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ABSTRACT

In this thesis work, experimental and numerical investigations on forming behavior
of Ti-6Al-4V alloy at elevated temperatures have been carried out. Accurate
determination of material properties and flow stress behavior is an essential prerequisite
for developing required material model in order to analyze the forming behavior of a
material. The material properties and flow stress behavior have been studied from room
temperature to 400°C at an interval of 50°C and wide range of strain rates (10°, 10, 10
and 10 s™) using uniaxial tensile tests. Additionally, fractography study of failed tensile
test specimens revealed microvoids and shallow dimples which indicated predominantly

ductile failure in Ti-6Al-4V alloy at elevated temperatures.

Formability of Ti-6Al-4V alloy has been evaluated using deep drawing process
from room temperature to 400°C at an interval of 50°C. Ti-6Al-4V alloy is difficult to
draw up to 150°C and within the experimental range the maximum LDR of 1.86 is
obtained at 400°C. It indicates poor formability of Ti-6Al-4V at elevated temperatures.
Failures in the deep drawn cups have been identified in two regions namely, initial
(neck) and final (wall) failure. The fractography in neck region revealed failure due to
excessive tensile stresses. However, in wall region, failure has been observed due to
excessive shear stresses. The quality of successfully drawn cups has been evaluated
based on thickness distribution and earing profile. The uniform thickness distribution is
obtained at higher temperature with optimum blank diameter and a predominant earing
tendency with four ears has been observed in all the deep drawn cups at elevated
temperatures. Forming Limit Curve (FLC) has been determined experimentally for Ti-

6Al-4V alloy at 400°C by conducting a Nakazima test. The various qualitative aspects of



stretching process such as LDH diagram, thickness distribution of stretched specimens

have been investigated at 400°C.

For theoretical and numerical analysis, various advanced anisotropic yield criteria
namely, Hill 1948, Barlat 1989, Barlat 1996, Barlat 2000 and Cazacu Barlat have been
developed at elevated temperatures. Cazacu Barlat yield criterion is found to be the most
suited model for Ti-6Al-4V alloy among the developed anisotropic yield criteria, since
anisotropy in yielding and stress asymmetry resulted in excellent validation of yield
function with experimental data points. Additionally, different constitutive models viz.,
m-FB, JC, m-Arr., m-ZA and MTS have been developed from room temperature to
400°C at an interval of 50°C and wide range of strain rates (10°, 10, 10° and 10? s™).
Among all the considered models, MTS model is preferred for prediction of flow stress

of Ti-6Al-4V alloy.

Theoretical FLCs have been determined using Marciniak Kuczynski (M-K) theory
incorporating the developed vyield criteria and constitutive models. The effect of yield
model is more pronounced than the effect of constitutive model for theoretical FLCs
prediction. The Cazacu Barlat yield criterion with m-Arr. constitutive model is found to
be the best in predicting the theoretical FLC of Ti-6Al-4V alloy at 400°C. The
experimental and theoretical results of deep drawing and stretching process have been
validated with FE analysis. The important formability aspects such as thickness
distribution, earing profile, LDH and FLC have been investigated. FE analysis with
Cazacu Barlat yield criterion is found to be in the best agreement with the experimental

and theoretical results of forming behavior of Ti-6Al-4V alloy at elevated temperatures.

Keywords: Formability, Ti-6Al-4V Alloy, Anisotropic Yield Criteria,

Constitutive Models, FLC, M-K Theory, FE Analysis.
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CHAPTER 1: INTRODUCTION

Sheet metal forming is a general term for a large group of metal working processes.
These processes hold a key role in metal working industries because of its versatility and
cost-effectiveness. It eradicates costly operations such as welding, machining and
manufactures parts with reduced weight and good mechanical properties with high
production rates. Specifically, in automotive and aerospace industries, sheet metal
forming processes are extensively used as shown in Fig.1.1. (Marciniak et al., 2002).

Therefore, sheet metal forming became a backbone of modern manufacturing industry

(Beddoes & Bibby, 1999).

Tall cone

7 CFRP Vortical Tail Plane
Upper Dock Floor Beams ‘

/
\

- N =
Horizontal Tail Plane

=y . Rear Pressure Bulkhead

(a) Aerospace sector



(b) Automotive sector

Fig.1.1: Common applications of sheet metal forming processes (Lange, 1985).

In the sheet metal manufacturing industry, low carbon steels and austenitic stainless
steels have been popularly used for a long time due to their exceptional formability at
room temperature, strength, good surface finish, and low cost (Brammar & Harris,
1975). Nowadays, because of superior properties, demand of light weight alloys such as
magnesium alloy, titanium alloy has increased significantly in automotive and aerospace
industries (Boyer et al., 1994). However, despite having excellent properties, the light
weight alloys have been ranked far behind than steels due to cost and formability issues
at room temperature (Bolt, 2001). Formability of these alloys is a big challenge at room
temperature (Chen & Chiu, 2005). Formability of these light weight alloys can be greatly

improved at elevated temperatures (Beal et al., 2006).

1.1 Introduction to Ti-6Al1-4V Alloy

Titanium and its alloys exhibit a unique combination of mechanical and physical

properties and corrosion resistance which have made them desirable for critical,



demanding aerospace, industrial, chemical and energy industry service (Cole & Sherman,
1995). Among all the titanium alloys, Ti-6Al-4V alloy has been significantly used in
many applications (Lee & Lin, 1998). The importance of Ti—-6Al-4V alloy has been
stated from the fact that presently it is most broadly used alloy, accounting for more than
50% of all titanium tonnage in the world (Litjering & Williams, 2003). Ti-6Al-4V alloys
exhibit a unique combination of mechanical and physical properties. Precisely, its high
specific strength (strength/density) at low to moderate elevated temperature makes this
alloy as a desirable candidate for selection of aerospace engines, airframe structures and
components (Cole & Sherman, 1995). Its admirable corrosion/erosion resistance provides
the prime motivation for chemical process, marine, energy and bio-medical industrial
service (Boyer et al., 1994). Few important applications for Ti-6Al-4V alloy in aerospace

and automotive sectors are shown in Fig.1.2.
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+ Bukheads and frames: titanium
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Fig.1.2:Sheet metal forming applications for Ti-6Al-4V alloy (Beal et al., 2006)




1.2 Fundamental of Sheet Metal Forming Process

Deep drawing is one of the widely used sheet metal working processes in the
industries for producing cup shaped components at a very high rate. Cup drawing,
besides its importance as forming process, also serves as a basic test for the sheet metal
formability as shown in Fig. 1.3 (Schuler, 1998). The numerous process parameters
influence the formability in deep drawing process as shown in Fig. 1.4 (Banabic, 2010).
Therefore, assessing the formability using deep drawing process requires understanding
interaction between these process parameters and its influence on the formability of sheet
metal (Keeler & Brazier, 1977). Furthermore, the complexity involved in these process

parameters is increased at elevated temperature (Taylan et al.,1983).

o/\ - punch l

A - blank holder l
7 blank

/ drawn part—_

/

Fig.1.3: Schematic of circular deep drawing process (Schuler, 1998)

Formability is difficult to be defined and quantified accurately. It depends on the
consequence of material properties and the complex tool sheet interactions (Singh et al.,
2008). The quality of successful drawn cups has been commonly assessed using Limiting

Draw Ratio (LDR), thickness distribution of cup, earing tendency of cup and Forming



Limit Diagram (FLD) (Aly EI-Domiaty, 1992). LDR is defined in a simple way as ratio of

the diameter of the initial blank to the punch diameter (Ramaekers, 1999).
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Fig.1.4: Parameters influencing sheet metal formability (Banabic, 2010)

Thickness is one of the main quality characteristics in deep drawn cups. Thickness is

unevenly distributed in the part after deep drawing. Excessive variation of the thickness

may cause stress concentration in the part, leading to the acceleration of damage (Altan,

2003). Additionally, earing tendency is one of the considerable parameter for assessing

the quality of deep drawn cups. It is one kind of irregularity present in the deep drawn

cups at the top periphery. More anisotropic properties lead to greater earing tendency in

cup and then decrease efficiency of deep drawing process (Hosford & Canddell, 2014).

The Forming Limit Diagram (FLD) is a useful concept for characterizing the

formability of sheet metal, which reflects the maximum principal strains that can be



sustained by sheet materials prior to the onset of localized necking (Keeler SP, 1965).
Generally, there are three methods to establish FLD, i.e. experimental, theoretical and
numerical methods (Schuler, 1998). The experimental methods based on the grid strain
analysis technique for determining FLD are well established, where the principal strains
(61, &) have been measured after specimen deformation (Nakazima et al., 1971). In
experiment, the beginning of the necking depends on the judgment of the person who
performed the experiments (Ghosh, 1975). Laboratory testing has shown that the FLDs
are influenced by several factors (Banabic, 2010). However, determining FLDs
experimentally can be time consuming and expensive, especially at elevated temperature,

resulting in a great interest in employing numerical models to simulate FLDs.

1.3 Material Models for Numerical Analysis of Sheet Metal

Forming Processes

The trustworthiness of these numerical models are largely dependent on accurate
determination of input material properties and development of various appropriate
material models (Banabic, 2010). Material properties play a significant role in assessing
the formability of sheet metal. The material properties such as strain hardening exponent
(n), strain rate sensitivity parameter (m), anisotropy parameter (r), yield stress (oy),
ultimate tensile strength (oy¢) and ductility play an important role to judge the formability

of sheet metals (Brammar & Harris, 1975).

Many techniques are available to obtain the required material properties and flow
stress behavior of a material (Gutscher et al., 2004). The flow stress curves determined
using different tests and test conditions do not replicate each other due to effects of stress
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state, yield criterion assumption, anisotropy effect, Bauschinger effect, experimental
inaccuracies, temperature, and general weakness of the modeling (Kog et al., 2001). None
of the test methods can be named as the best or optimal (Koc et al., 2011). Each has its
own specific field of application due to certain straining paths. Among those test systems,

the most widely used one is uniaxial tensile test (Davis, 2004).

Accuracy of the numerical models is significantly influenced by appropriate selection
of material models. Material models are required to predict the plastic behavior of a
material in a general stress state. The following two elements are needed to describe

plastic behavior of a material.

() Yield criterion is a mathematical description for expressing a relationship between the
stress components at the moment when plastic ‘yielding’ occurs
(b) Constitutive models (Hardening models) describe the relationship of the dynamic
material properties and flow stress behavior with process parameters (strain, strain
rate and temperature).
The yield point in uniaxial tension is established using the stress-strain curve of the
material. However, in case of a multi-axial stress state it is more difficult to define a
criterion for the transition from the elastic to the plastic state (Hill, 1950). A relationship
between the principal stresses is needed specifying the conditions under which plastic
flow occurs. Such a relationship is usually defined in the form of an implicit function
known as the ‘yield function (yield criterion)’ (Drucker, 1949). The plastic flow rule is
essential to relates plastic strain rates to stress rates. Associated and non-associated
plastic flow rule is used to define relations between plastic strain and stress. The flow rule

is said to be 'associated' to the yield function when the plastic strain rate vector, in the



strain space superposed to the stress space, is directed as the outward normal to the
(smooth) 'yield surface' which forms the contour of the convex elastic domain. In most of

the sheet metal applications associated flow rule are used (Findley & Michno, 1976).

The constitutive models are often used to describe the plastic flow properties of the
metals and alloys in a form that can be used in computer code to model the forming
response of mechanical part members under the prevailing loading conditions.
Constitutive models are usually built by using uniaxial tensile test at low strain rates
range for forming applications (Lin & Chen, 2011). Generally, an ideal constitutive
model for metals and alloys should be able to accurately describe the material properties
such as strain-rate dependence, forming temperature dependence, strain and strain-rate
history dependence, work hardening or strain hardening behavior (both isotropic and
anisotropic hardening) (Liang & Khan, 1999). However, a complete description of all of
these phenomena in a single constitutive model is an extremely difficult task (Lin et al.,
2008). Moreover, numerical models can be truly reliable only when an appropriate
constitutive model is used (Lin et al., 2009). Therefore, it is necessary to test the
suitability of yield criteria and constitutive models for particular metals and alloys

(Marciniak et al., 2002).

1.4 Finite Element Analysis of Sheet Metal Forming

Processes

Recently, advanced numerical Finite Element (FE) technology and CAE-tools makes
a completely virtual process development. FE simulations are used extensively in the

sheet metal industry where the technology has contributed to a better understanding of

8



chosen forming processes and where the prediction capabilities has significantly reduced
the time consuming and costly die tryouts. Complex geometries in industrial applications
with large deformations, nonlinear materials and contacts can be treated effectively and
quickly (Nielsen, 1997). Numerous FE codes such as DYNAFORM/ LSDYNA/
ABAQUS/AUTOFORM are available for sheet metal forming simulations (Tekkaya,
2000). There are generally two types to methods available for FE analysis of sheet metal

forming problems - (a) Implicit method and (b) Explicit method.

Implicit method is not suitable for highly nonlinear problems because of the
convergence issue (Van den Boogaard & Huétink, 2006). Sheet metal forming is
characterized by many nonlinearity not only due to structural and material nonlinearity,
but also due to contact between the bodies makes the problem highly nonlinear.
However, by using explicit method these nonlinearities can be treated without any

problem (Takuda et al., 2003). Few advantages of the explicit formulation are:
« Few computations are required per time step.

» The algorithm is simple in logic and structure, so complex non-linarites are easily

handled.
» Itisreliable in accuracy and completion of computation.

Therefore, more than 60% of reported FE benchmarks are based on dynamic explicit

time integration (Nielsen, 1997).

Although sheet metal forming has been subject to tremendous experimental and
analytical work throughout the years, there are still many mechanisms, especially related

to elevated temperature forming of Ti-6Al-4V alloy, influence of material models, finite



element (FE) analysis which are not described and understood in detail. Moreover, in last
two decades due to tremendous demand of Ti-6Al-4V alloy in aerospace and automotive
industries, elevated temperature forming of Ti-6Al-4V alloy has gained a special
attention (Cole & Sherman, 1995).Therefore, it is crucial to investigate the possible

forming behavior of Ti-6Al-4V alloy at elevated temperatures.

1.5 Methodology Adopted for the Study

The methodology adopted for the research work is shown in Fig. 1.5. The main
objective of present work is to investigate the possible forming behavior of Ti-6Al-4V
alloy from room temperature to 400°C. The detailed investigations of various material
properties and flow stress behavior are an essential prerequisite to analyze the forming
behavior of a material. The material properties and flow stress behavior have been
studied from room temperature to 400°C at an interval of 50°C with wide range of strain
rates (10°°, 10, 10, 10% s using uniaxial tensile tests. Microstructure and fractography

investigations on failed tensile test specimens have been done at elevated temperatures.

The formability of Ti-6Al-4V alloy has been investigated from room temperature to
400°C at interval of 50°C using deep drawing process. The failures in the deep drawn
cups have been identified namely; neck and wall failure and fractography study has been
carried out. The various important qualitative aspects of deep drawn cups such as LDR,
thickness distribution, earing profile have been studied at elevated temperatures.
Furthermore, FLC has been investigated experimentally at 400°C using Nakazima test.
The various qualitative aspects of stretching process such as LDH, thickness distribution

have been studied.
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Fig.1.5: Methodology adopted for the present work

Based on the calculated material properties, various anisotropic yield criteria and
constitutive models have been developed for Ti-6Al-4V alloy at elevated temperatures.
The theoretical FLCs have been determined using Marciniak-Kuczynski (M-K) theory
incorporating the developed yield criteria and constitutive models. FE analysis of deep
drawing and stretching process has been carried out using DYNAFORM software with
LS-Dyna solver. The important formability aspects such as thickness distribution, earing
profile, LDH and FLC have been investigated. The results obtained from FE analysis is

validated with experimental and theoretical analysis results.
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1.6 Organization of the Thesis

The research work is presented in seven chapters as follows:

Chapter — 1: In this chapter, motivation and need of formability studies of Ti-6Al-4V
alloy has been presented. The chapter also discusses about methodology adopted and

organization of the thesis.

Chapter — 2: In this chapter, extensive literature review of various aspects of sheet
metal forming process is presented. The various experimental, theoretical and numerical
aspects of sheet metal forming at elevated temperature have been discussed. Based on
extensive literature review, research gaps and objectives of the thesis have been

identified.

Chapter — 3: This chapter presents experimental investigations of forming behavior
of Ti-6Al-4V alloy from room temperature to 400°C using deep drawing process. The
required material properties and flow stress behavior have been studied from room
temperature to 400°C at an interval of 50°Cwith wide range of strain rates (10, 10, 10°%,
10 5. The fractography study of failed tensile test specimens and failed deep drawn
cups has been comprehensively studied. The various qualitative aspects of deep drawn

cups have been investigated.

Chapter — 4: This chapter involves development of materials model for Ti-6Al-4V
alloy at elevated temperature. The detailed analysis of various anisotropic yield criteria
and its procedure to determine the material constants has been presented. Also,

development of various constitutive models for Ti-6Al-4V alloy has been discussed.
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Chapter — 5: This chapter discusses about experimental and theoretical investigations
of FLCs at 400°C. Experimental FLC has been determined at 400°C using Nakazima test.
The various qualitative aspects of stretching process such as LDH, thickness distribution
and FLC have been studied. M-K theory has been used for theoretical FLCs prediction. .

The theoretical FLCs results have been compared with experimental FLC at 400°C.

Chapter — 6: This chapter involves FE analysis of deep drawing and stretching
process at elevated temperatures. The detail procedure for FE analysis using
DYNAFORM software has been discussed. The various qualitative aspects of deep
drawing and stretching process have been investigated. The results obtained from FE

analysis has been compared with experimental and theoretical results.

Chapter — 7: This chapter presents the conclusions and brief contribution towards the

research. Further scope of work is also discussed.

The organization of thesis is shown in Fig.1.6. Next chapter presents literature review

on major issues involved in sheet metal forming process.
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CHAPTER 2: LITERATURE REVIEW

In this chapter, extensive literature review on major issues involved for sheet metal
forming analysis is presented. The various material properties and flow stress behavior
essential for elevated temperature sheet metal forming are discussed in detail.
Furthermore, various material models required for numerical analysis of sheet metal
forming process have been investigated. Various qualitative aspects of deep drawing
process and stretching process are presented. Additionally, various important aspects of

FE analysis for sheet metal forming process have been discussed.

