:

% Pre-Processing

«» ABAQUS Solver

L)

% Post-processing

ABAQUS/CAE ABAQUS/SOLVER ABAQUS / Viewer
Pre-Processing e, " Explicit or Implicit . " Post-Processing
Job.inp Job.odb

*  Create a model or parts
v

Solving the problem by Analysis of the results by

Create Assembly submitting the Job animations,plot,reports etc.

*  Assign the material properties

Create step or Solver type
* Create Interaction Properties

——> Create Load and Boundary conditions
»  Create Mesh

Fig.4.2: Stages in FEM to solve any problems
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4.2 Types of Techniques

The types of techniques used for analysis in ABAQUS are classified as
follows:

4.2.1 Lagrangian analysis

In the traditional Lagrangian technique, the mesh is coupled to the material
points, & the mesh deforms when the material deforms. The Lagrangian
elements are always made of the same material. Hence, material and
element boundaries coincide. The mesh does not have any corresponding
material flow. Therefore, as the material deforms, the node positions will

vary, and as a result, the mesh is expected to deform.

B Material Point
® Grid Node

Fig. 4.3: Lagrangian Mesh

4.2.2 Eularian analysis

In contrast to the Lagrangian technique, the Eulerian mesh acts as a
background grid in space instead of material, and the material flows
through elements that don't deform. The extent of deformation is evaluated
when material flows across an element node. In simple terms, mesh
deforms in Lagrangian but not in Eulerian. Eulerian elements might be
partially or entirely void. This technique allows the material to flow
between the elements, and hence, mesh doesn't deform even if the material
deforms. If material leaves the Eulerian mesh, it is deemed completely lost

from the study.
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Fig. 4.4: Eulerian Mesh

4.2.3 Coupled Eulerian-Lagrangian (CEL) technique

Another technique that has attracted significant attention in FE modeling
is the Coupled Eulerian-Lagrangian (CEL) analysis. This technique
combines both Lagrangian and Eulerian techniques in the same analysis.
The primary purpose of this technique is to avoid mesh problems while
simulating excessive deformations processes. The most commonly used
technique in FE analysis is the Lagrangian technique, but it is not suitable
for the operation where excessive deformation is expected. In those cases,
the Eulerian technique is predominantly applicable. The CEL technique
enables to mesh of the components selectively, i.e., The Eulerian meshing
technique is used for the components which undergo excessive
deformation, while the others are meshed using the Lagrangian approach.

The present work uses the CEL technique as the workpiece undergoes

excessive deformation in FSP.

4.3 Pre-Processing:

The Pre-processing stage is also known as ABAQUS/CAE modeling stage.
This stage entails defining the engineer's proposed methodology of the
physical problem by creating load and boundary conditions. This CAE file
is called as ABAQUS input file. The model can either be built-in
graphically using ABAQUS/CAE or imported from any other CAD

software.
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4.3.1 Building a Model / Geometry

Developing a Geometry stage requires more time than any other stage of
FEM analysis of any problem based on complexity. First, select the new
model database with the ABAQUS standard/Explicit model to create parts
and save the CAE file. Right-click the parts section &select Create. The
geometry of the workpiece and tool are created as per the requirement. The

below figures illustrates the tool and workpiece being designed.

L@ *

’@,‘/Q_,‘ Name: | Tool

/J‘@ Modeling Space

D L-D © 30 O 2DPlanar ) Axisymmetric

R100.E-06

f: Type Options
b &yl P 2 ——|
v © Deformable R100.E-06
=8
-~ O Discrete rigid
~+=n None available

R, g O Analytical rigid
‘11, %‘ O Eulerian
(‘1’: A‘ Base Feature
}.j } Shape Type
“—  ©solid | Extrusion

%. 5] O shen
Q X O Wire S
& @ O Point

Approximate size: | 0.01

Continue... Cancel

4= X Fill out the Create Part dialog

Fig. 4.5: Tool Design in ABAQUS
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Fig.4.7: Workpiece (Eulerian) Design in ABAQUS

4.3.2 Material Definition
In the Property module, create new material and input all the properties

required for the simulation in corresponding sections.
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The following material properties are considered in the simulation

Material Property HEA alloy - Work piece WC - Tool

Density 7860 kg/mA3 11900 kg/mA3
Thermal Conductivity 5.989 W/m-K 50 W/m-K
Specific Heat 460 J/Kg-K 400 J/Kg-K
Young’s Modulus 205 GPa 534 GPa
Poison’s ratio 0.29 0.22
Expansion Co-efficient 1.65 e”-05 1/K