2.1 Introduction

Conventional deep drawing and stretching operations are the most popular operations
in sheet metal forming. Especially, in the automotive and aircraft industries, these
operations are widely utilized for forming a various shape and size components
(Brammar & Harris, 1975). Sheet metal forming technologies are constantly challenged
by the improvements in the automotive industry in the last several decades. Due to
increasing customer expectations, safety requirements and market competitions, there is a
strong need for products, which can be manufactured more successfully, more

economically and rapidly to satisfy ever-increasing market needs (Lange K., 1985).

On the other hand, in recent years, environmental and safety concerns have forced the
industry to choose lighter-yet-safer materials for aerospace and automotive production
(Cole & Sherman, 1995). Therefore, ‘alternative’ materials are being studied to replace

conventional steel materials to reduce weight in many parts. For this purpose, various
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light weight alloys such as titanium alloy, magnesium alloy, aluminum alloys sheet metal

forming gain a special attentions (Beal et al., 2006).

Nowadays, titanium alloy are extensively used in aerospace and automotive sectors
due to its attractive combination of characteristics in terms of high mechanical properties,
elevated corrosion resistance and low density (Seshacharyulu et al. 2000). Among all the
titanium alloy, Ti-6Al-4V alloy has been significantly used in many applications (Lee &
Lin, 1998). The importance of Ti—-6Al-4V alloy has been stated from the fact that
presently it is most broadly used alloy, accounting for more than 50% of all titanium
tonnage in the world (Ldtjering & Williams, 2003). Presently, it has been extensively
used in aerospace, automotive sectors for many sheet metal applications (Beal et al.,

2006).

Despite the obvious advantages of the high strength to weight ratio and corrosion
resistance of titanium alloys, they have a distinguishable downside in that their
formability is considerably lower than traditional steel alloys at room temperature
conditions (Djavanroodi & Derogar, 2010). Generally, titanium alloys are considered
more difficult to form and often have less predictable forming characteristics than other
metallic alloys such as steel and aluminum (Boyer et al., 1994). The literature states that
titanium alloys can be formed in room temperature or at lower elevated temperatures to
some extent. A high degree of spring back is common in cold and hot forming processes
due to the high yield stress in combination with a low elastic modulus. Further, the
Hexagonal Close Packing (HCP) crystal structure of the a-phase has anisotropic
characteristics which implying consequences to the elastic properties (Lutjering&

Williams, 2003).
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Considering this, titanium components are commonly formed at -elevated
temperatures. Formability of titanium alloys can be greatly improved by warm forming.
Since elevated temperature results in decreased flow stress and increased ductility in the
sheet, it allows deeper drawing and more stretching to form products (Odenberger et al.,
2013). Therefore, by increasing the forming temperature an increased formability is

obtained in which the spring back and the scatter in yield stress can be reduced.

However, such techniques require heat resistant forming tools and the commonly
slow forming velocities with subsequent holding times implying long exposure times at
high temperatures and additional costs. As the temperature exposure increases a higher
degree of contamination occurs (Boyer et al.,1994). Particularly for Ti-6Al-4V alloy, hot
forming should generally not be performed at temperatures higher than ~400°C without a
protective atmosphere to avoid deterioration of the mechanical properties. When oxygen
enrichment of titanium occurs, the material becomes more brittle (Odenberger, 2005). Ti-
6Al-4V alloy is sensitive to the strain rate and a higher formability is generally obtained
when forming titanium alloys at lower strain rates (Poondla et al., 2009). Titanium alloys
are also sensitive to the Bauschinger effect (stress asymmetry), which is reported to be

most pronounced in room temperature (Filip et al., 2003).

2.2 Fundamental of Deep Drawing Process

Deep drawing is one of the basic and fundamental process in sheet metal forming
(Chen & Chiu, 2005). The deep drawing process is defined in various ways. One of the
popular definitions according to Schuler Metal Forming Handbook (1998) is: “Deep

drawing is a method of forming under compressive and tensile conditions whereby a

17



sheet metal blank is transformed into a hollow cup, or a hollow cup is transformed into a

similar part of smaller dimensions without any intention of altering the sheet thickness.”

This is done by placing a blank of appropriate size over a shaped die and pressing the
metal into the die with a punch. To prevent wrinkling of the sheet metal blank, the outer
portion of the blank, which is called as the flange, is held by the blank holder. The outer

portion of the die, which supports the blank holder, is also named as the flange.

The most popular shapes produce using deep drawing process is circular and
rectangular shape. (Hosford & Canddell, 2014). The numerous process parameters are
influencing the deep drawing process such as punch speed, blank holding pressure,
lubrication, sheet thickness, clearance between die and punch, material properties and
many more(Banabic, 2010). Moreover, these process parameters are become more
predominant at elevated temperature condition which makes this process complicated

(Zhang et al., 2007).

Formability is difficult to be defined and quantified accurately. It depends on the
consequence of material properties and the complex tool sheet interactions (Singh et al.,
2008). The quality of successful drawn cups has been commonly assessed using Limiting
Draw Ratio (LDR), thickness distribution of cup, earing tendency of cup and forming
limit diagram (FLD) (Aly EI-Domiaty, 1992). LDR is defined in simple way as ratio of
the diameter of the initial blank to the punch diameter. On the other, it is the maximum
value of the drawing ratio, which can be reached in a single drawing step (Bolt, 2001).
The LDR is dependent on many factors like the tool geometry, lubrication conditions,
and the amount of blank holding forces, sheet thickness and material properties (Beddoes

& Bibby, 1999).
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Furthermore, thickness is one of the major quality characteristics in deep drawn cups.
The thickness is unevenly distributed in the part after deep drawing. Generally, the
thickness is uniform at the bottom face of the punch, minimum at the punch nose radius
and vertical surface, and thicker at the flange area (Brammar & Harris, 1975) Existence
of thickness variation from the production stage may cause stress concentration in the
part, leading to the acceleration of damage (Altan, 2003). Additionally, it is important to
note that earing is one of the important characteristics in deep drawing since it is
associated with the anisotropy in the sheet Earing in deep drawn cups occurs from
different plastic strain ratio at different directions. After successful drawn cups, this
irregularity is shown in the top of the cup. More anisotropic properties lead to greater
earing tendency in cup and then decrease efficiency of deep drawing process (Yoon &

Barlat, 2006).

During the deep drawing process, different stress zones have been observed which is
shown in Fig. 2.1. Four different states can be defined as Force application zone, Force
transmission zone, bending zone and forming zone (Beddoes, 1999). The punch force is
applied onto the bottom of the drawn part, which is called the force application zone.
Then it is transferred to the flange region. The force is transmitted along the wall of the
cup. Bending happens over the die edge radius and forming takes places in the flange
region (Schuler, 1998). It is clearly seen from Fig. 2.2, the stresses developed in the
flange and wall regions are predominately in biaxial state of stress (Marciniak et al.,

2002)
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Fig.2.1: Four different zones in deep drawing (Schuler, 1998)

Fig.2.2: Forces in deep drawing of a cylindrical cup (Schuler, 1998)

2.3 Mechanical Properties

Determination of mechanical properties accurately is one of the key issues in
analyzing the deformation behavior of the materials. The mechanical properties of sheet

metals vary considerably, depending on the base metal, alloying elements present,
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processing, heat treatment (Davis, 2004). The Lankford anisotropy coefficient (r), strain
rate coefficient (n), strain rate sensitivity (m) and the yield stress (oy), ultimate tensile

strength (ou), ductility have the strongest influences on formability (Bong, 2013).

Anisotropy (r) is defined as the directionality of properties and it is associated with
the variance of atomic or ionic spacing within crystallographic directions (Drucker,
1949). In sheet metal forming point of view, the sheet texture affects crystal anisotropy
and crystal anisotropy is the dependence of flow characteristics of a material with respect
to direction (Beddoes, 1999). Lankford coefficient (parameter) (Lankford et al., 1950) is a
measure of anisotropy. It can be called as the ‘resistance to thickness change’. The
Lankford anisotropy coefficient depends on the in-plane direction. In orthogonal
anisotropy three r-values are determined: Along the, along 45° to rolling direction and
perpendicular to rolling direction (transverse direction,). These values are denoted as ro,
r45, and rgp respectively. In sheet metal working, anisotropy is subdivided into normal and
planar anisotropy. Normal anisotropy (rn) influences the maximum drawability of sheet,
whereas planar anisotropy leads to earing. A material with a high r, value cab be
experience less thinning during a deep drawing operation than a material having a smaller
r, value, provided that their flow characteristics are identical (Banabic et al. 2000). It is

mathematically expressed as Equation (2.1).

Tt 2xT (21)
" 4

In the study of Weilong and Wang (2002) it is shown that although materials having
greater r-values are more suitable for deep drawing, their deformation resistance is also

increased with increasing r-values. It was stated by Marciniak, Duncan & Hu (2002) that
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for materials having larger value r, than unity, width strain is greater than the thickness
strain in the tensile test; which is associated with a greater strength in the through-
thickness direction, and generally a resistance to thinning. A high r, value allows deeper
parts to be drawn and in shallow, smoothly contoured parts (like automobile panels) a
high value may reduce the chance of wrinkling or ripples in the part. Therefore for a deep
drawing operation, a suitable material must have an rp-value, which is larger than unity

(Weilong & Wang, 2002).

Planer anisotropy (4r) can be expressed by difference strain ratio values in various
directions of the sheet plane. It is responsible for the formation of ears in the drawn cups
as well as uneven thinning. Mathematically, it is expressed as Equation (2.2).

lh— 2%+ 1y, (2.2)
2

Ar=

It was stated by Marciniak, Duncan & Hu (2002) that if the magnitude of the planar
anisotropy parameter is large, the orientation of the sheet with respect to the die or the
part to be formed will be important. In such cases, asymmetric forming and earing will be
observed. As the magnitude of the value increases, the ear heights increase. Therefore for

deep drawing operations, suitable materials must have smaller 4r value.

Strain-hardening coefficient (n) is determined by the dependence of the flow (yield)
stress on the level of strain (Hollomon, 1945). In materials with a high n value, the flow
stress increases rapidly with strain. This tends to distribute further strain to regions of
lower strain and flow stress. A high n value leads to a large difference between yield
strength and ultimate tensile strength which is an indication of good formability. The

strain hardening characteristics of a material is usually dependent on strain, strain rate
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and temperature (Davis, 2004). The detail test procedure for determining n value is as per

ASTM E -646 —07 standard.

The strain rate sensitivity (m) is calculated based on the strain rate dependency of
flow curves (Davis, 2004). There are two commonly used methods of determining m
value. One is to obtain continuous stress-strain curves at several different strain rates and
compare the levels of stress at a fixed strain. The other is to make abrupt changes of
strain rate during a tension test and use corresponding level of Ao, This method is
popularly known as rate-change test or jump test (Zyczkowski et al., 1981). Generally, use
of continuous stress-strain curves yields larger value of m than jump test. The jump test
has an advantage that several strain rate changes can be made on a single specimen,
whereas continuous stress-strain curves require a specimen for each strain rate

(Marciniak et al. 2002).

In addition to this; few other mechanical priorities are required for formability
analysis such as yield strength (gy), elastic modulus (E), ultimate tensile strength (ou),
percentage ductility (Marciniak et al., 1992). Yield strength and ultimate tensile strength
is related to the strength of the formed part. Although for lightweight materials, higher
yield strengths are preferable, such materials are harder to form and combined with low

elastic moduli, it induces increased spring back problems (Brammar & Harris, 1975).

Numerous techniques are available to obtain the required material properties and flow
stress behavior of a material (Gutscher et al., 2004). The various established techniques
are tensile, compression, torsion, shear, biaxial tensile and hydraulic bulge test (Makinde
et al., 1992). The flow stress curves determined using different tests and test conditions

do not replicate each other due to effects of stress state, yield criterion assumption,
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anisotropy effect, Bauschinger effect, experimental inaccuracies, temperature, and
general weakness of the modeling (Kog et al., 2001,). Hence, none of the test methods
can be named as the best or optimal. Each has its specific field of application due to
definite straining paths. None of the test methods can be named as the best or optimal
(Koc et al., 2011). Among those test system, the most widely used one is uniaxial tensile

test (Davis, 2004).

In tensile tests, the maximum achievable strain is reported to be limited (~30%) and
this leads to interpolations of the test data that are necessary beyond the fracture point.
However, limitations of uniaxial tensile test have been described by several researchers
(Davis, 2004). On the other hand, biaxial stress state tests provides flow curves for the
materials with extended range of plastic strain levels up to ~70% before bursting occurs
(Banabic et al., 2005). Another benefit of using biaxial state of stress test is that it is more
appropriate for sheet metal forming operations in which the deformation mode is biaxial
rather than uniaxial (Jones, 2001). Therefore, by the use of more realistic loading during
the test such as the introduction of biaxial loading conditions leads to a more accurate
representation of the expected behavior of the structure in-service (Naumenko & Atkins,

2006).

In recent years, various tests have been designed in an attempt to produce forces that
are closely related to those that the material is subjected to during normal service
conditions (Li & Ghosh, 2004). Biaxial tensile tests can be used to produce forces that
occur in more than one direction simultaneously. From this test, stress—strain curves can
be obtained for different directions of the test specimen (Boehler et al., 1994). However,

relatively few experimental investigations have been carried out to characterize sheet
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metals under biaxial tension (Green et al., 2004). There are numerous methods of
producing biaxial stresses in material for different types of specimens. These include the
bulge test (Altan, 2003), combined tension—torsion test (Keefe et al., 1998), combined
bending and in-plane test (Banabic et al., 2005) and biaxial tensile testing of sheet metal

(Hannon & Tiernan, 2008).

Among these all the biaxial state of tests, biaxial tensile testing with various types of
cruciform specimens and bulge test has been used extensively for biaxial stress state test
(Geiger et al., 2005). One of the most challenging aspects of a biaxial testing system is
test specimen design (Xiang-Dong et al., 2005). Although specimens of the cruciform
type have been investigated quite extensively, no standard geometry exists for the
specimen design. Commonly, cross-shaped specimen is typically used (Lin and Ding,
1995). The lack of standard specimen geometry makes it difficult to compare test results
from different laboratories (Makinde et al., 1992). Different biaxial tests have been
performed in parallel to finite element simulation in an attempt to achieve an optimum
specimen design. The design of the cruciform specimen is the main difficulty that

restricts application for the cruciform biaxial tensile test (Yong et al., 2002).

On the other hand, bulge test has been known as a convenient method for judging the
ductility of sheet metal and is an appropriate method for ascertaining biaxial stress—strain
relationships (Atkinson, 1996). A major advantage of the bulge test over the cruciform
biaxial tensile test is that simplicity of specimen preparation (Gutscher et al., 2004).
Since the bulge test has not been standardized yet, the ‘bulge test’” term in literature refers
to variety of test systems including both testing of sheet and tube-formed samples with

several differences in practice (Kog et al., 2011). Tube bulge test is preferred mainly for
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determining the hydro-formability of the tubular materials as developed and explained in
various previously published studies (Koc et al., 2001,; Koc et al., 2001p). On the other
hand, sheet bulge test systems can be categorized in terms of the pressure source for the
bulging, the die shape or die dimensions used. Bulging is mostly achieved via pumping
hydraulic fluid into the cavity (Dziallach et al., 2007). However, in some cases, in order
to prevent leakage, viscous material was used as described in, or pneumatic (gas)
pressurization was utilized as well at elevated temperature levels (Rees et al., 1995). Die
shapes in bulge tests are mainly spherical or elliptical. Elliptical dies were preferred to

determine anisotropic constants of the materials (Banabic et al., 2005).

Based on the above discussion, it can be observed that high temperature formability
of sheet metal is dependent on strain rate and temperature. Therefore, detailed analysis of
material properties and flow stress behavior at elevated temperatures are essential to
analyze the sheet metal formability. These material properties are useful for development
of various material models which is required for numerical analysis of sheet metal

forming.

2.4 Material Models for Numerical Analysis of Sheet Metal

Forming Processes

From the beginning of the 1990s there was an explosive increase of the practical
utilization of numerical analysis of sheet forming processes in the industry (Lange, 1985).
The advanced numerical finite element (FE) technology and CAE-tools in combination
with existing computer capacity makes a completely virtual process development
possible (Crisfield, 1997).
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FE simulations are used extensively in the sheet metal industry where the technology
has contributed to a better understanding of chosen forming processes and where the
prediction capabilities has significantly reduced the time consuming and costly die
tryouts (Crisfield, 1997). Complex geometries in industrial applications with large
deformations, nonlinear materials and contacts can be treated effectively and quickly
(Nielsen, 1997). However, the reliability of the numerical simulations depends not only
on the models and methods used but also on the accuracy and applicability of the input
data. The material model and related property data must be consistent with the conditions

of the material in the process of interest (Hol, 2009).

Nowadays, dynamic, explicit codes were dominating the software market General
purpose codes like DYNAFORM, LS-DYNA and ABAQUS/Explicit, and specialized
codes such as PAM-STAMP and OPTRIS are examples of codes in use. Currently, more
attentions are given for finite element analysis at warm conditions due to experimental
complexity (Bong et al., 2013). The influence of yield criterion and hardening model are

predominating in FE analysis of sheet metal forming (Nielsen, 1997).

2.4.1 Yield Criteria

Yield criterion is mathematical description for expressing a relationship between the
stress components at the moment when plastic ‘yielding’ occurs (Banabic, 2010). The
yield point in uniaxial tension is established using the stress-strain curve of the material
(Davis, 2004). However, in case of a multi-axial stress state, it is more difficult to define
a criterion for the transition from the elastic to the plastic state. It is usually defined in the
form of an implicit function which is popularly known as the ‘yield function’ (Banabic,

2010).
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F(0,,0,,05,0,)=0 (2.3)

where, o1, 02, g3 are the principal stresses and oy is the yield stress obtained from a
simple test (tension, compression or shearing). Equation (2.3) can be interpreted as the
mathematical description of a surface in the three dimensional space of the principal
stresses usually called the ‘yield surface’. It must be closed, smooth and convex. All the
points located in the inside of the surface (F < 0) are related to an elastic state of the
material. The points belonging to the surface (F = 0) are related to a plastic state. The

points located outside the surface (F > 0) have no physical meaning (Banabic, 2010).

The sheet metal analysis is considers as a plane stress problem. Therefore, In the case
of plane stress (e.g. o3 = 0) the yield surface reduces to a curve in the plane of the
principal stresses o; and o,. (Findley & Michno, 1976). The expression of the yield
function is established on the basis of some phenomenological considerations concerning
the transition from the elastic to the plastic state. The most widely used yield criteria for
isotropic materials have been proposed by Tresca (‘maximum shear stress criterion’) and
Huber—Von Mises (‘strain energy criterion’) (Zyczkowski, 1981). However, these two
popular yield criteria do not take into account of anisotropic of sheet metal. Therefore,
these criteria are not very well suited for sheet metal forming analysis (P6hlandt etal.,

2002).

In the last few years, several efforts have been made for the development of
anisotropic yield criteria which consider plastic anisotropy (Drucker, 1949 & Hill, 1950).
For example, Hill proposed an extension of the VVon Mises isotropic criterion which

considers plastic anisotropy. This model considered orthotropic symmetry and four
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anisotropy coefficients in the plane stress condition (Hill, 1952). Moreover, Barlat
proposed independently another anisotropic yield criterion which also required four

parameters to describe a yield locus (Barlat & Lian, 1989).

This early stage development of Hill 1948 and Barlat 1989 model consider sheet
metal anisotropy. This model requires only the uniaxial tensile test material properties.
Specifically, the material properties required are ro, rss, roo and oy (Banabic, 2010).
Therefore, these yield criteria are popularly used in sheet metal forming industries
because of ease way of determining the material properties using uniaxial tensile test only
(Hosford, 1972). As discussed previously, biaxial material properties are vital to capture
accurate deformation in sheet metal forming (Rees, 1995). Therefore, further
development in the yield criteria have been done based on the consideration of biaxial

data (Yu, 2002).

Experimental studies showed that HCP crystal structure alloy is very difficult to
model with the above yield criteria. At the beginning of 1990, several researchers have
focused their interest on this problem (Barlat et al., 1997,). Barlat and co-workers
proposed a more general expression of the yield function. However, finite element
simulations based on this criterion revealed some inaccuracies in predicting blank earing
in deep-drawing (Bababic, 2010). In order to improve the performance of his criterion,
Barlat and co-workers modified the generalization made in 1994 criterion (Barlat et al.,
1997p). This yield criterion is popularly known as Baralt 1996 yield criterion. This yield
criterion requires 8 material parameters to determine the yield function. The great number
of parameters ensures a good flexibility of the criterion but implies a large number of

mechanical tests (Banabic, 2010). Simulations of deep-drawing of cylindrical cups using
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the new criterion revealed a very good agreement of the predicted earing with
experimental data (Yoon, et al. 1999). However, Barlat 1996 yield criterion found some
major drawback such as the convexity of the yield functions is not guaranteed and the
derivatives of the equivalent stress are difficult to obtain analytically. This leads to larger

CPU time for FE analysis of sheet metal forming (Chung & Shah, 1992).

In order to remove the disadvantages of the Barlat 1996 yield criteria, but aiming to
preserve their flexibility, Barlat proposed in 2000 a new model particularized for plane
stress (2D) (Barlat et al., 2003). This is popularly known as 8 parameters Barlat 2000
yield model. In addition to uniaxial tensile test, biaxial yield stress and biaxial
anisotropic coefficient are required for Bralat 2000 vyield criterion. As discussed
previously, popular way to determine biaxial yield stress is bulge test and biaxial
anisotropic coefficient is determined using coin or compression test (Banabic, 2010). The
yield function has been tested for different aluminum alloys exhibiting a pronounced
anisotropy. The model has proved its capability to provide an accurate prediction of the
planar variations of the uniaxial yield stress and coefficient of plastic anisotropy (Barlat,
2007). However, one of the major drawback of Barlat 2000 yield model is complexity of

the formulation (Banabic, 2010).

Above discussed yield criteria considered symmetry in yielding between tension and
compression. However, the stress asymmetry in the case of HCP crystal structure is
considerable (Liu et al., 1997). Considering the effect of asymmetry in yielding further
development in the yield criterion is done by Cazacu et al. The most important advantage
of this yield criterion consists in its capability to provide an accurate description of the

tension/compression behavior specific to the magnesium and aluminum alloys (Cazacu et
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al., 2006). However, limited study has been reported for the development of these

anisotropic yield criteria for Ti-6Al-4V alloys at elevated temperatures.

The present state-of-the-art is somewhat confusing since most of the above-described
yield criteria are still being used. The most important factors that must be taken into

account when choosing the yield criterion are as follows (Banabic, 2010 & Yoon, 2006):

» Accuracy of the prediction both of the yield locus and the uniaxial yield stress and

uniaxial coefficient of plastic anisotropy
» Computational efficiency and ease of implementation in numerical simulation codes
» Number of mechanical parameters needed by the identification procedure
> Robustness of the identification procedure

» Experimental difficulties caused by the determination of the mechanical parameters

involved in the identification procedure

» Acceptance of the yield criterion in the scientific/industrial community.
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2.4.2 Constitutive Models

The constitutive models are often used to describe the plastic flow properties of the
metals and alloys that can be used in numerical analysis of sheet metal forming processes
(Liang & Khan, 1999). Constitutive models are usually built by using uniaxial tensile test

at low strain rates for forming applications (Lin & Chen, 2011).

Generally, an ideal plasticity model for metals and alloys should be able to accurately
describe the material properties such as forming temperature, strain and strain-rate history
dependence, strain hardening behavior (Lin & Chen, 2011). However, a complete
description of all of these phenomena in a single constitutive model is an extremely
difficult task. Therefore, some assumptions have been made before plastic flow stress
models are proposed (Liang & Khan, 1999). In recent years, a number of constitutive
models have been proposed or modified to describe the strain-rate, stain and temperature-

dependent flow behavior of metals and alloys (Lin et al., 2008).

The constitutive models are mainly divided into the two categories -

(a) Phenomenological based model (b) Physical based model

(a) Phenomenological constitutive model

It provides a definition of the flow stress based on empirical observations, and
consists of some mathematical functions. However, the phenomenological constitutive
model is lack of physical background that just fits experimental observations.
Additionally, the notable feature is that they reduce number of material constants and can

be easily calibrated. However, due to their empirical characteristics, they are usually used
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in limited application fields (covering limited ranges of strain-rate and temperature) (Shin

& Kim, 2010).

(b) Physical-based constitutive model

These models considers various physical aspects such as theory of thermodynamics,
thermally activated dislocation movement, and Kkinetics of slips. Compared to the
phenomenological descriptions, they allow for an accurate definition of material behavior
under wide ranges of loading conditions by some physical assumptions and a larger

number of material constants (Khan et al., 2004).

Significant amount of the work has been done on austenitic stainless steel, alloy
steels, ferritic steel, aluminum alloys and magnesium alloys at elevated temperature in
past few decades to link the flow stress with the process parameters through the
empirical, semi-empirical and physically based constitutive models (Lee & Lin, 1998). As
of now, studies in the field of constitutive modeling have been mostly focused on FCC
and BCC metals due to their simple crystalline structures (Lin & Chen, 2011). Slight
attention has been given on the hexagonal close-packed (HCP) metals, particularly alloys
of a more complicated crystalline structure, such as two phase (a + f) Ti-6Al-4V alloy

(Khan et al., 2004; Khan et al., 2007).

Zerilli and Armstrong (ZA model) proposed a constitutive model for HCP metals
based on an argument that HCP metals have partial structural characteristics of BCC and
FCC metals (Zerilli & Armstrong, 1995). A new constitutive model for Ti6A14V alloy
was proposed by generalizing their FCC model (Nemat-Nasser et al., 2001). A physical

based constitutive model was developed for Ti6A14V alloy which contains thermal and
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athermal component dependent on internal state variable theory (Picu & Majorell, 2002).
Quasi-static and dynamic loading response under compressive loading for Ti—-6Al-4V
alloy investigated over wide range of temperature (Khan et al., 2007). Furthermore, a
new constitutive model based on thermally activated dislocation motion in crystal
structure for high strain rate and temperature has been developed for Ti-6Al-4V alloy
(Gao et al., 2011). Therefore, very spare efforts have been made on the development of

constitutive models for Ti-6Al-4V alloy.

2.5 Forming Limit Diagram (FLD)

FLD represents the maximum extent of the deformation of sheet metal until plastic
instability occurs in a material. It is a significant performance index and used to describe
quantitatively the formability of sheet metal (Narayanasamy & Narayanan, 2007). FLD
must cover as much as possible the strain domain which occurs in industrial sheet metal
forming processes. The diagrams are established by experiments that provide pairs of
values of the limit strains ¢; and &, obtained for various loading patterns (equibiaxial,
biaxial, uniaxial etc.) (Ghosh et al., 1985). The concept of FLD was first introduced by
Keeler and Goodwin (Keeler, 1965, Goodwin, 1968). This test consists in the use of
punches having different radii in order to vary the stress state. Disadvantages of the test
are the large amount of experimental work; only the positive section of the forming limit
diagram(right hand side) is obtained, and the shape and position of the forming limit is
influenced by the punch radii (Keeler, 1965). Later, Goodwin plotted the curve for the
tension/compression domain (left hand side) by using different mechanical tests

(Goodwin, 1968). The diagrams of Keeler (right side) and Goodwin (left side) are
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currently called the Forming Limit Diagram (FLD). Connecting all of the points

corresponding to limit strains leads to a Forming Limit Curve (FLC).

Further development in experimental FLD is Nakazima Test. The test consists of
drawing rectangular specimens having different widths using a hemispherical punch and
a circular die (Nakazima et al., 1971). By varying the width of the specimen and the
lubricant one may obtain both the positive and the negative domain of the FLD.
Advantages of the test are the simplicity of the tools, the simple shape of the specimens
and the possibility of covering the entire domain of the FLDs (Banabic, 2010).
Disadvantages are the possibility of wrinkling and errors of measurement caused by the
curvature of the punch. This method is standardized by the 1SO 12004 standard (‘Metallic

materials. Determination of the forming limit curves’).

Laboratory testing has shown that the FLDs are influenced by several factors
including as shown in Fig. 2.3 (Banabic, 2010). However, determining FLDs
experimentally can be time consuming and expensive, especially at elevated temperature,

resulting in a great interest in employing numerical models to simulate FLDs.

Various theoretical models have been developed for the calculation of FLDs as shown
in Fig. 2.4. The first theoretical model has been proposed by Swift and Hill assuming
homogeneous sheet metals (Swift, 1952; Hill, 1952). Marciniak proposed a model taking
into account that sheet metals are non-homogeneous from both the geometrical and the
structural point of view (Marciniak & Kuckzynski, 1967). The Swift model has been
developed later by Hora (so-called Modified Maximum Force Criterion-MMFC) (Hora &

Tong, 1994).
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The first realistic mathematical model has been developed by Marciniak-Kuczynski
(M-K) (Marciniak & Kuckzynski, 1967). It is supposed that an infinite sheet metal
contains a region of local imperfection where heterogeneous plastic flow develops and
localizes. Generally, theoretical FLDs can be significantly influenced by the yield
criterion and constitutive model (Sansot Panich et al., 2013). The influence of different
yield functions namely; VVon Mises, Hill 1948 and Hill 1979 and Barlat 1996 with Swift
and Voce constitutive model on forming limit diagram for AA6016-T4 alloy was
investigated. The study revealed that FLD using Barlat 1996 criterion with VVoce model
was in good agreement with experimental data points (Butuc, 2003). Subsequently, many
efforts have been made to construct reliable forming limit prediction models from the
perspective of theoretical calculation for steel and aluminum alloy (Fang Gang et al.,
2012; Moshksar & Mansorzadeh, 2003; Butuca et al., 2002). In addition to that, recently
few studies have been reported for prediction of theoretical FLD at elevated temperature

(Van den Boogaard, 2006)

However, titanium alloy, very limited literature have been reported for FLDs at
elevated temperatures (Toussaint, 2008; Djavanroodi & Derogar, 2010). FLDs were
determined experimentally using a special process of hydroforming deep drawing
assisted by floating disc for Ti6Al4V titanium and AI6061-T6 aluminum alloys sheets
The results were compared with finite element analysis using Hill-swift and NADDRG
models (Djavanroodi & Derogar, 2010). Recently, FLDs prediction of Ti-6Al-4V alloy
using Marciniak and Kuczynski (M—K) theory along with Von Mises yield criterion at
elevated temperature were investigated at elevated temperature (Xiaogiang Li et al.,

2014). However, much research needs to be done on the theoretical FLDs prediction
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using various anisotropic yield criteria in combination with different hardening models at

warm conditions for Ti-6Al-4V alloy.

2.6 Finite Element Analysis of Sheet Metal Forming

Process

In sheet metal forming, modelling and simulation can be used for many purposes, for
example to predict material flow, to analyze stress-, strain- and temperature-distribution,
to determine forming forces, to forecast potential sources of defects and failures, to
improve part quality and complexity and to reduce manufacturing costs (Thomas & Altan
T, 1998). Today, several commercial codes are already available for forming simulation.
Besides general purpose codes such as MARC, COSMOS or ABAQUS, recently special
codes dedicated for sheet metal forming are more widely and more often applied. Among
them, the PAM-STAMP, Auto-FORM, DYNAFORM, ITS-3D, OPTRIS, FAST

FORMS3D are the leading tools (Makinouchi, 1996).

Sheet metal forming is characterized by many nonlinearity not only due to
geometrical and material nonlinearity, but also due to contact between the bodies makes
the problem highly nonlinear (Nielsen, 1997). However, by using explicit method these
nonlinearities can be treated without any problem (Takuda et al., 2003). Concerning the
geometrical complexity, sheet metal forming processes in some cases can be simulated as
two-dimensional, axi-symmetric problems, but in most cases three-dimensional solutions
are required (El-Khaldy, et al., 1992). Since in forming processes, the component is
usually subjected to large plastic deformation, as the simulation proceeds, the distortion
of the mesh is also significant, hence, it is necessary to perform re-meshing and
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interpolate the data from the old mesh to the new one to obtain accurate results. This
feature makes indispensable an automatic and adaptive re-meshing capability of the
simulation code as a built-in technique (EI-Khaldi & Lambriks, 2002). The reliability of
the FE simulations largely depends on the material models used and accuracy of the input
material data (Nielsen, 1997). Mainly, selection of a suitable yield criterion is vital
because it provides an accurate prediction of the observed initial and subsequent yield

behaviors of a material (Odenberger EL & Oldenburg M, 2013).

Very limited efforts have been reported on material model development for Ti-6Al-
4V alloy at elevated temperatures and its implementation in FE analysis of sheet metal
forming processes. Spring back analysis of warm deep drawing of TC1 alloy (Ti-2Al-
1.5Mn) was extensively studied (Zhang et al., 2007). Spring back of cylindrical cup was
greatly suppressed by warm forming. FE model to simulate and optimize the bending
forming process of a commercially pure (CP) titanium part and found that a good
prediction of spring back was due to the adoption of the Hill criterion which can describe
the anisotropic plastic behavior of the material with notable precision (Toussaint et al.,
2011). Ti-6242 is suitable to be formed by hot sheet metal forming. The minimum spring
back is achieved with suitable subsequent holding time (Odenberger E-L et al., 2005).
Numerical simulation on the bending of a Ti-6Al-4V bar and suggested that the spring
back was dependent on the size of the middle material zone, which remained in an elastic

state during bending process (Adamus & Lacki, 2011).

The FLC of Ti-6AI-4V alloy at 973 K was measured experimentally by conducting
the hemispherical dome test with specimens of different widths. The experimental results

were validated with Marciniak and Kuczynski (M-K) theory along with VVon Mises yield

39



criterion (Xiaogiang Lli, et al., 2014). Formability, fracture mode and strain distribution
during forming of Ti6AIl4V titanium alloy and AI6061-T6 aluminum alloy sheets has
been investigated experimentally using a special process of hydroforming deep drawing
assisted by floating disc. The experimental FLD was compared with Hill-swift and
NADDRG theoretical forming limit diagram and simulated FLD using
ABAQUS/Standard (Djavanroodi & Derogar, 2010). However, much research needs to
be done on effect of various material models development and its implementation in FE

analysis of Ti-6Al-4V alloy at elevated temperatures.

2.7 Objectives of the Study

The main objectives of this research work on Ti-6Al-4V alloy are:

M Study of mechanical properties and flow stress behavior up to 400°C.

(1) Microstructure and fractography study at elevated temperatures.

(11)  Formability study up to 400°C using deep drawing process.

(IV) Investigation of various yield criteria at elevated temperatures.

(V)  Study of different constitutive models at elevated temperatures.

(VI)  Experimental and theoretical analysis of forming limit curve at 400°C.

(V1) Validation of experimental and theoretical formability results with finite element

(FE) analysis.
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2.8 Summary of Literature Review

The extensive literature review has been done on various aspects of formability for
Ti-6Al-4V alloy at elevated temperatures. Based on the literature extensive literature

review, research gaps and objectives of the study has been identified

The next chapter discusses about experimental formability investigations of Ti-6Al-

4V alloy at elevated temperatures using deep drawing process.
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CHAPTER 3: EXPERIMENTAL INVESTIGATIONS
OF FORMING BEHAVIOR FOR TI-6AL-4V ALLOY

This chapter covers experimental investigations on sheet metal forming of Ti-6Al-4V
alloy using deep drawing process at elevated temperatures. The detailed understanding of
material properties and flow stress behavior is an essential prerequisite to assess the
forming behavior of a material. Tensile test experiments are performed to establish
required material properties and flow stress behavior of Ti-6Al-4V alloy at elevated
temperatures. Furthermore, the microstructure and fractography study of Ti-6Al-4V alloy
with variation of temperature have been studied. Formability of Ti-6Al-4V alloy from
room temperature to 400°C at an interval of 50°C has been investigated using deep
drawing process and the various qualitative aspects such as Limiting Drawing Ratio

(LDR), thickness distribution, earing profile have been studied.

3.1 Material Properties

In this study, Ti—-6AlI-4V alloy sheet of 0.9 mm thickness is used. The chemical

composition of as-received Ti-6Al-4V alloy is presented in Table 3.1.