Table. 4.1: Material properties used for Simulation

a -
- =

Name: HEA Name: WC-Tool
Description: P Description: P

Material Behaviors

Material Behaviors

Density
Elastic
Specific Heat

General | Mechanical Thermal  Electrical/Magnetic  Other v General Mechanical Thermal  Electrical/Magnetic  Other v
Density Conductivity

Distribution: | Uniform a8 Type: | Isotropic

() Use temperature-dependent data () Use temperature-dependent data

Number of field variables: 0%
Dats
Mass
Density 1 50
1 7860

Number of field variables: o's
Data
Conductivity

[ Cancel oK Cancel

Fig. 4.8: Material Definition — Edit material window of HEA Workpiece
and WC Tool

4.3.2.1 Plasticity material model:

In the processes like FSP, the workpiece undergoes excessive deformation
and continuous change in temperature throughout the process. Hence, it is
essential to consider the material softening effect due to the heat produced
by friction between the plate and the tool. The literature shows that the
Johnson-Cook material model [8,10,11] considers the thermal softening
effect. The present research uses the Johnson-cook model to assess plastic
deformation. It shows how flow stress changes with plastic strain, plastic
strain rate, and temperature. This phenomenological model is mainly for

excessive deformation processes. It considers an extensive range of strain
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rates and temperature changes that are relevant to large plastic deformation
due to thermal softening. This mathematical equation assumes strain-
hardening, strain rate-hardening, and thermal softening.

The Johnson-Cook equation is as follows:

- (A+B &M [1+C In (£)]11- (T'T—“f)m]

\ I e,
Y Y Y

Strain Hardening Strainrate Hardening  Thermal Softening
Where,

o = Material’s Flow stress A = Yield stress at zero strain (MPa)
¢ = Plastic strain B = Hardening modulus (MPa)

n = Exponent of Strain Hardening

C = Strain rate coefficient ¢ = Plastic strain rate

T = Instantaneous temperature € , = Reference strain rate (10 s™)

Trer = Reference/Transition temperature

The Johnson-cook equation model parameters utilized in the current

research can be seen in the table.

-n—-n-

216 MPa 1000 MPa 1.2 0.145 1808 K 293K
Table. 4.2: JC Parameters used for Simulation
To assign the material properties to the parts, create sections and assign the

sections to the respective regions. Double-click on the sections and later

section assignments in the Model tree.

7 B[ sccon
if, Name Type
=
HE .. oy
g;rﬁ Create... Edit... Copy... Rename... Delete... Dismiss
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Fig. 4.9: Creation & Assignment of sections

4.3.3 Assembly of Parts
Assemble the parts under the assembly section by double-clicking on the
instances in the Model Tree. The Lagrangian plate is placed inside the

Eulerian container by coincident point constraint.

Tool

Eulerian

Lagrangian

’’’’’’’

Fig.4.10: Assembly of the workpiece and tool for FSP

4.3.4 Definition of steps

Generally, FSP involves three Phases. They are Plunging, Dwelling, and
Processing. The dwelling stage is ignored to reduce the computational time
and cost, and the other two phases are created in the step manager. Finite
element modeling involves solving complex nonlinear equations. The set
of equations to be solved, availability of specific features, and run duration
are all influenced by the type of solver utilized. The solvers in FEA
represent the type of algorithm used for time incrementation. In both
solvers, the model's state is calculated at various points in step time, and

the new state is calculated based on the data available at the old state.
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ABAQUS Solvers

, 4

ABAQUS/EXPLICIT ABAQUS/STANDARD

Explicit Implicit
Y ¥
Solves equations by explicit Solves equations by implicit
integration integration

Fig.4.11: Solver Types in ABAQUS

ABAQUS/EXPLICIT Explicit solver :

In the ABAQUS explicit algorithm, the new state or position is directly
calculated from the data available in the current state. Typically it is an
extrapolation. The larger time increments lead to more significant errors in
the solution.

ABAQUS/STANDARD Implicit solver :

The new state cannot be directly calculated from the old state; a coupled
system of equations typically uses the Newton-Raphson method must be
solved. The larger time increments do not lead to more large errors in

solutions due to the iterative approach used (Newton-Raphson method).

=== analytical solution
= numerical solution

B (o] ‘

X |

Explicit Explicit (smaller At)

=== analytical solution

= numerical solution
B
Bl & ]
Ak ck
AY: |
T + + x :

ok J
Standard (implicit)

Fig.4.12: Time incrementation with Explicit and Implicit (Standard)

solver
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Therefore, choosing between Explicit and Implicit solvers is often

choosing between many small increments and fewer larger increments.

The main differences between Implicit and Explicit solvers are:

EXPLICIT SOLVER IMPLICIT SOLVER
Small computational cost per High computational cost per
increment increment
Small-time increments Large time increments
Approximately constant stable Strongly varying increment size
time increment size for nonlinear problems
Dynamic problems Static or Dynamic problems
CEL is applicable CEL is not applicable

Table 4.3: Explicit Solver Vs. Implicit Solver

4.3.4.1 Dynamic explicit solver
A dynamic explicit solver is one of the most widely used solvers for both
linear and nonlinear problems in ABAQUS due to its versatility. Nonlinear
problems involve many highly complex calculations, which increases
computational costs. In any problem, non-linearities arise due to the
following:

a) cross-section's geometric non-linearity

b) Material non-linearity

c) Load and Boundary conditions non-linearity.
In the current research, a dynamic,temperature-displacement explicit
solver is used. It considers the effects of both thermal and mechanical. The
'Dynamic, temperature- displacement, explicit solver is specifically used
for highly nonlinear processes in which elements are excessively
deformed. The explicit algorithm handles these large deformations and is

computationally expensive.
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4_?, E Name Procedure Nigeom Time
s ¢ Initial (Initial) N/A N/A
*f}‘—: E v/ Plunging Dynamic, Temp-disp, Explicit ON 0.1
I [l Processing Dynamic, Temp-disp, Explicit ON 02

R, o=
a
Em, E“g.q
(x:zi ’L
Mg 3

Create... Edit... Replace... Rename... Delete... Nigeom... Dismiss

Fig. 4.13: Step Manager

4.3.4.2 Time incrementation and simulation stability
A stable time incrementation is a time required for each increment in step
time. In ABAQUS, there are two primary methods of time incrementation.
They are as follows:

a) Fixed time incrementation method

b) Automatic time incrementation method.
The static or fixed time incrementation method takes manually fed user
input and uses it throughout the simulation. However, this method has a
few drawbacks, and the results may not be accurate for excessive
deformation problems. On the other hand, the system calculates the stable
time increment for the analysis and uses it throughout the simulation in an
automatic method.
In the automatic method, the value of the stable-time increment is obtained
using the following method

AT < min(L¢/Cq) 3)
Where L. = Element’s characteristic length and Cq = speed of sound in the
material medium. The minimal value of Le and Cq ratio of all elements of
the component is referred as stable-time increment. Further, Cq4 is
computed as follows:
Cd = \/W (4)

Where,
E = Modulus of Elasticity and p = material density.
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The time increment always must be conditionally stable in the simulation
of any problem in ABAQUS. ABAQUS always picks a value less than the
minimal value of Le and Cd ratio when the automatic time increment is
selected. Whereas in the fixed time increment method, value is considered
with utmost care; otherwise, the simulation will terminate if the value
crosses the stability limit.
The essential points to remember about stable time incrementation are: -
a) The size of the minor element limits stable time increment. Hence,
finer mesh takes a long time to converge due to lower time
increment.
b) As Young's modulus increases, the time increment reduces.

c) As the density of the material increases, the time increment rises.

A
w

Name: Processing

Type: Dynamic, Temp-disp, Explicit

Basic Incrementation Massscaling Other

Type: © Automatic O Fixed

Stable increment estimator: @ Global () Element-by-element
Improved Dt Method:

Max. time increment: @ Unlimited O Value:

Time scaling factor: | 1

Fig. 4.14 Window to choose fixed or automatic time increment

4.3.4.3 Methods to reduce analysis time

ABAQUS is a potential tool to simulate any complex problem with various
material contact behaviors like high strain rate deformation, quasi-static
material behavior, fluid flow, and many complex multiphysics material
problems. Any problem to be solved in ABAQUS is generally classified as
either an Explicit or Implicit problem. The problems involving high strain
rate deformations, thermo-mechanical studies, excessive deformation, and
explosive material behaviors are usually solved using an explicit method.
These problems are generally dynamic and involve solving many
mathematical equations in the backend to replicate the material and other

parameter behaviors.
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These dynamic problems are computationally expensive; it may take
numerous hours to solve even 1 second step time in ABAQUS due to the
associated complexities in the analysis. So to reduce the simulation time
without any change in results, ABAQUS allows accelerating the
simulation through scaling methods.
The simulation can be accelerated by following scaling methods:

a) Mass scaling

b) Time scaling

c) Parallelization

Mass scaling

Based on equation (1), ABAQUS calculates the stable time incrementation
for simulation of any problem. The stable time increment value depends
on the minimal value of the ratio of L. and Cq4 of all the elements. Stable
time increment is extremely low in most explicit problems, so a model's
computational cost is high. From equation (1), the stable-time increment is
directly related to the square root of the density of the material. Therefore,
lighter materials would result in tiny time increments. Hence, simulation
time is significant when compared to heavier materials. In ABAQUS, mass
scaling allows the user to manipulate the density (and therefore the mass)
by a specific factor. The mass scaling factor may be either set manually or
automatically. The stable time increment increases by root over its scaling
factor by mass scaling. In return, it reduces the computational time and

cost.