Table 3.1: Chemical composition of as received Ti—-6Al-4V alloy

Element Al V Fe C Ti

Comp (Wt. %). | 5560 | 4.070 | 0185 | 0.022 | 89.997

For tensile tests, the dimensions of the specimen are as per ASTM E8/E8M-11 sub-

size standard specimen, as shown in Fig. 3.1. The specimens are machined by wire-
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cutting electro-discharge machining process for high accuracy and finish. Isothermal
tensile tests are carried out on a computer controlled universal testing machine (UTM), as

shown in Fig. 3.2, which has a maximum load capacity of 100 kN.
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Fig.3.1: Dimension of tensile test specimen as per ASTM E8/E8M-11 sub-sized standard

UTM is equipped with a feedback control system to impose exponential increase of
the actuator speed to obtain constant true strain rates. The cross head speed is varied with

respect to time as per Equation (3.1).

: : (3.1)
v=e¢L,exp(et)

where, v is the cross head speed, ¢ is the constant strain rate, Lo is the gauge length of
the specimen (30 mm) and t is time. Software modifications have been ingeniously done

to have exponentially increasing crosshead speed for constant strain rate.

A high temperature contact type extensometer is used to measure the extension of the
specimen which is shown in the magnified view of Fig. 3.2. The pull rods for the high

temperature testing are made of nickel base super alloy CM-247. Machine is attached
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with a 3-zone split furnace for high temperature testing as shown in Fig. 3.3. It has

uniform distribution of heating coils, which are arranged in three zones to achieve

temperature up to 1000°C with £+ 3°C accuracy.

- Magnified View '

Fig.3.2: Computerized UTM with magnified view of high temperature contact type

extensometer

Generally, the lower strain rate range is considered for forming applications (Dieter,
2000). Hence, experiments have been performed at 10°, 10, 10 and 10 s™* strain rates.
Regarding temperature range, forming at temperatures higher than 400°C increases the
oxygen contamination in Ti-6Al-4V alloy and with oxygen the material becomes more
brittle due to formation of a-scale. Therefore it is preferred to perform tensile testing of
Ti-6Al-4V alloy at higher than 400°C in an inert or protective atmosphere (Odenberger
et al., 2013). Due to lack of facility for inert or protective atmosphere, experiments have
been conducted from room temperature to 400°C at an interval of 50°C.
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Heating coils
3 zones

Fig.3.3: 3-zone split furnace attached to UTM for high temperature tensile testing

Fig.3.4: Representative broken tensile test specimen after tests at various temperatures

Fig. 3.4 shows the representative broken tensile tests specimen at various
temperatures. A computer control system is used to record the load versus displacement
curve which is converted into true stress versus true strain curve. The elastic region is

subtracted from the true stress—true strain curve to get true stress - true plastic strain data.
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The representative true stress vs. true strain curves are shown in Fig. 3.5 (a, b) and Fig.

3.6 (a, b).
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Fig. 3.5: Representative true stress-strain curves at various temperatures (a) 10 s™ strain

rate (b) 107 s strain rate
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The flow stress behavior of Ti-6Al-4V alloy is significantly dependent on

temperature as show in Fig 3.5 (a & b). However, there is slight variation in flow stress

behavior due to strain rate change as shown in Fig. 3.6 (a & b). It indicates that strain rate

dependency of Ti-6Al-4V alloy is negligible up to 400°C.



Based on the true stress-strain data obtained from tensile tests, various important
material properties such as strain hardening exponent (n), strain rate sensitivity (m),
Lankford parameters (r), yield strength (oy), ultimate tensile strength (o) and percentage
ductility have been determined. The detailed procedure to determine the important

material properties is discussed below.

3.1.1 Strain Hardening Exponent (n)

Strain-hardening exponent (n) is determined by the dependence of the flow stress on
the level of strain. In materials with a high n value, the flow stress increases rapidly with
strain. A high n value leads to a large difference between yield strength and ultimate
tensile strength which is an indication of good formability. The strain hardening
characteristics of a material is usually dependent on strain, strain rate and temperature

(Mishra et al., 1989).

If strain rate and temperatures are assumed constant, the plastic-state Equation can be

approximated by the constitutive Equation (3.2) (Hollomon et al., 1945).

o=Kg" (3.2)

Taking natural log on both sides the above Equation becomes (3.3)

logo =logK +nlog e (3.3

Equation (3.3) is a straight line Equation with x-axis as a log of true strain and y-axis
as log of true stress. The slope of this line gives the strain hardening exponent (n) and y-
intercept of the line gives the log of strength coefficient (K). The detail test procedure for

determining n value is as per ASTM E 646 — 07el standard.
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3.1.2 Strain Rate Sensitivity (m)

The logarithmic strain rate sensitivity m is originally defined from the extended
Hollomon Equation (3.4).

m (3.4)

oc=Ke"e
For determining strain rate sensitivity (m) value, there are two commonly used
methods. One is to obtain continuous stress-strain curves at several different strain rates
and compare the levels of stress at a fixed strain using Equation (3.4). The other is to
make abrupt changes in strain rate during a tension test and use corresponding level of
Ao. This method is popularly known as strain rate change test or jump test. For the
present study, continuous stress- strain curves at several different strain rates approach
has been considered. Table 3.2 shows values of strain hardening exponent (n) and strain
rate sensitivity (m) at various temperatures.

Table 3.2: Strain hardening exponent (n) and strain rate sensitivity (m) at various

temperatures
Temp. (°C) No Nas Ngo Navg m
RT. 0.033 0.033 0.040 0.035 0.001
50 0.033 0.040 0.041 0.038 0.003
100 0.041 0.041 0.041 0.041 0.006
150 0.046 0.046 0.046 0.046 0.009
200 0.057 0.056 0.057 0.057 0.010
250 0.059 0.059 0.061 0.059 0.010
300 0.063 0.064 0.065 0.064 0011
350 0.067 0.070 0.071 0.069 0.012
400 0.067 0.071 0.071 0.070 0.012
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3.1.3 Anisotropy Coefficient (r)

The anisotropy coefficient (r) value is dependent on orientation of sheet The
anisotropy coefficient is also called as a ‘Lankford parameter’ Fig. 3.7 shows the
specimen directions with respect to sheet rolling direction.

The anisotropy coefficient r is defined by Equation (3.5).

r = Ewidth (3_5)

EThickness

The above Equation can be rewritten as Equation (3.6)

In% (3.6)

ln%

where, w and t is the final width and thickness and wg and tg is the initial width and
thickness of the specimen. As the thickness of the specimen is very small compared to its
width, the relative errors of measurement of the two strains will be quite different.
Therefore the above relationships are replaced by considering the length of the specimen.

Equation (3.6) is rearranged as Equation (3.7)
r=

in 0o (37)

Generally, anisotropy is expressed in two ways (Normal anisotropy and Planer
anisotropy). Normal anisotropy (r,) is the average of r values obtained for different
directions in the plane of the sheet It is mathematically expressed as Equation (2.1). It
indicates the drawability of sheet

Planer anisotropy (4r) can be expressed by difference strain ratio values in various
directions of the sheet plane. It is responsible for the formation of ears in the drawn cups
as well as uneven thinning. Mathematically, it is expressed as Equation (2.2).
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Fig. 3.7: Specimen orientations with respect to the sheet rolling direction

r-value is evaluated as per ASTM E517 — 00(2006) using uniaxial tensile tests.

The dimensions of specimens prepared for r value determination is shown in Fig. 3.8.
The gauge length of specimen is considered as 25 mm and divided in to 5 equal segments
along the gauge length. Width and length of these segments are measured before test.
These divisions are made in order to increase the accuracy of measurement. Generally,
specimen is elongated up to 10% of strain after yielding. Final length and width of the

specimen after elongation have been measured.

L=175

W=20

(All dimensions are in mm)

Fig. 3.8: Dimensions of specimen used for anisotropic coefficient (r) calculation
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Width strain (e,) and longitudinal strain (¢)) are measured and used in Equation

3.7 to find ‘r’. Table 3.3 shows r values with 0°, 45° and 90° rolling direction of sheet

Table 3.3: Anisotropic coefficient (r) for Ti-6Al-4V alloy at various temperatures

Temp. (°C) o 45 Foo
RT 0.4698 1.4325 0.2939
50 0.4832 1.4235 0.3025
100 0.5278 1.3925 0.3489
150 0.5625 13711 0.3694
200 0.6036 1.6144 0.5605
250 0.7964 1.1854 0.7093
300 0.7594 1.1523 0.4896
350 0.7139 1.0727 0.5329
400 0.6010 1.2632 0.5124

3.1.4 Other Uniaxial Material Properties

Table 3.4 indicates variation of yield strength, ultimate tensile strength and %
ductility for Ti-6Al-4V alloy at various temperatures. As expected, yield stress and
ultimate tensile strength decrease with the increase in the temperature. Moreover,
ductility also increases with the increase in temperature. From Table 3.4, it can be
observed that Ti-6Al-4V alloy becomes more flowable and easy to draw at higher

temperatures.
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Table 3.4: Variation of yield strength (cy), ultimate tensile strength (cyt) and %

ductility at various temperatures

Ductility
Temp. 00 045 090 Oyavg- out0 Out4s Out90 Gutavg- ( Avg )

(OC) (MPa) | (MPa) | (MPa) | (MPa) | (MPa) | (MPa) | (MPa) | (MPa) (%)

RT 879 824 875 860 945 922 937 935 8.45

50 876 806 882 855 941 905 926 924 8.50

100 845 780 842 823 913 882 908 901 9.45

150 795 740 784 773 842 819 832 831 12.21

200 728 642 757 709 811 789 803 801 12.78

250 707 617 727 684 761 721 749 744 14.56

300 687 598 702 663 751 733 739 741 15.21

350 683 595 693 657 742 702 732 726 16.45

400 681 591 691 655 737 697 729 721 16.89

3.1.5 Biaxial Material Properties

Uniaxial test material properties are inadequate to predict material behavior for
forming analysis because the state of stress for forming analysis is predominately in
biaxial mode (Rees DW, 1995). Therefore, it is necessary to capture biaxial data for
accurate prediction for forming analysis. Specifically, biaxial yield stress is crucial for
accurate prediction of yielding in sheet metal forming analysis (Xiang-Dong W, et al.,
2005). In the present study due to the lack of available biaxial test facility, the required
biaxial yield stress and compressive yield stress values have been taken from the

literature (Odenberger, 2013).
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Biaxial anisotropic coefficient is essential to take in to account non-symmetric
behavior in the material model. This fact is also a consequence of the biaxial plastic
anisotropy (Barlat et al., 2003; Poehlandt et al., 2002). One of the easy ways to
determine r, is compression test /coin test (Banebic, 2010). A set of circular specimens
are subjected to a normal pressure. Due to the plastic anisotropy, the discs become elliptic
during the compression. By measuring the major and minor axes of the elliptic specimen,
the corresponding principal strains can be evaluated. The ratio of the principal strains will
define the coefficient of biaxial anisotropy. It can be observed that variation in biaxial
anisotropic coefficient is very negligible over the range of temperature. Table 3.5 shows
biaxial material properties and compressive yield stress for Ti-6Al-4V alloy at various
temperatures.

Table 3.5: Biaxial material properties and compressive yield stress for Ti-6Al-4V alloy

Temp. (°C) on (MPa) Iy oc (MPa)
RT 1070.5 1.02 1106.2
50 1070.5 1.02 1106.2
100 1023.4 1.02 1055.8
150 977.0 1.02 1005.4
200 930.6 1.02 955.0
250 884.2 1.02 904.6
300 837.8 1.02 854.2
350 791.4 1.02 803.7
400 745.0 1.02 753.3
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3.2 Microstructure and Fractography Study

The as-received sample has been cold mounted by using commercially available cold
setting compound (resin powder + liquid) and then wet ground on progressively finer
grades of silicon carbide impregnated emery paper using copious amounts of water both
as a lubricant and as a coolant. Subsequently, the ground samples have been
mechanically polished using five-micron diamond solution. Fine polishing to a perfect
mirror-like finish of the surface has been achieved using one-micron diamond solution as
the lubricant. The polished samples have been etched using with Kroll solution
(H,0:92ml,HF: 5ml,HNO5: 10 ml). The polished and etched surface of the sample
has been observed under an optical microscope and photographed using standard bright

field illumination technique.

B Phase

o Phase

Fig.3.9: Optical micrographs showing the key micro-constituents in Ti-6Al-4V alloy at

200X magnification
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The as-received initial microstructure is equiaxed in which broad « and fine g
alternate to form packets, as shown in Fig.3.9. Observations over a range of
magnifications revealed the two distinctly different micro constituents, a (hexagonal
closed packed — HCP) and g (body centered cubic — BCC) phases. The grains of the alpha
(o) phase (light) are well dispersed in the matrix of the transformed beta (f) (dark phase).
The average grain size of both o phase and the transformed g phase are 3-4 um.

The fracture surface of the fully deformed tensile test samples are comprehensively
examined using a scanning electron microscope (SEM) of make Hitachi, S-3400N
accelerating voltage 15kV. The samples for observation are sectioned parallel to the
fracture surface. The fracture surfaces are observed at different magnifications to
determine the macroscopic fracture mode and to concurrently characterize the intrinsic
features on the tensile fracture surface during uniaxial tensile deformation.

Representative fractographs of the tensile fracture surface of Ti—6Al-4V sheet at
various temperatures are shown in Fig. 3.10. Overall morphology of the tensile fracture
surface at 150X and 500X magnification appeared to be rough and uneven as shown in
Fig. 3.10 (a, c, e) over the range of temperature. Observation of fracture surface at higher
magnification of 2000X over the range of temperature revealed a healthy population of
shallow type dimples of varying size and shapes as shown in Fig. 3.10 (b, d, f).

When overload is the principal cause of fracture, Ti—-6Al-4V alloys fail by a process
known as microvoid coalescence. The microvoids nucleate at regions of localized strain
discontinuity, such as that associated with second phase particles, inclusions, grain
boundaries, and dislocation pile-ups. As the strain in the material increases, the

microvoids grow, coalesce, and eventually form a continuous fracture surface. The
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cuplike depressions are referred to as dimples, and the fracture mode is known as dimple

rupture.

<

(a) 150 X Magnification at RT D) 2000% Magnifiation at RT

nclusion

C

Inclusion

S8l v . Al % \ 4 I"-— Nl l“". L & [ i
(e) 150 X Magnification at 400°C (f) 2000X Magnlflcatlon at 400C
Fig.3.10: Representative fractography images of fracture tensile specimens over the range

of magnification
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Small dimples with varying size and shapes are formed when numerous nucleating
sites are activated and adjacent microvoids join (coalesce) before they have an
opportunity to grow to a larger size as shown in Fig. 3.10 (b, d, f). The formation of
shallow type dimples might involve the joining of microvoids by shear along slip bands.
Formation of large amounts of small shape and size dimples and microvoids are observed
in the fracture surface which indicates ductile fracture. Few inclusions are also reported
in the high magnification fracture surface morphology as shown in Fig. 3.10 (d & e). Fig.
3.11 shows Energy-Dispersive X-ray Spectroscopy (EDS) analysis of inclusion present at
400°C. Based on EDS analysis, it clearly indicates that inclusion is present in the fracture

surface. It could be a complex silicate containing major portion of silica and oxygen.
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Fig.3.11: EDS analysis of inclusion portion show in Fig. 3.10 (f)
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3.3 Experimental Investigation on Deep Drawing of Ti-6Al-

4V Alloy

3.3.1 Experimental Set up for Deep Drawing Process

Circular deep drawing process has been used to study the forming behavior of Ti-
6Al-4V alloy sheet at elevated temperatures. The basic geometry in a simple cup drawing
operation is shown in Fig. 3.12. Punch size (Dp), punch corner radius (Ry), die opening
(Dg), die corner radius (Ry) and blank size (Dyp) are the important physical parameters
which affect the deep drawing process. The clearance between die opening and punch is
another important parameter. Small clearance may lead to ironing, which is simply the
intentional thinning of the blank at the die cavity. Normally, to avoid ironing, the
clearance must be larger than the blank thickness (t). Usually, the clearance is 20% larger
than the initial blank thickness (Beddoes & Bibby, 1999). The other parameters which
affect the deep drawing operations are blank holder force, punch speed, lubrication,
properties of blank material (Ghosh et al. 1985). In a typical deep drawing process, a
circular blank of radius Ry and thickness ty is drawn by a flat-bottomed punch through a

die opening of radius rq with a constant blank-holding force.

Dy

Dy

Fig. 3.12: Basic geometry in a simple cup drawing process
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The experiments have been carried out on the test rig which is shown in Fig. 3.13.
This test rig is specifically designed so that deep drawing operations can be performed at
elevated temperatures. The technical specification of experimental set up is mentioned in
Table 3.6. Inconel die and punch have been manufactured on CNC lathes and tested for
geometrical features such as cylindricity, ovality, and taper. Nickel based super alloy has
been used for manufacturing die, blank holder and punch. Two sets of furnaces have been
utilized for 20 ton hydraulic press. One heater is employed to heat the blank. Another
heater is used to heat lower die in order to prevent the blank from becoming cold before
the actual drawing starts. Fig. 3.14 shows induction heating coil arrangement for deep

drawing process.

| I d
E“'.:I e Iil, f I

Fig. 3.13: Experimental test rig for deep drawing process
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Table 3.6: Technical specifications of experimental test rig

Capacity of the press 20 tons
Electrical motor HP 5HP

No of main cylinders 1no

Blank holder ram bore diameter 40 mm

Blank holder ram rod diameter 25 mm

Blank Holder ram stroke 300 mm

No of blank holder cylinders 2n0’s

Pressing speed 30~ 500 mm/min
Max operating pressure 140 Kg/cm?
Furnace 2 nos

Blank Holder

Punch

Die

Induction coil

Fig. 3.14: Induction heating coil arrangement for deep drawing process up to 400°C

The setup temperature has been controlled and prevented from overheating by means
of water circulation from cooling tower. A noncontact type pyrometer is used to measure
the operating temperature. Circular blanks have been machined by using wire-cut electro-

discharge machining process for high accuracy and finish.
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One major factor in deep drawing is the die corner radius and punch corner radius.
Sharp corners on the punch and die cause it to cut the sheet A radius of curvature on the
edge is necessary to change the force distribution and cause the metal to flow over the
curvature into the die cavity. Considering this, the radius of curvature to the punch corner
is kept 4 to 5 times of the sheet thickness; while the radius of curvature to the die corner
is given as 8 to 10 times of the sheet thickness (Hosford & Canddell, 2014).