Time scaling

Many researchers have also tried the time scaling method to decrease the
computational cost and time. In this method, the total time spent on the
analysis is lowered to a much smaller value. The input parameters such as
plunge rate, rotating & traversal speeds should also be increased by the

same factor to obtain accurate results. Although this method effectively
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reduces the computational cost, care must be taken to prevent the dynamic

effects of the material properties that may be rate-dependent.

Parallelization

The parallelization process is a hardware-dependent method to reduce the
computational cost. ABAQUS allows users to utilize multiple cores for
solving an explicit problem which may take longer while using a single

core. As the number of cores increases, the simulation time reduces.

4.3.5 Definition of Interaction Properties

In FSP, the friction between the plate and tool is the principal cause of heat
generated. Schmidt et al. constructed an analytical equation that describes
the heat produced at the tool's shoulder by both sticking and sliding friction
[7]. According to this equation, the bottom surface of the shoulder and pin's
contact surface generate over 90% of the heat. Thus, the heat equation that

represents the primary heat source is

R L& Rl L i L7 I
Where,
p = material density T = Temperature
C = Specific heat K = Thermal conductivity
in three directions
Q = Heat generated t = elapsed time

The literature shows that the heat required for FSP is generated due to
Coulomb's frictional heat and plastic deformation [29,42,43]. The
frictional heat generated is the function of the normal force acting on the

workpiece and the tool's rotational speed. The equation is written as

Qr= pu2nRNF, 2)
Where,
n = coefficient of friction R = point from the tool centre
N = tool rpm Fn = Normal force
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The heat produced due to plastic deformation is written as

Qp =nté (3)
Where,
n = fraction of heat dissipated due to plastic deformation,
T = shear stress ¢ = plastic strain rate.
Salloomi et al. [43] suggested that heat produced due to plastic deformation
is lower than 10% of the overall heat generated. Therefore, it is clear that
the friction between the plate and the tool shoulder generates a large

quantity of heat.

In the ABAQUS, the general contact is specified between the plate and the
tool of the FSP. The slipping condition is assumed between them, and the
maximum slip value used is 0.5% which is the default value. In the
interaction property manager, contact between the plate and tool is
specified in the plate's tangential and normal directions. Hard contact is
specified in a normal direction, & penalty contact is utilised tangentially.
From the literature, the recommended friction coefficient is 0.3-0.4 [14]. It
is defined that frictional heat generated is distributed uniformly across the
plate. In the constraint manager, the tool is specified as a rigid body to

simplify things.

-
=

(=i

B £ Neme: Int-1

o cmm Step: | Initial
b )

( G) Types for Selected Step

Q jsaill General contact (Explicit)

Surface-to-surface contact (Explicit)

s -

:.Q Radl| | Self-contact (Explicit)

s 2| |Fuidcaity
v g Fluid exchange
a H Fluid inflator

Name: Constraint-1
Type: Rigid Body

Region type Region

Body (elements) b_Set-1

Pin (nodes) (None)

Tie (nodes) (None)

Analytical Surface (None)

Reference Point
Point: (Picked) [y
() Adjust point to center of mass at start of analysis.

() Constrain selected regions to be isothermal

(coupled thermal-stress analysis only) =
X

+ /
i3 7Y
i 4X
o 4 Continue... Cancel

OK Cancel

Fig. 4.15: Rigid Body constraint & contact definition
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4.3.6 Definition of Loads and Boundary conditions