Thinning in drawn cup is unavoidable, but it should be as minimum as possible for a
good quality cup. Maximum thinning occurs most likely on the punch corner region. A
correctly drawn cup may have up to 25% reduction in the thickness in this area (Singh
SK, 2008). Considering above factors, the appropriate dimension of tooling geometry

used for deep drawing process is shown in Fig. 3.15.

-30 —

7%

- 31 -~
~32.4~

65
200

(All dimensions are in mm)

Fig. 3.15: Dimensions of tooling geometry used for deep drawing process
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The possible forming behavior of Ti-6Al-4V alloy has been found by performing
deep drawing experiments from room temperature to 400°C at an interval of 50°C. The
circular blanks have been made form 48 mm diameter at interval of 2 mm. Molykote has
been used as an effective lubricant during the deep drawing process at elevated
temperatures (Singh SK, 2008).

Circular blanks have been kept at particular temperature for certain duration
(approximately 3-5 minutes) for uniform heating of sheet Deep drawing operation has
been performed when the blank reaches required temperature. The experiments have been
performed at punch speed of 20 mm/min and approximately 2% of yield strength as a
blank holding pressure. Data acquisition system is used to capture punch load and the

punch displacement data during the deep drawing process.
3.3.2 Failure Study in Deep Drawing Cups

The failure in the deep drawn cups has been studied. The fracture can be
distinguished in two ways; initial fracture and final fracture as shown in Fig. 3.16.
Similar fractures have been reported for HCP crystal structure alloy in the previous
literature (Djavanroodi & Derogar, 2010; Zhang S.H, et al., 2007). Initial fracture
appears in the punch corner region since the material possesses very low n value at room
temperature. For larger diameter blanks, due to more punch load requirement the extent
of thinning is more hence failure will be appeared in the neck region. The similar failure

is seen up to 100°C and is shown in Fig. 3.16 (a & b).
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©

€) (b)

Fig.3.16: Type of failures occurred during experimentation (a) neck failure at 50° C

(b) neck failure at 100° C (c) fracture at upper wall at 400°C

Another type of fracture observed is final fracture, i.e., chipping of wall materials
from upper region. This type of fracture is seen at the temperature of 400°C with larger
blank diameter (above 56 mm). The main reason might be a Bauschinger effect which is
more pronounced in Ti-6Al-4V alloy up to lower elevated temperature (Odenberger Eva-
Lis, 2005). Heavy compressive hoop stresses and radial tensile stresses are developed in
the flange region. Since the material losses its compressive strength due to Bauschinger
effect, even slight tendency of wrinkling will lead to fracture. On the other hand, it might
be possible of increasing a friction at die corner region due to ineffectiveness of
Molykote lubricant at high temperature. Therefore, excessive shear stresses are developed
on the outer surface of material in the bend region of die. In addition to this, compressive
stresses are developed on inner curvature of blank. Since the material is weak in
compression due to Bauschinger effect, the inner curvature of blank may become the site
for initiation of failure. As discussed before, this material does not exhibit much strain

hardening even at higher temperatures, hence drawing may lead to shear fracture in the
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upper region of the wall. One of the possible solutions to overcome this problem is to
increase the die curvature, which decreases the intensity of the compressive stresses on
the inner surface of the sheet metal. When large diameter blank is being drawn, due to the
excessive shear stresses on the bend region of die, the initiated crack has sufficient time
to grow and fracture the material. However, for smaller diameter blanks, the initiated
crack does not have sufficient time to propagate and the cups can be successfully drawn
before failure takes place.

Furthermore, the fracture surfaces of the failed cups have been comprehensively
examined using SEM of make ZEISS, SUPRA 55 VP accelerating voltage 20 kV. The
samples for observation have been sectioned parallel to the fracture surface using wire
cut EDM. Representative fractographs of the fracture surface in neck region at 50°C and
100°C are shown in Fig. 3.17 and Fig. 3.18 respectively.

Overall morphology of fracture surface appears rough and uneven when seen in lower
magnification fractography images. Observations of the fracture surface from Fig. 3.17 (b
& c) and Fig. 3.18 (b & c) at higher magnification reveals a healthy population of shallow
type equiaxed dimples of varying size and shapes. Equiaxed dimple indicates that failure
occurred due to excessive tensile stresses. Ti-6Al-4V alloy is failed by a process known
as microvoid coalescence. The microvoids nucleate at regions of localized strain
discontinuity, such as that associated with second phase particles, inclusions, grain

boundaries and dislocation pile-ups.
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Fig.3.17: SEM fractography images of neck region at room temperature
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Fig.3.18: SEM fractography images of neck region at 100°C
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Fig.3.19: SEM fractography images of wall region at 400°C

As the strain in the material increases, the microvoids grow, coalesce and eventually
form a continuous fracture surface. Small dimples with varying size and shapes observed
at higher magnification fractographs are formed when numerous nucleating sites are
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activated and adjacent microvoids join (coalesce) before they have an opportunity to
grow to a larger size as shown in Figure 3.17 (c) and Fig. 3.18 (c). This is a clear
indication of ductile failure in the neck region. The fractograph of wall region also shows
irregular and rough surface morphology and it is shown in Fig. 3.19 (a). Unidirectional
dimples are observed at wall region which is a clear evidence of shear failure. This failure
can be seen at higher magnification fractographs shown in Fig. 3.19 (b & c). This is an
evidence of chipping of materials due to excessive shear stress in the top of the wall

region.

3.3.3 Formability Study

Formability in the deep drawing process has been studied using LDR, thickness

distribution and earing profile.

Limiting Drawing Ratio (LDR)

Formability is difficult to be defined and quantified accurately. It depends on the
consequence of material properties and the complex tool blank interactions. LDR is a
quantifiable measure to calculate formability of sheet metal (Singh & Ravi Kumar, 2008).
Ti-6Al-4V alloy is difficult to draw up to 150°C. This can be also be seen from Table 3.2
that n value is very low at room temperature. Similar range of n values is reported in the
previous literature (Aly EI-Domiaty, 1992). There is a gradual increase in n value as the
temperature increases which implies the material has more scope for elongation before
necking. This could be the main reason of Ti-6Al-4V alloy being drawn only above
150°C. LDR at various temperatures is presented in Table 3.7. The maximum LDR of

1.86 is obtained which is substantially lesser than other metallic structural materials such
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as austenitic stainless steels (Singh et al.,, 2010). Fig. 3.20 shows representative

successfully drawn cup at various temperatures.

Table 3.7: LDR at various temperatures

Temp. °C) | 200°C 300°C 400°C

LDR 1.7 1.8 1.86

(a)

Fig. 3.20: Successfully drawn cups at various temperatures (a) 200°C (b) 300°C (c) 400°C

Thickness Distribution

The cups have been cut using wire cut EDM and thickness is measured from base of
the cup to the top of the wall. For every setting, three experiments have been performed
and average values of thickness values are considered. Thickness distribution of 52 mm
blank diameter with variation of temperature from 150°C to 400°C at interval of 50°C is
shown in Fig. 3.21 (a). As expected, neck formation appeared near the punch corner
radius and increase in thickness has been observed in wall region. As temperature
increases, reduced necking tendency has been observed due to consistent increase of n

value.
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Thickness distribution at 52 mm blank Thickness distribution at 400°C
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Fig. 3.21: Representative thickness distribution with variation of (a) temperature (b)
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Fig. 3.22: Representative punch vs. load displacement for 52 mm blank diameter with

variation of temperature

Additionally, as the temperature of blank is increased, there is a consistent decrease in
ultimate tensile strength and yield strength of material as shown in Table 3.4. This
decreases the mean flow stress at which the material is being drawn. Hence, lesser

amount of forces is appeared on the punch (Fig. 3.22); this further decrease the variation
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of the thickness in drawn cup. As expected, the representative punch displacement of 54
mm blank diameter with variation of temperature is shown in Fig. 3.22. Therefore, at
higher temperature more uniform thickness can be observed due to lower mean flow
stress and slightly larger n value. Alternatively, for larger blank diameter increased
tendency of thinning is observed at the punch corner as shown in Fig. 3.21 (b). Based on
this observation, it can be concluded that as temperature is increased, thickness is more
uniform which means better quality of cup will be obtained with optimum blank

diameter.

Earing Profile

It is important to note that earing is one of the important characteristics in deep
drawing since it is associated with the anisotropy in the sheet Earing in deep drawn cups
occurs from different plastic strain ratio at different directions (Yoon & Barlat, 2006).
Fig. 3.23 shows the representative earing profile of 54 mm blank diameter at 400°C. The

significant earing tendency (four ears) has been observed in all the deep drawn cups.

Earing profile
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Fig. 3.23: Representative earing profile of 54 mm blank diameter at 400°C
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3.4 Summary

This chapter discussed the experimental investigations about the forming behavior of
Ti-6Al-4V alloy at elevated temperatures using deep drawing process. The uniaxial and
biaxial material properties have been studied at various temperatures. The microstructure
and fractography study of failed tensile specimens have been investigated over the range
of temperature. The various qualitative aspects of deep drawn cups such as LDR,
thickness distribution and earing profile have been studied. Ti-6Al-4V alloy is difficult to
draw up to 150°C. The maximum LDR is found to be 1.86 at 400°C which is substantially
lower than the other structural alloys. The thickness distribution is significantly
dependent on temperature and blank diameter. The substantial earing tendency has been
observed in deep drawn cups.

These experimental findings need to be supported by the numerical analysis. The
reliability of the numerical techniques is largely dependent on the input material
properties and the appropriate selection of material models. Therefore, appropriate
material models need to be developed for Ti-6Al-4V alloy. The next chapter will discuss
about the development of various anisotropic yield criteria and constitutive models for

Ti-6Al-4V alloy at elevated temperatures.
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CHAPTER 4: MATERIAL MODELS FOR NUMERICAL
ANALYSIS OF SHEET METAL FORMING PROCESS

Numerical analysis is an essential tool for understanding the complex deformation
mechanisms that occur during sheet metal forming processes. Accuracy of these
techniques is largely dependent on the use of appropriate material models that describes
the complex behavior of the material. Material models involve the concepts of yield

criteria and constitutive models.

4.1. Yield Criteria

A vyield surface is defined as the hyper surface which encloses the elastic region.
Usually for sheet metal forming, yield locus is defined in the plane stress space. Many
yield criteria have been developed over the years. For isotropic metallic materials, the
well-known Von Mises or Tresca yield functions are often sufficient to describe the
plastic behavior of metals. However, in sheet metal forming the sheet materials are
usually anisotropic with respect to their plastic properties. In order to take into account
this plastic anisotropy, the yield function can be considered by introducing additional
parameters to describe the plastic anisotropic behavior (Beddoes et al., 1999). In the
present study, various advanced anisotropic yield criteria namely; Hill 1948, Barlat 1989,
Barlat 1996, Barlat 2000 and Cazacu Barlat have been developed for the Ti-6Al-4V alloy

at elevated temperatures.
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4.1.1 Hill 1948 Yield Criterion

In 1948, Hill proposed an anisotropic yield criterion as a generalization of the Huber-
Mises-Hencky criterion. The material is supposed to have an anisotropic with three
orthogonal symmetry planes. In case that the principal directions of the stress tensor are
coincident with the anisotropic axes, Hill 1948 yield criterion can be written as a
dependence of the principal stress as per Equation (4.1).

4.1
0_12_ 2r, o, + o (L+ ) o2 = g (4.1)
1+, oL+ 1)

Therefore, in order to define the yield under plane stress condition, three mechanical
parameters, namely the coefficients ry, rgoo, and one of the uniaxial yield stresses oo and

ogo are required.

4.1.2 Barlat 1989 Yield Criterion

Further popular development in the anisotropic yield criterion is Barlat 1989 yield
model. This model is the extension of Hosford theory to incorporate effects in materials
exhibiting normal anisotropy has been proposed by Barlat and Richmond (Banbic, 2010).
For transversely isotropic material, the Barlat 1989 criteria is mathematically a variation
of Hill 1948 in which the yield function exponent m takes the value 2. The exponent is
dependent on crystallography and it is considered as 6 for BCC structure and 8 for FCC
structure (Keum, et al., 2001). Barlat 1989 vyield criterion is expressed as per Equation

4.2)
f =alky + k1™ + alky — ky|M + ¢|2k,|M = 20 (4.2)
where, k; and k., are invariants of the stress tensor, as per Equation (4.3 and 4.4)
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_ o131+ hoy, (4.3)

oy = =2
4.4
_ 011 — hoy,\’ 2 2 “4
ky, = — 5 +pcoy;
a, ¢ and h are material parameters determined by:
(4.5)

a=2—-c=2-2 ToTs0
(14 199)(1 + 1)

4.6
h = To(1 + 799) (4.6)
Too(1 + 75)
The detailed procedure for determination of material constants have been mentioned

in previous literature (Barlat & Lian,1989). The calculated material constants of Barlat

1989 yield criterion for Ti-6Al-4V alloy at various temperatures is shown in Table 4.1.

Table 4.1: The material constants of Barlat 1989 yield criterion for Ti-6Al-4V alloy

Temp. (°C) a c h p
RT 1.73 0.26 1.18 1.18
50 1.72 0.27 1.18 1.20
100 1.70 0.29 1.15 1.24
150 1.68 0.31 1.15 1.32
200 1.63 0.36 1.09 1.47
250 1.62 0.42 1.09 1.52
300 1.57 0.44 1.07 1.62
350 1.54 0.47 1.07 1.66
400 1.50 0.50 1.05 1.70
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4.1.3 Baralt 1996 Yield Criterion
The yield criterion proposed by Barlat.et al., is expressed as per Equation (4.7)

¢ =Xy Sy — S3|® +oq [S3 — 51|% o3 |Sy — S5|* = 25 (4.7)
where, & is equivalent stress and a is a material parameter which is the same as Barlat

1989 yield criterion. S; corresponds to principal values of Cauchy stress deviator.

The equivalent stress deviator is defined as

[s] = [L][o]
(c,+¢,)/3  —c,/3 -c,/3 0
where, L= -c,/3  (c;+¢)/3  —¢,/3 0 (4.8)
-c,/3 -¢,/3 (¢, +c,)/3 O
0 0 0 C,

C1, C2, C3, C4 are material constants and «;—, , 3 depends upon the orientation of frame of

the principal value of S and anisotropy axis (Barlat & Lian, 1989).

OCi=0Cx Pliz +Ocy Pziz +OCZ P3i2 (49)

For a plane stress condition when shear stress is zero the yield function becomes

b =y |Sy =5, +, 1Sz — Sx|® +40 |Sx — Syla = 25° (4.10)

where,
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For instance, consider oc,,= 1. Therefore, seven material constants are calculated by
solving above seven non-linear equations. The detailed procedure for material constants
determination has been mentioned in the previous literature (Barlat et al., 1997a). The

calculated material constant for Barlat 1996 yield criteria is presented in Table 4.2.

Table 4.2: The material constants of Barlat 1996 yield criterion for Ti-6Al-4V alloy

Temp.°C) | Co Cs Ca Oy ay 020 021
RT 1.08 1.35 1.87 1.90 1.83 0.84 1 0.95
50 1.06 1.30 1.85 1.88 1.80 0.82 1 0.93
100 1.04 1.20 1.79 1.84 1.75 0.78 1 0.89
150 1.02 1.10 1.75 1.80 1.71 0.74 1 0.85
200 1.01 1.09 1.71 1.76 1.65 0.67 1 0.81
250 0.91 0.94 1.61 1.70 154 0.64 1 0.77
300 0.87 0.90 141 1.61 1.43 0.60 1 0.58
350 0.81 0.84 1.35 1.59 1.30 0.58 1 0.67
400 0.75 0.80 1.22 1.43 1.25 0.55 1 0.65

4.1.4 Barlat 2000 Yield Criterion

Barlat 2000 yield function represents as two complex functions as per Equation (4.11)

(Banabic, 2010).

¢' = |X1, _X2,|ai ¢” = |2X2” +X1”|a + |2X1” +X2”|a

¢ =X =X |1+ 12X, + X" |7 + 12X, + X,"|* = 20,° (4.11)
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X'} =[C"s} = [C"][T][o] = [L'][o]

{X"} =[C"Ks} = [C"][T]lo] = [L"][0o] (4.12)
2/3 -1/3 0
where, |[T]= [—1/3 2/3 0]
0 0 1

X'12 and X"1, are the principal values of the linearly transformed stress deviator

matrices {s},

When the matrices C' and C" are taken as identity matrix the above criteria reduces to
isotropic case. For the simplicity of calculation, anisotropy parameters and the

coefficients of L' and L" are related as

L, [2/13 0 0]

L'y | [-1/3 0 0fe

L,,|=| 0 -1/3 0]a,

L', 0 2/3 0fa, (4.13)
L'e] | O 0 1]

L'yl [-2 2 8 -2 0fa,)

L', 1 -2 -4 -4 0|a, (4.14)
L', |=| 4 -4 -4 1 0fa

L', -2 8 2 -2 0|,
"] O 0 0 0 9]a

Exponent a is the same parameter as in the three parameter Barlat’s criterion.
Matrices C' and C" are expressed in terms of eight anisotropy coefficients «;, for

isotropic case o; is unity. For determination of material parameters «; to wg, eight

mechanical parameters are required. Yield stress (oy) and Lankford parameters (r) in 0°,

76



45° and 90° orientation have been taken from uniaxial tensile tests. Additionally, biaxial
yield stress (op) and biaxial anisotropy coefficient (r,) have been considered for constant
determination (Banabic, 2010). The detailed parameter descriptions were mentioned in
previous literature (Barlat F et al., 1997). The calculated material constants for Barlat

2000 yield criterion is presented in Table 4.3.

Table 4.3: The material constants of Barlat 2000 yield criterion for Ti-6Al-4V alloy

Temp.
()
RT. 1.43 0.20 0.50 0.90 0.91 0.62 1.05 1.29

a a as s as ag arz as

50 1.40 0.32 0.53 0.91 0.91 0.62 1.05 1.33

100 1.37 0.40 0.54 0.93 0.92 0.63 1.06 1.38

150 1.33 0.58 0.56 0.95 0.92 0.63 1.06 1.44

200 1.20 0.68 0.58 0.95 0.93 0.64 1.08 1.52

250 1.14 0.74 0.60 0.96 0.93 0.64 1.10 1.55

300 1.09 0.80 0.62 0.97 0.94 0.66 1.10 1.58

350 1.03 0.83 0.67 0.98 0.94 0.69 1.11 1.62

400 0.97 0.87 0.69 0.98 0.96 0.74 1.13 1.66

4.1.5 Cazacu Barlat Yield Criterion

Stress asymmetry (Bauchinger effect) is more predominate in HCP crystal structure
alloy. Anisotropic yield criterion which consists of both tension and compression
asymmetry is proposed by Cazacu et al. (2006). For extending this criterion, stress
deviators is linearly transformed and the principle values of Cauchy stress deviator in the
yield function are replaced by transformed tensor. The proposed anisotropic Yyield

function is given as Equation (4.15)
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where, £ = C[s]and C =

[121] = k211 + [|122] — k217 + [125] — k23]

a —

F

(4.15)

(4.16)

where, C is a fourth order transformation tensor with reference to orthotropic (x, v, z)

axes and F is the size of yield locus, k is based on yield stress in tension/compression and

material parameter a in the yield function. The detailed procedure for constant

determination has been mentioned in the previous literature (Cazacu et al., 2006).

In the present study, linear approximation has been considered for determination of

biaxial yield stress and compressive stress value at intermediate temperature range

(Odenberger etal., 2013). However, Cazacu Barlat yield criterion considers stress

asymmetry (Bauschinger effect). It means the yield locus is not symmetric. Hence, the

calculation of material constants at intermediate temperature is not possible due to

convergence issue. Therefore, Cazacu Barlat yield criteria constants are determined only

at 400°C, as presented in Table 4.4.

Table 4.4: The material constants of Cazacu-Barlat yield criterion for Ti-6Al-4V alloy

Temp. (°C)

C11

Ca

Css

Cp

Cis

Cas

C44

400

1.95

1.83

1.95

0.68

0.48

0.45

1.88

-0.08
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4.1.6 Comparison of Yield Criteria

The performance of the yield criteria must be evaluated by thorough comparison with
the experimental data. These comparisons should not be limited to the analysis of the
yield locus shape. They should also envisage the planer distribution of the uniaxial yield
stress and uniaxial coefficient of plastic anisotropy. The selection of yield criteria is also
dependent on number of material parameters required and complexity involved for

parameter determination (Banabic, 2010).

Fig. 4.1 (a & b) shows representative yield loci using Hill 1948 and Barlat 1989 yield
criteria respectively. It can be observed that the prediction capability of both these yield
criteria is very poor in biaxial state of stress and compressive state stress. Moreover, yield
stress and anisotropic coefficient variation is poorly predicted by Hill 1948 and Barlat
1989 yield criteria as shown in Fig. 4.2 (a & b). But, these two models are popularly used
in sheet metal industry because parameters required for determination of constants are
less and determination procedure is easy. The similar observations were observed in

previous literature for highly anisotropic materials (Banabic, 2010).

Fig. 4.1 (c & d) shows representative yield locus using Barlat 1996 and Barlat 2000
yield criteria. It can be seen that the prediction capability of these two yield criteria is far
superior to Hill 1948 and Barlat 1989 vyield criteria. However, still the prediction
capability is poor in case of compressive state of stress. The main reason for poor
prediction is that these yield criteria do not consider stress asymmetry in account.

However, in Ti-6Al-4V alloy, Bauschinger effect is more noticeable at elevated
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temperatures. Additionally, yield stress and anisotropic coefficient variation is more

accurately predicted by using Barlat 1996 and Barlat 2000 yield criteria.

(2) Hill 1948

Barlat 1989 Yield Locus at 400°C
1000

Barlat 1996 Yield Locus
1000

-1000
On

—4000eg  ® Expt.

1000 1000
1000
Oy
——a00Deg  * Exph
(b) Barlat 1989
Barlat 2000 Yield Locus
1000
8
-1000 1000

<1000
O

= Barlat 2000 ® Expt

(c) Barlat 1996

(d) Barlat 2000

1000

Cazacu Barlat Yield Locus

1000

(e) Cazacu Barlat
Fig.4.1:Representative yield loci for Ti-6Al-4V alloy at 400°C
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Table 4. 5: Mechanical tests required for various considered yield criteria

Yield Model | Parameters Tests Required
00| 045 | 09 | Ob | Fo | Fa5 | Foo | I'b | Oc
Hill 1948 4 * * * *
Barlat 1989 4 * ol B
Barlat 1996 8 ol e I < 2 B A R I -
Barlat 2000 8 il B B ol B el ¥
Cazacu Barlat 8 Sl IR I - B N I I 2

* Uniaxial Tensile test
# Biaxial Tensile test

x Compression test

However, these yield criteria involves more number of material parameters which
require more number of mechanical tests need to be done for determination of material
constants. Table 4.5 shows mechanical tests required for determination of material

constants using various yield criteria.

Further accuracy in yielding prediction can be achieved by considering stress

asymmetry. Cazacu Barlat yield criterion is very well suited for stress asymmetry or
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Bauschinger effect. Fig. 4.1 (e) shows representative yield locus using Cazacu Barlat
yield criteria at 400°C. It can be observed that all the state of stress is accurately predicted
using Cazacu Baralt yield criteria. Also, yield stress and anisotropic coefficient variation
(Fig. 4.2) prediction is accurate with experimental data points. Therefore based on the
above observations, it can be concluded that Cazacu Barlat yield criterion is very well

suited for Ti-6Al-4V alloy at elevated temperatures.

4.2 Constitutive models

In the present study, three phenomenological based constitutive models namely;
modified Fields-Backofen (m-FB), Johnson Cook (JC), modified Arrhenius (m-Arr.) and
two physical based constitutive models viz.; modified Zerilli and Armstrong (m-ZA) and
Mechanical Threshold Stress (MTS) model have been developed for Ti-6Al-4V alloy at

elevated temperatures.
4.2.1 Modified Fields-Backofen Model

Fields and Bachofen (FB) proposed the constitutive model which is an extension of
modified Hollomon power law (Fields & Bachofen, 1957). FB model is mathematically

represented by Equation (4.17).

m (4.17)

c=Keg".¢

where, K is the strength coefficient, n is the strain-hardening exponent, and m is the
strain-rate sensitivity exponent. This equation is widely used to describe the stress—strain

relationship and it can well express the work-hardening phenomenon by the strain-
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hardening exponent (n-value) and the strain-rate sensitivity exponent (m-value), which

are the important parameters influencing the workability of metals or alloys.

Generally, the flow deformation behavior exhibited softening character at higher
temperature under lower strain-rate. FB model is inaccurate to describe the softening
behavior (Cheng et al., 2008). Therefore, in modified Fields Bachofen (m-FB) introduced
a softening items into FB model to describe the softening behaviors (Zhang, 2003). The

modified proposed Equation is mentioned below.

o = Ke"é™(bT + s¢) (4.18)
where, dino (4.19)
S = ? = 0.92656

b is the material constant and s is softening ratio of Ti-6Al-4V due to increase of
strain, s is mathematically represented by Equation (4.19). The material constants are
calculated using unconstrained nonlinear optimization procedure for minimization of
error. Parameters K and n vary with respect to both temperature and strain rate whereas
m varies with respect to temperature only. The variation of the parameters with respect to

temperature and strain rate is empirically represented by Equations (4.20 - 4.22).

K =a+ flné +% (4.20)
C .
n =A+ Blné +—= (4.21)
T
E (4.22)

The material constant for m-FB model is presented in Table 4.6.
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Table 4.6: Material constants for modified Fields—Backofen (m-FB) constitutive model

a B Y A B
1677.50 -3.6383 -415.99 0.0416 -0.0032
C D E b S
0.5561 0.1743 -42.62 0.0004 0.9265

4.2.2 Johnson Cook Model

The Johnson Cook (JC) constitutive model is a most widely known as a temperature,
strain and strain-rate-dependent phenomenological flow stress model, and is successfully
used for a variety of materials with different ranges of deformation temperature and
strain-rate (Johnson & Cook, 1983). The original Johnson—-Cook model can be expressed

as per Equation (4.23)
o=A+B")(A1+ClneyaQ —T™) (4.23)

where, o stands for flow stress, A stands for yield stress at reference strain rate (g;)

and reference temperature (Ty), B for coefficient of strain hardening, & for plastic strain,

&* for dimensionless strain rate (where &* = é/g-o with ¢ is strain rate) and T* for

homologous temperature.

T_Tref

Where’ T - Tm_Tref (424)
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T is current absolute temperature and T, is the melting temperature; for Ti-6Al-4V
alloy, the melting temperature is 1923K. It should be noted that the original JC model
considered the effect of the strain rate and temperature individually. The detailed
procedure for constant determination has been mentioned in previous literature (Gupta et

al., 2013).The material constants for JC model is mentioned in Table 4.7.

Table 4.7: Material constants for Johnson Cook (JC) constitutive model

Parameter A (GPa) B (GPa) n C m

Value 0.8694 0.6495 0.3867 0.0093 0.7579

4.2.3 Modified Arrhenius Model

The Arrhenius equation is most widely used to describe the relationship between the
strain-rate, flow stress and temperature, especially at high temperatures. The effects of
the temperatures and strain-rate on the deformation behavior can be represented by
Zener—Hollomon parameter in an exponent-type Equation (4.25).

7= éexp(RQ—T) (4.25)

where, Q is the activation energy (KJ mol™), R is the universal gas constant (8.314 J

mol*K™), T is the temperature in Kelvin and & "= strain rate and can also be expressed by

the function in Equation (4.26)
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¢ = A[sinh(ao)]" exp(— R&T) (4.26)

Therefore, final flow stress Equation (4.27) is:

Z/Tl 1/2 (427)

|6

g

The effect of strain is not taken into account by this constitutive Equation (4.35).
Modification in the constitutive equation has been proposed by Equation (4.28) (Xiao and

Guo, 2011).

g = Boefr exp(—p,e) (4.28)
where, B,, 5, and 8, are constants.

Now, final constitutive Equation which satisfactorily describe the effect of strain rate,
temperature and strain on steady state flow stresses, is developed by combining (4.27)

and (4.28) as follows:

1/2 (4.29)

1/n

D]

o= %eﬁl exp(—p,¢)In (—)

The material constants A,a, n, Q, By, B and B, are determined by using the stress
strain data from the experiments done under different deformation temperatures and

strain rates. 3y, B; and 3, are calculated for each strain rate and temperature. The detailed
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procedure for constant determination has been mentioned in previous literature (Xiao and
Guo, 2011). The constants determined for the m-Arr model are listed in the Table 4.8 and

Table 4.9.

Table 4.8: Material constants for modified Arrhenius (m-Arr.) model

Parameter a(MPa™) n Q (kJ/mol) A(sh

Value 1.35 65.17 202.40 2.56e9

Table 4.9: Coefficients of Equation B with Zener-Hollomon parameter (Z)

Parameter Bo B1 B

Value

-0.0061 1.4907 -0.0013 0.1189 -0.0154 0.4106

4.2.4 Modified Zerilli Armstrong Model

The modified Zerilli Armstrong (m-ZA) model is derived based on dislocation
mechanisms, which in fact play a main role in determining the inelastic behavior of a
metal and its flow stress under different load conditions (Zerilli & Armstrong, 1987). m-

ZA model represents flow stress mathematically as per Equation (4.30).
o = (Cl + Czen) eXp{—( C3 + C4€)T* + (CS + C6T*) ln E*} (430)

where, o stands for flow stress, € for equivalent plastic strain, & for strain rate,
T*= T —Tref, where T is current temperature, T,.ris reference temperature

(Trer = 323 K) and Cy, Cy, C5, Cy, Cs, Cg and n are the material constants.
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m-ZA equation considers the phenomena of isotropic strain hardening, temperature
softening, strain rate hardening, and the coupled effects of temperature, strain and of
strain rate while predicting the flow stress at elevated temperatures. The reference strain
rate is taken as 0.1 s™* and reference temperature is 323 K. The detailed procedure for
constants determination has been used from previous literature (Gupta et al., 2013). The

calculated material constants for m-ZA model are mentioned in Table 4.10.

Table 4.10: Material constants for modified Zerilli Armstrong (m-ZA) model

Cy Cs Cs Cs Cs Cs n

869.40 640.50 0.0013 -9.57e-4 0.0095 6.94e-6 0.3867

4.2.5 Mechanical Threshold Stress model

Mechanical Threshold Stress model is a physical based model. The flow stress

behavior is expressed as Equation (4.31)

ay(ep,é, T) = 0,+(s;0; +seae)@ (4.31)

where, g, is flow stress as a function of equivalent plastic strain ¢, and strain rate &
and temperature T. g, is the athermal component of mechanical threshold stress, o;is the
intrinsic component of the flow stress due to barriers to thermally activated dislocation
motion, o, is the component of the flow stress which depends upon strain hardening of

material.

S; and S; temperature and strain rate dependent scaling factors which takes Arrhenius

form expressed as Equation (4.32 and 4.33)
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1

§;= {1 ~ |5 In [STF}IJ (4.32)

S,= {1 - s in [—]q_}p (4.33)

where, g,i, goe are normalized activation energies and &,;, &, are constant reference
strain rates. p;, qi, Pe, q. are constants generally vary from 1 to 2. K, is the Boltzmann

constant and b is magnitude of Burger’s vector (Holmedal, 2007).

o, represents the strain hardening component of mechanical threshold stress model. It

is represented by modified Voce model as per Equation (4.34)

doe _ 4.34
2 =0(00) (4.34)

6(0e) = 6o [1 — F(0.)]+61 [F (0.)] (4.35)

0(o,) is expressed as mentioned in Equation (4.50) where 8, is the strain hardening rate
due to dislocation accumulation, 6; is a saturation hardening rate usually taken as

zero.6, is empirically related with strain rate and temperature as Equation (4.36)

00 = a0+allné+a2ln\/g + a3T (436)
tanh(a;—e) (4.37)
F (Je) - tanh(a)
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In(0%s/ (00es) = (gipmnig) o] (4.38)

E(,T)b3goes &oes

where, a,, a4, a,,a; constants and « is best fit constants that implies the rate at which
saturation is achieved.€ strain rate, T is temperature and o, IS the saturation stress at
zero strain hardening rate, 0,es,Joes, aNd €,.s 1S saturation threshold stress for
deformation at OK, associated normalized activation energy and is the maximum strain
rate respectively. The detailed procedure for constant determination has been mentioned
in the previous literature (Banerjee, 2007). The material constant values for mechanical

threshold stress model are listed in Table 4.11.

Table 4.11: Material constants for Mechanical Threshold Stress (MTS) constitutive model

O'C? n g; (MPa) Yoi Ooes (MPQ) Yoes

900 0.075 412.6894 0.0242 1740.0062 0.0429

4.2.6 Comparison of constitutive models

Graphical comparison between the experimental and the predicted values of flow
stress for all the models at four representative settings is shown in Fig. 4.3 (a, b, ¢ & d).
Two settings are at low temperature with low and high strain rates (a & b) and the other

settings is at high temperature with low and high strain rates (¢ & d).
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Fig.4.3: Representative flow stress prediction using various constitutive model prediction

Correlation coefficient (R) is a commonly used statistical tool which provides
information on the strength of linear relationship between the experimental and predicted
values. Although the value of R might be high, it is not necessary that the performance of
the model is high, as the model might have a tendency to be biased towards higher values
or lower values of the data. Hence, average absolute error (4), which is computed through
a term by term comparison of the relative error, is an unbiased statistics for measuring the
predictability of the model. Therefore, the prediction capability of constitutive models
has been assessed by correlation coefficient (R), average absolute error (4) and its
standard deviation (S). Also, the suitability of these models is compared based on the

number of material constants to be evaluated and the procedure of their evaluation. Table
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4.12 shows comparison of various constitutive models based on statistical measures and
number of material constants. Fig. 4.4 shows the R graphs for all the considered

constitutive models.

Table 4.12: Comparison of various constitutive models based on statistical measures

and number of material constants

m-FB JC m-Arr. m-ZA MTS
R 0.8702 | 0.9777 | 0.9757 | 0.9787 | 0.9614
A g (%) 6.65 3.17 2.85 3.95 3.21
S (%) 5.98 221 1.67 3.01 2.96
Number of material constants 10 5 10 7 6

As it can be seen from Fig.4.3 and Table 4.12 that the predictions of m-FB model
have more deviation from the experimental values, whereas the predictions of all other
models (JC, m-Arr.,m-ZA and MTS) are very close to the experimental values. This is
also evident from Fig. 4.4 (a) and Table 4.12, as the R (0.8702) value for m-FB model is
lesser than that of other four models and higher value of error (4= 6.65%) and its
standard deviation (S = 5.98%) proves m-FB model to be least suitable for prediction of

flow stress.

Considering the correlation coefficient, all the models show very high degree of
goodness of fit as the R value is above 0.96. This R value may be biased towards higher
or lower values. Therefore, average absolute error and its standard deviation are used to
check the accuracy of the predictions. The m-Arr. model gives the least error of 2.85 %
and standard deviation of 1.67 %.However, the drawback of m-Arr. model as compared

to other models is it requires 10 material constants to be evaluated, which increases the
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computational time and complexity. The JC model requires only 5 material constants and

the error value (4 = 2.21%) is also close to that of m-Arr. model.

(d) MTS

Fig.4.4: Correlation coefficient for various constitutive models
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JC and m-Arr. models are phenomenological models, i.e., these do not consider the
physical aspects while predicting the flow stress, whereas both m-ZA and MTS models are
physical based models and consider the physical aspects of materials like theory of
thermodynamics, thermally activated dislocation movement, and kinetics of slips. Hence,
considering all these points, i.e., statistical measures, physical aspects for flow stress
predictions, number of material constants and the complexity involved in the computation
of the material constants, MTS model is a preferred model over the other models

considered in this study.