In the simulation of any problem, loads and boundary conditions play a
crucial role. The Boundary conditions should be selected with the utmost
care to obtain accurate results. The results depend on the boundary
conditions assumed in the model. In the processes like FSP, temperature,
heat transfer, and physical constraints are considered for accuracy. The
bottom surface of the Eulerian medium is constrained from movement in
all directions by applying the encastre boundary condition. In the CEL
technique, the eulerian mesh acts rigidly. Thus, velocity constraints are
used on the boundaries of the eulerian medium to avoid material escaping
from the faces. The tool's plunging, rotational, and transverse speeds are
applied to the reference point specified. The current study assigns the tool's
rotating speeds of 800 & 1000 rpm. The fixed traversal speed of 20
mm/min and a 5 mm/sec plunge rate is set to tool in the processing
direction. A pre-defined temperature field is assigned to both the
workpiece and the tool to room temperature, i.e., the tool and workpiece
are assumed to be at ambient temperature before the beginning of FSP. The
current study divides FSP process into two steps. They are plunging and
processing. Plunge rate and rotational speed are assigned to the reference
point during the plunging stage. During the processing stage, rotational and

transverse speeds are provided.

a a
- v -
¥
Name: BC-1 Name: BC-3
. Name: BC-2
Type:  Symmetry/Antisymmetry/Encastre Type:  Symmetry/Antisymmetry/Encastre
Type:  Symmetry/Antisymmetry/Encastre
Step:  Initial Step:  Initial
Step:  Initial
Region: Set-3 [y Region: Set-5 [
Region: Set-4 [y
CSYS: (Global) [y A CSYS: (Global) [y A N
CsYs: (Global) [y A
O XSYMM (U1 = UR2 = UR3 = 0) © XSYMM (U1 = UR2 = UR3 = 0)
) XSYMM (U1 = UR2 = UR3 = 0)

O YSYMM (U2 = URT = UR3 = 0)

(O ZSYMM (U3 = UR1 = UR2 = 0)

O XASYMM (U2 = U3 = UR1 = 0; Abaqus/Standard only)
© YASYMM (U1 = U3 = UR2 = 0; Abaqus/Standard only)
O ZASYMM (U1 = U2 = UR3 = 0; Abaqus/Standard only)
O PINNED (U1= U2=U3=0)

© ENCASTRE (U1 = U2= U3 = URT = UR2 = UR3 = 0)

OK Cancel
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O ZSYMM (U3 = UR1 = UR2 = 0)

(O XASYMM (U2 = U3 = UR1 = 0; Abaqus/Standard only)
© YASYMM (U1 = U3 = UR2 = 0; Abaqus/Standard only)
O ZASYMM (U1 = U2 = UR3 = 0; Abaqus/Standard only)
O PINNED (U1 = U2= U3 =0)
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Fig. 4.16: Boundary Conditions
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Fig.4.17: Load conditions and pre-defined field

4.3.7 Definition of Mesh

In any Finite element simulation, the entire domain is discretized into
numerous small elements. This discretization is called meshing. Meshing
is a fundamental step in every simulation. Hence, it plays a crucial role.
Mesh quality defines the accuracy of the results and computational cost. It
is essential to keep an eye on the number of elements obtained after
discretization—computational cost increases as the number of elements
increases, i.e., very finer mesh. If the coarse mesh is used, the results may
not be accurate. So, it is imperative to optimize the mesh size. Mesh

depends on the complexity of geometry.

In the current work, the Eulerian medium has meshed with 19,116 multi-

material 8-node thermally-coupled linear eulerian-brick, hourglass control,
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and reduced integration (EC3D8RT) elements. Each element has 4 degrees
of freedom at every node. The Bias meshing technique is used to produce
a finer mesh in the processing area & a coarse mesh in the other area to
improve computational efficiency. The element uses both reduced
integration and hourglass control techniques. The element shape is similar

to the BCC unit cell containing nodes at the center and eight corners.

Fig.4.18: Meshing of an Eulerian Part

The Lagrangian tool has meshed with 5957 4-node thermally-coupled

tetrahedron, linear displacement, and temperature (C3D4T) elements

Fig.4.19: Meshing of a Tool
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It is not required to mesh the Lagrangian plate. The volume fraction of the
eulerian meshed part is calculated. In the conventional Lagrangian
approach, the part is meshed, whereas in the CEL approach, the eulerian
part has meshed, and the Lagrangian part is placed in the eulerian part. The

material flows into the eulerian mesh as it deforms.

Fig.4.20: Assembly view after meshing

4.4 Abaqus solver:

In pre-processing, the created or imported input file is submitted for
analysis and starts solving for results in this stage. Abaqus uses
ABAQUS/Explicit or ABAQUS/Implicit to solve the problem based on the
user selection. Based on the complexity of the problem and the computer's
specifications, the simulation time may range from seconds to days. In the
current study, ABAQUS/Explicit solver is used to solve the problem. The

job is created and submitted for analysis in this stage for results.
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Fig.4.21:Job submitted monitoring section

4.5 Post-processing:

In this stage, the obtained results are evaluated by contour plots, graphs,

animations, reports, etc., after the simulation is completed. The post-

processing can be done either by ABAQUS/Viewer or any other

postprocessor.