4.3 Summary

This chapter discussed about development of various anisotropic yield criteria and
constitutive model for Ti-6Al-4V alloy at elevated temperatures. The detailed procedures
for determining the material constants have been discussed. Based on the various
evaluation parameters, The Cazcau Barlat yield criterion and MTS constitutive model is

best suited for Ti-6Al-4V alloy at elevated temperatures.

These material models (yield criteria + constitutive models) are essentially required
as an input for theoretical and numerical analysis of Forming Limit Diagram (FLD). The
next chapter discuss about experimental and theoretical investigations of FLD using

various material models.
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CHAPTER 5: EXPERIMENTAL AND THEORETICAL
STUDIES OF FORMING LIMIT DIAGRAM

Forming Limit Diagram (FLD) offers a convenient and useful tool to predict the
forming limit in sheet metal forming processes. FLD attempts to provide a graphical
description of material failure during sheet metal forming processes such as deep
drawing, stretching, bending, etc. It shows the critical combinations of major strain and

minor strain in the sheet surface at the onset of necking failure.

In this chapter, experimental and therotical analysis of FLD have been investigated.
The experimental FLD has been determined using Nakazima test method. The detailed
fractography analysis of failed stretched specimen has been examined using SEM.
Additionaly, therotical FLDs are determined using Marciniak-Kuczynski (M-K) theory.
The developed anisotropic yield criteria and hardening models are incorporated in M-K

theory. The therotical FLD results are compared with the experimental FLD.

5.1 Introduction to Forming Limit Diagram

The most useful tool to assess formability is the forming limit diagram (FLD). The
research in this area is initiated by Keeler (1965). During forming, the initial circles of
the grid become ellipses. Keeler plotted the major strains against the minor strains
obtained from such ellipses at fracture of parts after biaxial stretching as shown in right
side of Fig. 5.1. Later, Goodwin (1968) plotted the curve for the tension/compression
domain by using different mechanical tests, which is shown in left side of Fig. 5.1. The

combined diagram of Keeler (right side) and Goodwin (left side) is popularly called as
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the FLD. Connecting all of the points corresponding to limit strains leads to a Forming
Limit Curve (FLC). The FLC splits the ‘fail’ (i.e. above the FLC) and ‘save’ (i.e. below
the FLC) regions. The intersection of the limit curve with the vertical axis (which
represents the plane strain deformation (e, = 0) is an important point of the FLC. The

position of this point depends mainly on the strain hardening coefficient (n) and also on

thickness of sheet (Banabic, 2010).
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Fig.5.1: Forming limit diagram as defined by Keeler and Goodwin (Banabic, 2010)
Currently, depending on the kind of limit strains, different types of FLD’s are

determined: for necking and for fracture as shown in Fig. 5.2. FLDs must cover as much
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as possible the strain domain which occurs in industrial sheet metal forming processes.
The diagrams are established by experiments that provide pairs of values of the limit
strains, ¢; and &, obtained for various loading patterns (uniaxial, biaxial, plane strain,

etc.).

There are various tests such as simple tension test, hydraulic bulge test, Keeler test,
Nakazima test and their combinations are used to determine various strain paths in FLD.
Generally, a popular test method used for FLD determination is Nakazima test (Banabic,
2010).
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Fig.5.2: Forming limit diagram for necking and fracture (Banabic, 2010)
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5.2 Experimental Forming Limit Curve

Experimental FLC has been plotted by conducting Nakazima test as per ASTM E2218
standards. It has been observed that stretching capability i.e. LDR of Ti-6Al-4V is
substantially lower than the other structure alloy at elevated temperatures. However, the
maximum LDR (better stretching capability) is found at 400°C. Therefore in the present
study, FLC has been determined at 400°C. The test set up is made of a hemispherical
punch, die, blank-holder and draw-bead to prevent any sliding motion as shown in Figure
5.3. The experimental procedure mainly involves three stages - grid marking on sheet
specimens, punch-stretching the grid-marked samples (up to safe, neck and failure) and
measurement of strains. The specimen dimensions have been considered from 120 mm x
120 mm and subsequently reducing one side by 10 mm for every specimen up to 30 mm.
This is done to subject the sheet samples for different states of strain, i.e. the uniaxial
tension-compression zone, plane strain and the biaxial tension zone. Fig. 5.4 shows

dimensions of specimens used for FLC study.
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Fig.5.3: FLD test setup as per ASTM E2218 standard
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Fig.5.4: Dimension of specimens used for experimental FLC

Circular grid pattern on Ti-6Al-4V alloy sheet has been etched using electro-chemical
etching process (grid circle diameter = 5 mm). Then, specimens have been stretched using
hemispherical punch. The strains have been estimated by measuring the deformation of
the grid as near as possible to the fracture zone, neck zone and safe zone using a traveling
microscope. FLC has been drawn by plotting the minor strain () in abscissa and
corresponding major strain (1) in ordinate. The experimental FLC is shown in Fig. 5.5.
The strains of the specimen corresponding to plane strain is a characteristic of the
material. It has been noted that the strains at plane strain condition is approximately equal

to the n value at 400°C (n=0.067).
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Fig.5.5: Experimental FLC for Ti-6Al-4V alloy at 400°C

Dome height of the specimens have been measured with variation of width of the
specimens as shown in Fig. 5.6. It is observed that, the dome height is minimum at plane
strain condition and it increases in the region of uniaxial and biaxial state of stress region.
This curve is popularly called as a Limiting Dome Height (LDH) diagram (Ghosh, 1975).
In spite of its advantages of easy calculation of dome height, the method has been little

used in industry (Banabic, 2010).

The thickness distribution of successfully drawn stretched specimens have been
measured from one end to another end. The representative thickness distribution of
various width specimens which cover biaxial, plane strain and uniaxial state of stress is
shown in Fig. 5.7. As expected, the maximum deformation zone is observed at the centre
portion of stretched specimen. Therefore, minimum thickness is obtained at the centre

portion as shown in Fig. 5.7. The thickness reduction is more in case of biaxial state of
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stress region (120 mm %120 mm) than the plane strain (120 mm %80 mm) and uniaxial
state of stress region (120 mm x 30 mm). It indicates that the material has possibly more

deformation in biaxial and plane strain region than the uniaxial state region.
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Fig.5.6: LDH diagram for Ti-6Al-4V alloy at 400°C
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Fig.5.7: Representative thickness distribution at various widths of specimen
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5.3 Fractography Study

The fracture surfaces of the representative failed specimens have been
comprehensively examined using SEM of make ZEISS, SUPRA 55 VP accelerating
voltage 20 kV. The samples for observation have been sectioned parallel to the fracture
surface using wire cut EDM. Representative fracture surface for uniaxial tension region
(120 mmx=30 mm), plain strain region (120 mmx=80 mm) and biaxial tension region (120

mmx120 mm) is shown in Fig. 5.8.

The overall morphology of fracture surface appears to be rough and uneven which is
shown in Fig. 5.8 (a, ¢ & e). In uniaxial tension region, the SEM fractograph (Fig. 5.8
(b)) indicates healthy population of unidirectional dimples of varying size and shapes. It
is a clear indication of shear failure. However, in plane strain region, the shallow type of
small size equiaxed dimples is observed. Small dimples are formed when numerous
nucleating sites are activated and adjacent microvoids join (coalesce) before they have an
opportunity to grow to a larger size as shown in Fig. 5.8 (d). This is a clear indication of
ductile failure due to excessive tensile stresses. In case of a biaxial tension region, similar

fracture has been seen as shown in Fig 5.8 (e & f).
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Fig.5.8: Representative SEM images (a & b) uniaxial tension region (120 mmx30 mm) (c
& d) plane strain region (120 mmx=80 mm) (e & f) biaxial tension region (120

mm x 120 mm)
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5.4 Theoretical Analysis for Forming Limit Curve

Experimental FLDs are time consuming and expensive, especially at elevated
temperature, resulting in a great interest in employing theoretical models to simulate
FLCs (Djavanroodi & Derogar, 2010). Consequently, considerable effort has been made
to construct reliable forming limit prediction models from the perspective of theoretical
calculations. The most widely used mathematical model is Marciniak-Kuczynski (M-K)

theory (Banabic, 2010).

M-K model is based on the hypothesis of the existence of imperfections in sheet
metal. According to Marciniak’s hypothesis, sheet metal has geometrical (thickness
variation) and structural imperfections (inclusions, gaps). In the sheet metal forming
process, these imperfections progressively evolve and the plastic deformation of the sheet
metal is almost completely localized in them, leading to the necking of the sheet metal

(Banabic, 2010).

M-K model has been intensively used and developed by researchers due to the
advantages it offers. It has an intuitive physical background; it correctly predicts the
influence of different process or material parameters on the limit strains; the predictions
are precise enough; the model can be easily coupled with FE analysis. The main
drawbacks of this model are: the prediction results are very sensitive to the material
models used, as well as to the values of the non-homogeneity parameter (Sansot Panich
et al., 2013). In the present work, various material models have been incorporated in M-K

theory for theoretical FLCs prediction.
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This initial inhomogeneity factor is considered due to geometric and physical causes.
It is considered in the direction perpendicular to the maximum principal stress. This
means, there is a linear groove before deformation occurs on the sheet surface. The zone
outside the groove is considered as zone A and the groove is considered as zone B, as
shown in Fig. 5.9. A Cartesian coordinate system is aligned with the symmetry axes: the
x-axis is along the rolling direction of sheet, and the y-axis is along the transverse
direction of sheet This initial imperfection can be defined by a thickness ratio as per

Equation (5.1).
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where, hJ',h? are the initial thicknesses of zone A and zone B, respectively. f, isa

inhomogeneity parameter of the M-K model. The boundary of the sheet (assumed to be
far away from the groove) is subjected to monotonic proportional straining parallel to the

symmetry axes.

(5.2)

where, ¢,,&, are components of strain along the coordinate axes. The &, is major
strain and ¢, is minor strain. The value of fo is varied until the theoretically predicted

FLC curve agrees best with the experimental curve at the plane strain condition, i.e., for
p= 0. As deformation increases, the thickness of zone B reduces continuously and faster
than that of region A. Hence, it has to bear increasingly higher stresses than those in zone
A. There will be a point when the region B has deformed substantially more than region

A, signaling the start of necking. The failure criterion is thus:

@ <N (3)

deg

where, da,dg denote the equivalent strains in the respective regions. From a
computational point of view, the constant N should be a small number so as to ensure that
region B has deformed sufficiently more than region A. Then it can be said with certainty
that necking would have occurred. The common range of N value is taken as 0.15 to 0.20
(Banabic, 2010). For the present study, N is chosen as 0.15 which ensures substantial

deformation of sheet before necking.
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5.4.1 Formulation of Marciniak Kuczynski (M-K) model

The ratio of stresses and strains is defined as per Equation (5.4)

o & de, (5.4)

_E

Here, x is the rolling direction and y is the transverse direction. The effective stress

and strain are defined as per Equation (5.5)
ce=0.8+0,8, =0, (+ap) (5.5)
The associative flow rule is given by Equation (5.6)

- 5.6
de, =d1 2% 50)

aau

Using the associative flow rule and the constant volume condition given by

de, +de, +de, =0, Equations for de,,de,,de, are obtained.

The M-K model incorporates a compatibility condition

de) =de; (5.7)

y

Furthermore, the sheet metal being deformed will always be in equilibrium. This is

represented by the force balance Equation:

quC(g = £_A+d8A,é = dgA): fngC(g = §+ng,é = ng) (5.8)
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where, C is the function representing the required constitutive model, ¢ = Ix and

o)

f= A and t,,t, denote the instantaneous thicknesses of regions A and B. This ratio can

B

be found by using the Equation
f=fyexp(e—e8) (5.9)

The value of fy is arbitrary chosen for FLC prediction. This value is varied across a
range of 0.85 to 0.999, to ensure that at some value the predicted FLC matches the
experimental results at the plain strain condition (Butuc et al., 2003). The value of p is
varied from -0.45 till 0.95 to get all the points on the FLC (Moshksar & Mansorzadeh,
2003). The variation of p is done so as to find the forming limit along different strain

paths that the sheet metal can possible endure during the actual forming process. Small

strain increments of de® are imposed in the groove region. Iteratively, assuming a value

forde}, the values of dgyA,dgf,dg_A,@, are computed and the equality of the force

de, .
A js calculated.

balance equation is checked. If the equality is satisfied, the ratio
€p

Further if this ratio is lower than the limit of 0.15 that has been levied on the constant N,
the process is stopped and the most recent values of the major and minor strains of region

de,

A are taken to denote the coordinates of a point lying on the FLC. If the ratio is less

deg
than 0.15, additional increments of strain are imposed on region B till the straining limit
is achieved. Fig.5.10 shows a flow chart depicting the steps of the algorithm used for

predicting theoretical FLCs.
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Step 1:Fix fyand p, for
fixing strain paths

Step 2: Find strains
using a and p

Step 4: Check force
balance equation

Step 3: Fixing de,; find
strain increments

o é N
Step 5: If balanced, Step 6: If necking
Chﬁg'; é\i?icokr:ng occurs end loop
I not, go to Step 3 Else, goto to Step 3
\, 4 \ 4

Fig.5.10: Flow chart of algorithm for plotting theoretical FLCs
5.5 Results and Discussion

The procedure used to predict FLCs using the M-K theory will have to assume a
value for the parameter fo, which denotes the initial thickness ratio of the regions A and B.
The fact that the MK model uses this initial thickness defect to explain the forming limit
makes this parameter a crucial one (Sansot Panich, 2013). Moreover, the value of f, can
take any value based on thickness of the sheet, surface quality of sheet, grain size and
material properties (Siguang et al., 1998). This makes it impossible to judge which will
ensure correct predictions of the FLC. This is ensured by matching the FLCs with
experimentally obtained forming limits at the plane strain condition. The value of fj

which matches the experimental results will be used to make the predictions.

109



For all combinations of yield criterion and constitutive models considered in this
study, the values of f, was varied across a wide range. The final fy values are listed in
Table 5.1. It can be observed from Table 5.1, the constitutive models seem to be the only
factor that determines the value of this parameter. This is further strengthened by the fact
that this is not restricted to one class of yield criteria. This observation related to f, value

IS a very intriguing and not so easily controvertible fact.

Table 5.1: Final fo values used for the various theoretical FLC predictions

Yield Criteria
Constitutive Models | Hill 1948 | Barlat 1989 | Barlat 1996 | Barlat 2000 | Hill 1993
m-FB 0.995 0.995 0.995 0.995 0.995
JC 0.990 0.990 0.99 0.990 0.990
m-Arr. 0.995 0.995 0.996 0.996 0.996
m-ZA 0.960 0.960 0.960 0.960 0.960
MTS 0.960 0.960 0.960 0.960 0.960

The effect of changing the value of f, for a particular combination of yield criterion
and hardening rule also follows a general trend. As the value of f; is decreased, the FLC’s
shape remains the same but the whole plot is displaced in the negative y direction. Fig.
5.11 shows representative one such situation using Barlat 1989 yield criterion with m-
Arr. constitutive model. The fo value denotes the extent to which the groove region is
thinner than the normal sheet region. Lower the value of fy, thinner the groove region will
be. This will make the groove more prone to necking as a result of increase in
deformation rate in comparison to a thicker groove. This results in lower forming limits,

which is characterized by the FLC traversing in the negative y direction.
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Barlat 1989 with m-Arr. model

Major Strain (g,)

Minor Strain (&)

. %= | L 1 10 L e ) L1]

Fig.5.11: Variation of f; value for FLC prediction

The final prediction of theoretical FLCs using various yield criteria with variation of
hardening models are shown in Fig. 5.12 (a, b, ¢, d & e). It can be seen that the predicted
FLCs do not seem to vary much with change in constitutive model for a particular yield
criterion. This was further analyzed by calculating the Fréchet distances between the
predictions, the results of which are given in Table 5.2. The Fréchet distance is a measure
of similarity between two curves, P and Q. It is defined as the minimum cord-length
sufficient to join a point traveling forward along P and one traveling forward along Q,
although the rate of travel for either point may not necessarily be uniform (Alt & Godau,
1995). This correlation study has been done by assuming the m-FB prediction as the base
case and finding the similarity between this and the FLCs predicted by the other

constitutive models. This gives a more quantitative reasoning of the above conclusion.
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It can be seen from Fig. 5.12 (a & b), Hill 1948 and Barlat 1989 yield criteria predict
the left part of FLC (uniaxial state region) better than the right part (Biaxial state region).
This effect of poor prediction of biaxial region can be seen in the yield loci of these
criteria as well. This is because; these criteria are modeled to predict the uniaxial state
region better and do not capture the biaxial region. Although, Barlat 1996 yield locus
predict biaxial behavior of Ti-6Al-4V alloy very well, but the forming limit curve
obtained using this criterion does not conform to the experimental results in the right

hand side of the FLC as shown in Fig. 5.12 (c).

Furthermore, Barlat 2000 yield criterion also predicts uniaxial and biaxial state of
stress very well, but unexpectedly its FLCs prediction is poor in the right hand side of the
FLC portion as shown in Fig. 5.12 (d). In the left hand side, all the constitutive models’
predictions are in well agreement with experimental data points. On the other hand, in
right hand side FLC prediction, all the constitutive models underestimate the
experimental data points. However, the theoretical FLC based on the MTS model is close
to the experimental FLC. Therefore, Barlat 2000 yield criterion with MTS constitutive
model is better option for theoretical FLC prediction. The reason for this behavior might

be a stress asymmetry which is not considered in Barlat 2000 yield criterion.

112



Theoretical FLCs using Hill 1948 yield criterion
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Fig.5.12: Theoretical FLC using various yield criteria
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Table 5.2: Fréchet Distance between FLC predictions

FLC prediction considered JC m-Arr. m-ZA MTS
Hill 1948 0.0125 0.0132 0.0192 0.0192
Barlat 1989 0.0132 0.0125 0.0231 0.0212
Barlat 1996 0.0121 0.0186 0.0175 0.0185
Barlat 2000 0.0121 0.0185 0.0176 0.0186
Hill 1993 0.0321 0.0332 0.0542 0.0442

Cazacu Barlat yield criterion considers stress asymmetry effect which is predominant
in Ti-6Al-4V alloy at elevated temperature (Odenberger et al., 2013). The FLC
prediction of Cazacu Barlat yield criterion with all the constitutive models are very well
in agreement with the experimental FLC as shown in Fig. 5.12 (e). But, m-Arr.
constitutive model prediction is better when compared with other constitutive models.
The main reason might be that the flow stress prediction capability of m-Arr. model is
better than the other considered constitutive models. One interesting observation is seen
from Fig 5.12 (e), even though the physical based constitutive models (m-ZA and MTS)
considers physical aspects of a material but it overestimate the FLC points in the right
hand region. However, phenomenological based constitutive model performance is better

in FLC prediction.