Fig.4.22: Post-processing window
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Chapter 5

Results and Discussion

5.1 Metallographic Analysis:

The heat due to friction between the plate and the tool softens the material.
Due to the force of the shoulder and the stirring effect of the pin, the
softened material undergoes additional plastic deformation and
recrystallization. As a result, the FSPed zone achieves a fine and
homogeneous microstructure. After FSP, four different regions were
discovered based on the microstructural examination of grain sizes, and

they are as follows:

R/
°

Stirring Zone (SZ)

¢ Thermo-mechanically affected zone (TMAZ)
+» Heat Affected Zone (HAZ)

Base metal zone (BM)

*
°e

Microstructural variations in different regions have a significant impact on
the mechanical characteristics of the FSPed zone. The following figure

depicts the formation of different zones:

Fig.5.1: Formation of different zones after FSP
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The microstructure of both as-received and FSPed samples of
Alp3CoCrFeNi HEA is observed using Scanning Electron Microscopy
(SEM). The HEA samples FSPed at different tool rotational speeds with
two-pin profiles (square and circular cross-section) are sliced along the
cross-sectional area and prepared for the metallographic investigation. The
findings show that the grain size of untreated HEA is around 40 pm, and
significant grain refinement is noticed in the stirring zone post-FSP.

The following figures depict the Scanning Electron Microscopy images of

the grains in different zones

Stir Zone (S2)

| Thermo-mechanical affected zone (TMAZ)

Heat affected zone (HAZ)

Base Metal (BM)

Fig.5.2 SEM image of the different zones
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From the figure, it is clear that different grain sizes are observed in distinct
zones. The grain size increases from the stirring zone (SZ) to the Base

Metal (BM). Very fine grains are observed in the stirring zone.

Square Pin profile

Circular Pin profile

Fig.5.3: SEM images of Grain size in different zones

In the current study, the square probe profiled tool produced a defect-free
processing zone compared to the cylindrical profile. The grain size in the
stirring is reduced from micron level to nano levels. The square pin profile

had more refined grains than the cylindrical pin profile in the stirring zone.
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It has been noticed that increasing rotating speed lowers the grain
refinement, which is consistent with Sato et al.'s observations [30]. Sato et
al. found that grain size grows exponentially with the rise in maximum
temperature, which in turn is related to the rise in rotational speed.
Therefore, it is clear that the frictional heat increases as the rotating speed
increases.

This increases peak temperature in the FSPed zone, which leads to grain
growth. Although there was significant grain refining at each speed, the
grain size rose as the rotating speed was increased, resulting in equiaxed

and uniform grains.

5.2 EDS Analysis:

The elemental composition was determined using Energy Dispersive X-
ray Spectroscopy at several places across the stir zone. The below figures
depict two selected areas, spectrum 6 & spectrum 7 of the FSPed region by
square pin profile and circular pin profiled tools, respectively, where the

elemental composition is obtained.

Element Atomic%
AlK 6.22

Ni K 2333
CrK 23.30
FeK 24.42
CoK 22.65
Totals 100

c0pm Electron Image 1

0 2 4 6 8 10 12 14 16 18
Full Scale 2368 cts Cursor: 0.000 ke'

Fig.5.4: EDS analysis of FSPed region using square pin profile
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Element Atomic%

AlK 8.62
Ni K 22.83
CrK 22.90
FeK 23.40
CoK 22.25
Totals 100

2 4
le 1509 cts Cursor: 0.000

0
[Full Scal

ull Scale 1384 cts Cursor: 0.000

Fig.5.6 Area Mapping of the elemental composition of Alo3CoCrFeNi
HEA
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The analysis shows that Alp3CoCrFeNi HEA has a nearly equimolar

composition of Co, Cr, Fe, Ni, and aluminium as a minor elements.

5.3 XRD Analysis:

Both as-received and FSPed samples are subjected to XRD examination.
All the peaks are identified and indexed using Xpert Highscore software
from the obtained plots. From the XRD pattern, only the FCC phase is
detected in both as-received and FSPed samples. Ignoring certain minor
picks, only three significant peaks are identified in the XRD pattern of
Alp3CoCrFeNi HEA. The obtained XRD patterns are consistent with the

literature.

$ = ¢-FCC
9 S — before FSP
) — after FSP 5
8
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<
b “
a
[ =
8
£
T T d T ¥ T T 1
30 40 50 60 70 80

20(in degree)

Fig.5.7: XRD Patterns of Alo3CoCrFeNi HEA before and after FSP

5.4 Micro-Hardness Investigation:

Vickers micro-hardness distribution is evaluated across the cross-sectional
area of samples in various zones. The micro-hardness test is performed on

four samples: square pin profiled ( 800 & 1000 rpm) and circular pin
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profiled (800 & 1000 rpm) tools. The following figure depicts the micro-

hardness profile of four processing conditions:

—=— S-800

450 ) ‘ ‘ —=— S-1000
| BM | HAZ+TMAZ |  SZ | HAZ+TMAZ | BM | —s— C-800

i ‘ ‘ ‘ —=—(C-1000

400 +
350
300

250

Hardness (HV)

200 4

150

-8 6 -4 -2 0 2 4 6 8
Distance from procesing centre (mm)

Fig.5.8: Micro-hardness distribution profile of FSPed samples

The hardness distribution pattern shows that the highest hardness is noticed
in the stir zone's centre. The drop in hardness at the HAZ is because there
is no mechanical deformation (stirring) in that region, yet, the maximum

temperature attained softens the material adjacent to the processed area.

Pin geometry has a significant impact on the material flow behaviour. The
pin geometry with flat surfaces/faces like a square pin-profiled tool
produces a pulsating stirring phenomenon, whereas cylindrical pin profiles
do not have this pulsating phenomenon. Out of all the four processing
conditions, the FSPed area produced with S-800 had the maximum
hardness of 399 HVy.1, whereas the area produced with a C-800 had the
lowest hardness value of 334 HV 1.

The graph indicates that the hardness value drops as the rotating speed
increases, irrespective of the tool pin profile. This is because as the rotating
speed increases, so will the heat input, causing the material to soften more

due to grain expansion.
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According to the Hall-Petch relationship,
= -1/2
Hy = H,+ Kyd

Where, Ho & Ky are constants. The hardness is inversely related to the
grain size. Hence, as the rotating speed increases, grain growth increases,
and hardness value decreases. Therefore, more grain refinement is

accomplished at lower tool rotational speeds.

5.5 Micro-Tensile Testing:

The samples are cut from the as-received and FSPed using two different
tool profiles. At room temperature, the tensile samples are subjected to a
Imm/min tensile test speed. The following figure depicts the tensile

specimens:

LT
N2
e

Fig.5.9: Tensile specimens of different processing conditions and base

material

i

Fig.5.10: Fractured samples of tensile tests
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Fig.5.11: Engineering stress Vs. Engineering strain (%)

The graph illustrates that the samples treated with square profiled pin tools
had a higher Ultimate Tensile Strength than those processed with
cylindrical pin profiled tools. This is due to the fact that a square-pin-
shaped tool's stirring zone experiences more pulsing motion. The pulsating
action produces excessive turbulence of the plastically deformed material
in the stir region, which leads to a more refined microstructure. Thus, the
FSPed region using the square-pin profile tool contains more refined grains
than the circular-pin profile region. As a result, the FSPed region using the
square-pin profiled tool has greater strength and hardness. To illustrate this

relationship, Callister [52] presented the Hall-Petch equation:
c =0, +Kd1?

According to this relation, strength (o) increases as grain size (d) decreases.
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The graph is plotted between the UTS, % of elongation, and Yield strength
of each processing condition. It is noticed that the S-800 processing
condition produced a processed area with higher values of UTS, YS, and

% of elongation relative to the other processing conditions.

The table indicates the UTS, YS, & % of elongation values for each

processing condition.

SNo Sample % ofElongation Yield Strength (MPg) U tumate Tensile Strength

(MPa)
1 BM 20.4 336.5 527.32
2 C-800 248 500.571 589.78
3 C-1000 213 390.41 549.97
4 S-800 28.7 603.5 665.25
5 S-1000 27.6 550.571 637.67

Table 5.1: UTS, YS, % of Elongation for each processing condition
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Fig.5.12: UTS, YS, % of Elongation Vs. Processing condition
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5.6 Numerical (FEM) Model Analysis:

5.6.1 Temperature Distribution:

The heat generation owing to friction and plastic deformation is the
primary cause of an increased temperature on the plate, represented by
equations (2) and (3). Literature suggests that about 90% of the total heat
produced is contributed by the friction between the plate and tool [53]. As
specified by equation (3), the increased temperature on the plate must be
responsive to the tool’s rotating speed. In the current study, the simulations
were run at 800 and 1000 rpm using square and circular pin-profiled tools
with similar boundary conditions. The temperature distribution over the

plate during the entire process is obtained.

Fig.5.13: Temperature contour plots of S-1000 & C-1000
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Fig.5.14: ; The Avg.
T temperature

distribution in SZ at 1000 rpm

It is noticed that as the rotational speed rises, peak temperature increases
and the temperature is more incase of square profile tool than circular pin
profile due to pulsating action. The peak temperature was below the
melting point of Al0.3CoCrFeNi HEA throughout the process. The
shoulder makes contact with the plate at 0.08 sec, causing the temperature
to surge rapidly. According to the literature, the shoulder supplies roughly
85-87 percent of total frictional heat[54].

At the time step of 0.2, i.e., after FSP, the average temperature is computed

in the stir zone by taking 100 elements. The average temperature

distribution is plotted for each processing condition.
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5.6.2 Stress Distribution:

For each processing condition, the contour profiles of Von-Mises stress are
generated. As the plunging period ends and the idle period begins, stress
readings start to settle. During the dwell period, stress levels are even
reduced in some areas. According to Salloomi et al., the stagnation and
decrease in stresses are caused by local material softening due to increased

temperatures in the stir zone [53].
At the time step of 0.2, i.e., at the end of the process, the average stress

distribution is calculated in the stir zone by taking 100 elements. The

average stress distribution is plotted for each processing condition.
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Fig. 5.16: Stress contour plots of S-1000 & C-1000
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Fig.5.17: The Avg. Stress distribution in SZ
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Chapter 6

Conclusions and Future Scope

6.1 Conclusions

The current research focuses on the impact of process parameters like
rotational speed & pin geometry on mechanical properties and
microstructural behaviour. A total of 4 experiments are conducted (S-
1000, S-800, C-1000 & C-800) to investigate the effect on properties. The
metallographic analysis, micro-hardness, micro-tensile tests, and
numerical study are conducted to evaluate the mechanical properties. This
preliminary investigation of Friction stir processing (FSP) of
Alo3CoCrFeNi HEA is presented in the thesis. The following conclusions
could be made based on the findings and outcomes of the current research

work:

X3

*

FSP is a thermo-mechanical processing technique where significant
grain refinement is achieved from several millimeters to the micron

level.

*.
°

The obtained results indicate that the process parameters like
rotating speed & pin geometry significantly impact the resulting

microstructure and mechanical characteristics.

*.
°

In the current study, the square profiled pin tool achieved a defect-
free FSPed area with significant properties enhancement at 800

rpm.
The WC fabricated tool of square pin profile and circular pin profile

R/
°

is found to be an appropriate tool material and tool shape for

efficient FSP of Aly3CoCrFeNi HEA.
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+ Both experimental and numerical analysis revealed that as the tool's
rotating speed rises, the maximum temperature rises during FSP
regardless of tool pin geometry.

« From the temperature profile, it is clear that for the same
combination of process parameters like rotating & traversal speeds
and plunge rate, the peak temperature is more in the case of a square
profile tool than in a circular profile tool due to pulsating action.

+ The metallographic analysis revealed that more refined grains are
obtained using square pin geometry in the stirring zone than
circular pin geometry.

¢ As the rotating speed increases, the hardness value decreases due
to the grain growth. The highest hardness value is obtained by using
the square pin profile tool.

++ Out of the four processing conditions (S-1000, S-800, C-1000 & C-
800), the S-800 produced a processed area with the highest
hardness, UTS, and % of elongation of values 399 Hv, 665.25 MPa,
and 28.7 %.

« The Yield strength and UTS of the processed material improved
vastly, while ductility was slightly enhanced.

% Following FSP, the hardness of the material is substantially
improved by a factor of 2.6 using a square profile pin. The
asymmetry in the hardness profile is observed due to the different

microstructural features across the stirring zone.

6.2 Future Scope:

The current study demonstrates the potential of this technique and
Alp3CoCrFeNi HEA. The numerous aspects of the FSP process can be
studied further in establishing an empirical relationship between process

parameters and mechanical properties.
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The tool traverse speed and plunge rate are also essential factors in
resulting mechanical properties and microstructural behaviour,
which are assumed to be constant in the current study.

FSP is carried out in the current study at two rotational speeds,
namely 800 and 1000 rpm. More experiments need to be conducted
to develop an empirical relation between process parameters like
rotational speed and pin geometry on mechanical behaviour.

The obtained numerical results in the current study are preliminary
and are further investigated to get accurate results.

The FSP is heavily influenced by the tool design and material.
Hence, the tool design modifications could be another area of
research.

The obtained numerical results like temperature profile and stress
distribution during FSP need to be validated with the experimental

results.
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