Based on the above discussion on theoretical FLCs prediction using M-K theory, it
can be concluded that yield criteria effect are more predominant in theoretical FLCs
prediction than the constitutive model effect. However, f, value is solely dependent on

constitutive model. Thus, it can be concluded that the best yield criteria (Cazacu Barlat)
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along with constitutive model which has lower error percentage (m-Arr.) is suitable for

theoretical FLC prediction using M-K theory.

5.6 Summary

This chapter involves comparison of experimentally determined and theoretically
predicted FLC using M-K theory with various yield criteria and constitutive models. The
Cazacu Barlat yield criterion with m-Arr. constitutive model best predicts the FLC for Ti-

6Al-4V alloy at 400°C.

The experimental and theoretical FLC findings need to be validated with Finite
Element (FE) analysis of sheet metal forming. The next chapter presents FE analysis of

deep drawing and stretching process using various material models.
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CHAPTER 6: FINITE ELEMENT ANALYSIS OF
SHEET METAL FORMING PROCESS

This chapter presents various aspects of FE analysis for deep drawing and stretching
processes using DYNAFORM software. The important qualitative aspects of deep
drawing and stretching processes have been investigated using FE analysis and compared

with experimental and theoretical results.

6.1 Introduction to Finite Element Analysis for Sheet metal

Forming Process

Nowadays, several FE analysis codes are available for sheet metal forming analysis.
FE analysis comprises many non-linearities due to structural and geometrical issues. It
also involves complex contact interactions between moving and stationary parts.
Therefore, explicit codes have been extensively used for sheet metal forming processes.

(Nielsen & Brian, 1997).

In the present study, FE analysis has been done using a commercially available
software DYNAFORM version 5.6.1 with LSDYNA version 971 solver. Fig. 6.1
summarizes the overall steps used in DYNAFORM software for finite element

simulations.
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* Explict Dynamic Analysis

* Deep Drawing Setup
» Streching Setup

» Input Material properties
» Material Models

* Boundry Conditions for moving and
fixed tool, Mesh Type, Friction
Condition

* Failure Study, Thickness Distribution,
Earing Profile, Dome Height, FLD

Fig.6.1: Schematic representation of step used in FE analysis
Few important points related to preprocessing in DYNAFORM software are discussed

below.

(I) Selection of element type

The sheet metal forming process is considered as a plane stress problem. For plane
stress condition generally shell element has better choice (Chung & Shah, 1992). The

following are some important shell elements available in DYNAFORM software.
o Selective reduced Hughes-Liu shell (SRHL)
o Selective reduced co-rotational Hughes-Liu shell (SRCOHL)

e Hughes-Liu shell (HL)
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e Englemann-Whirley shell (EW)

e Co-rotational Hughes-Liu shell (COHL)
e Belystchko-Lin-Tsay shell (BLT)

e Belyschko-Wong-Chiang shell (BWC)

The detailed description about each element is available in LSDYNA user manual
(LSDYNA keyword user manual, 2007). For the present FE analysis, the blank and the
tool components have been meshed using Belytschko—Tsay shell elements (BLT) as it
takes less computational time, around 30-50% less than other elements like Hughes and

Liu (Nielsen & Brian, 1997).

(I) Mesh adaptivity

Metal forming simulations are considered as large deformation problems. Therefore,
the elements may undergo excessive deformation which leads to abrupt increase in aspect
ratio of the element. Such increase in aspect ratio of the element increases the stiffness in
one direction and decreases in another which further affects the accuracy of the
simulation. Also, mesh size affects the time step calculation by taking smallest length
into account and as the time step decreases the time required to solve the non-linear
problem increases to a large extent. Therefore in order to resolve such a problem adaptive
meshing is better option (Crisfield, 1997). Adaptive meshing divides the element into a
number of parts when the aspect ratio becomes excessively large and maintains the
stiffness properties balanced in both direction and thereby improving the results of finite
element (FE) simulations (Keum et al., 2001). Fig. 6.2 shows mesh adaptivity after
certain deformation in the blank.
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Fig.6.2: Mesh adaptivity (a) blank (b) after some deformation

(III) Mass scaling

Sheet metal forming simulations are highly nonlinear in nature and it takes a lot of
computational time to get the desired output. In industries, it is desirable to reduce the
simulation time to get the required results. Therefore, few methods are available in the
commercial FE analysis software for increasing of simulation speed. Specifically, mass

scaling method is popularly used to speed the FE analysis (Lars Olovsson et al. 2005).

For a shell element the time step size is calculated using Equation (6.1). From this
relation it is clear that the time step size can be changed by changing the element length
(L), Young’s modulus (E) and density (p). But changing L will change the mesh density
and deteriorates the results; changing E is not recommended as it greatly affects the
material stiffness. The last option is changing the density which may not have a
significant effect on analysis results (Lars et al., 2005). This process of changing density
to increase the time step and to minimize the computational time is called as mass

scaling.
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6.2 Pre-processing of Deep Drawing Process

L
¢ (6.1)

The input model consist of die, blank, blank holder and punch have been constructed
in pre-processor. The punch, die, blank holder has been considered as rigid body in the
FE analysis of deep drawing process. The fine meshing has been done on the surface of
die, bank holder and punch. Blank has been considered as a deformable body and
undergoes excessive deformation in deep drawing process. Therefore, adaptive meshing
has been used for the blank material. It is very difficult to consider the thermal interaction
between die, blank, blank holder force and punch. Additionally, calculation various
thermal material at interaction of various tools in deep drawing process is very difficult
and tedious task (Takuda et al., 2003). Therefore for the present study, isothermal models
have been considered. The complete axisymmetric model in the pre-processor is shown
in Fig. 6.3. In order to simplify FE model, only quarter geometry is modeled since the
material properties, geometry and loading are considered to be symmetric along mutually
perpendicular axes. The simulations have been carried out on a system with the
configuration: Intel Xeon CPU E3-1270 V2, 3.50 GHz, 16GB Ram and 64-bit Windows-7

Operating System.
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Fig.6.3: Axisymmetric model for deep drawing process

The blank and the tool components have been meshed using Belytschko—Tsay shell
elements. The material properties required for FE analysis are mentioned in Table 6.1. In
addition to this, few physical material properties need to give as input for FE analysis.
These physical properties are taken from material properties handbook for titanium alloys
(Boyer et al., 1994). The required physical propriety for FE analysis is mentioned in
Table 6.2 and Table 6.3. Selective mass scaling has been used for FE simulations. The
various developed anisotropic yield criteria namely; Hill 1948, Barlat 1989, Barlat 1996,

Barlat 2000 and Cazacu Barlat have been assigned to blank material.

The accuracy of FE analysis in deep drawing process is significantly dependent on
selection of friction coefficient value (Tekkaya AE, 2000). It is very difficult to calculate
friction coefficient value experimentally (Altan, 2003). Inverse approach is one of the

commonly used approach to determine friction coefficient value using FE analysis (Singh
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et al., 2010). The methodology has been adopted by varying the coefficient of friction
values and superimposing experimental and simulated plot of punch load vs. punch
displacement. Fig. 6.4 shows representative punch load vs. punch displacement graph by
varying the coefficient of friction value at 400°C. Similarly, coefficient of friction values
have been calculated at various temperatures, as presented in Table 6.4. It has been
observed from Table 6.4, coefficient of friction values are increased with temperature.
However, the variation in the values are negligible, it indicate the effectiveness of

Molykote lubricant at elevated temperatures.

Table 6.1: Material properties as an input for FE analysis

Temp. Oyavg- Outavg.
co | e | e | e e

RT 0.0358 | 0.001 | 046 | 143 | 029 | 860 | 935
50 0.0382 | 0.003| 048 | 142 | 030 | 855 | 924
100 0.0413 | 0.006 | 052 | 1.39 | 034 | 823 | 901
150 0.0463 | 0.009| 056 | 1.37 | 036 | 773 | 831
200 0.0571|0.010| 060 | 1.61 | 056 | 709 | 801
250 0.0598 [0.010| 0.79 | 118 | 0.70 | 684 | 744
300 006420011 | 075 | 1.15 | 048 | 663 | 741
350 0.0695 | 0.012| 071 | 1.07 | 053 | 657 | 726
400 0.0702 | 0.012| 060 | 1.26 | 051 | 655 | 721
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Table 6.2: Physical properties for Ti-6Al-4V alloy at room temperature

Melting point (Ty) 1655°C
Density (p) 4.428 gm/cm®
Thermal conductivity (K) 7 Wim*K
Specific heat capacity (C) 580 J/kg*K
Thermal coefficient of linear expansion (¢) | 9.0¥10° /°C

Table 6.3: Physical properties for Ti-6Al-4V alloy at various temperatures

Modulus of Elasticity (E Possion’s ratio
Temp. (°C) (GPa) y (E) )
RT 105 0.23
50 102.44 0.23
100 99.83 0.23
150 97 67 0.23
200 94.7 0.23
250 9245 0.23
300 89.39 0.23
350 86.78 0.23
400 84.1 0.23

Table 6.4: Variation of coefficient of friction value with temperature

Temperature (°C) 150 | 200 | 250 | 300 | 350 | 400

Coefficient of friction | 0.05 | 0.05 | 0.07 | 0.07 | 0.08 | 0.09
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Fig.6.4: Representative experimental and FE validation of punch load vs. punch disp. at
400°C

In the deep drawing simulations, selection of punch speed and blank holding pressure
are crucial parameters. The simulation time is greatly dependent on punch speed. For
initial check, four various punch speeds have been considered (10, 100, 500 and 1000
mm/min). It has been observed that effect of punch speed on thickness distribution is very
negligible. Similarly, it has negligible influence on punch vs. load displacement curve.
However, one cannot speed up the analysis arbitrarily and infinitely; after a certain point
all simulation accuracy is lost and the results become unusable (Nielsen & Brian, 1997).
After punch speeds of 500 mm/min extreme dynamic effects make the results
unacceptable due to the presence of very large vibrations in blank material. In the present
study, for the safer side, all the deep drawing simulations have been carried out at 100

mm/min punch speed.
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It is possible to assign punch speed in several ways. There are various ways to give
punch speed in DYNAFORM software such as constant speed, sinusoidal, trapezoidal or
random. The commonly used punch speed is constant speed (Hol, 2009). Although, it
seems easier to assign a constant speed at first, undesired dynamic effects arise in the
simulation due to the rapid strike of the punch on the blank (deformable body). After the
collision, the blank starts to vibrate forcefully and the precision of the simulation is
diminished due to these unrealistic vibrations (Lars et al., 2005). However, in reality the
tools firstly accelerate from a stationary position to a maximum speed, and then
decelerate until stopping again. This stroke controlled velocity function decreases the
vibration of the blank at the first contact, making the simulation more successful, realistic
and accurate (Nielsen, 1997). Therefore, trapezoidal punch speed option is used for deep
drawing simulations. Generally, blank holding pressure is considered as 2% of the yield

strength of material.

6.3 Finite Element Analysis of Deep Drawing Process

6.3.1 Failure Study

The fracture can be distinguished in two ways; initial fracture (punch corner region)
and final fracture (chipping of material). The representative initial and final fracture is
shown in Fig. 6.5 and Fig. 6.6 respectively. The failure strain has been observed in the
punch corner region which indicates that the fracture may appear at the beginning of an
experimental drawing process. This failure has been observed for larger diameter blank

(above 52 mm) at 50°C and 100°C because very low n value and due to more punch load
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requirement the extent of thinning is more. Hence, failure has been appeared in the neck

region.

Furthermore, simulation of 56 mm and above diameter cups at 400°C shows
excessively high Von Misses stresses in the upper region of the cup as shown in Fig. 6.6.
The Von Misses stresses should not exceed mean flow stress as it may lead to fracture in

the material. Hence it can be interpreted that the fracture can take place in this area.
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Fig.6.5: Comparison of neck failure at experimentation and FE analysis
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Fig.6.6: Comparison of chipping of material at experimentation and FE analysis
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6.3.2 Thickness Distribution

Thickness distribution is one of the important qualitative aspect of deep drawn cups.
FE analysis has been carried out for all the possible blank diameters with variation of
temperature from 150°C to 400°C at interval of 50°C. The representative successfully
drawn cups using all the yield criteria at 400°C is shown in Fig. 6.7. Fig. 6.8 shows
representative thickness distribution using various yield criteria at 400°C and 52 mm
blank diameter. Table 6.5 presented average absolute error between experimental

thickness distribution and all simulated cups using various yield criteria.

It has been clearly indicated that, Hill 1948 and Barlat 1989 yield criteria thickness
prediction is very poor compared to other yield criteria. The average absolute error is
almost 8%. Barlat 1989 yield criterion prediction is better than Hill 1948 yield criterion,
specifically in the wall region thickness prediction. Nevertheless, these yield criteria are
popularly used in FE analysis of sheet metal forming processes because of less number of

mechanical parameters requires and their easy determination (Nielsen KB, 1997).

The accuracy of the thickness distribution can be further improved using advanced
yield criteria. Even though Barlat 1996 yield criterion predicts yielding behavior of Ti-
6Al-4V alloy accurately, but thickness prediction is poor compared with Barlat 2000 and
Cazacu Barlat yield criteria. Excessive thickness reduction is observed in case of neck
region using Barlat 1996 yield criterion. Further accuracy in thickness distribution is
obtained using Barlat 2000 and Cazacu Barlat yield criteria. Both the yield criteria
prediction is better than the other yield criteria. Particularly, in wall region, more
deviation in thickness distribution has been observed by using Barlat 2000 yield criterion.

Cazacu Barlat yield criterion prediction is better than the Barlat 2000 yield criterion. The
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thickness in the neck region and wall region is very well predicted using Cazacu Barlat

yield criterion.
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Fig.6.7: Representative successfully drawn cups at 400°C using various yield criteria
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Fig.6.8: Representative thickness distribution using various yield criteria at 400°C

Table 6.5: Average absolute error for experimental thickness

Material Model Hill Barlat | Barlat | Barlat | Cazacu
1948 1989 1996 2000 Barlat
Average Relative Error (%) 8.3 8.1 5.98 2.8 1.6

Standard Deviation of error 0.236 | 0.283 | 0.213 | 0.142 0.098

6.3.3 Earing Profile

Earing in deep drawing for anisotropic metals is a pronounced phenomenon. Accurate
prediction of earing profile is an important aspect to asesss the quality of deep drawn cup
(Saxena & Dixit, 2009). This necessitates comparison of yield models based on earing
prediction in deep drawing, as shown in Fig. 6.9. Earing is poorly predicted by Hill 1948,
Barlat 1996 and Barlat 2000 yield models. On the other hand, Barlat 1989 predicts the
earing tendency in simulated cups. However, prediction capability is poor compared with

Cazacu Barlat yield criterion.
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Fig.6.9: Representative earing profile of experimental and simulated cup at 400°C

The yield model capability can also be assessed based on the complexity involved for
determination of material constants and simulation time taken for FE analysis (Banabic,
2010). Table 6.6 shows comparison of simulation time required for different anisotropic
yield models. Hill 1948 and Barlat 1989 yield criteria have less material parameters
which can be determined by performing simple uniaxial tension tests. Also, the

simulation time taken for these models is relatively lesser than that of other models.

Table 6.6: Total CPU time taken for simulation

Yield Criterion Time (sec)
Hill 1948 7166
Barlat 1989 8769
Barlat 1996 82722
Barlat 2000 76014
CazacuBarlat 37398
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On the other hand, advanced yield models like Barlat 1996 and Barlat 2000 and
Cazacu Barlat yield models needs different mechanical tests to be carried out like biaxial
tensile test, compression test etc. which makes them complicated for their application in
FE simulation. Moreover, the simulation time required for these models are very large
compared to Hill 1948 and Barlat 1989 yield models. It should be noticed that simulation
time for Cazacu Barlat yield model is less as compared to Barlat 1996 and Barlat 2000
with better accuracy. Therefore, considering these qualitative parameters of deep drawn
cups, Cazacu Barlat yield criterion is well suited for deep drawing of Ti-6Al-4V alloy at

elevated temperatures.

6.4 Finite Element Analysis of Stretching Process

In the previous chapter, FLC has been determined using experimental and theoretical
method (M-K theory) using various yield criteria and constitutive models. M-K theory
involves complex mathematics and required rigorous development of numerical code for
FLC prediction (Siguang et al.,1998). The implementation of FE analysis in sheet metal
forming processes reduces unnecessary experimental try outs and rigorous development
of theoretical codes for forming limit prediction (Chung & Shah, 1992). In this section,
FE analysis of stretching process has been done and various forming aspects namely;

dome height, thickness distribution, failure points in FLC has been investigated.

The main difference between preprocessing of deep drawing process and stretching
process is punch type. The Nakazima test is used for FLD prediction. Therefore, spherical
punch is modeled in FE analysis. In addition to this circular draw bead has been

constructed below the stretched specimen. The draw bead is not allowed a material to
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flow into a die cavity. The fixed contact type constrain is given between draw bead and
blank material. The input models like die, blank, blank holder, draw bead and spherical
punch have been constructed in pre-processor. The remaining details are same as the
preprocessing modeling of deep drawing process. In the stretching process the width of
the blank is varied as per dimensions given in Fig. 5.4. The size of the blank is
rectangular therefore quarter geometry is not possible to use in FE analysis. The complete

model in the pre-processor is shown in Fig. 6.10.

<«— Spherical Punch

/ Blank Holder

Blank

Draw Bead

Fig.6.10: Preprocessing model of stretching setup

6.4.1 Thickness Distribution

The representative thickness distribution of successfully stretched specimens is
shown in Fig. 6.11 (a, b & c). The thickness profile is considered from one end of the

stretched corner to another end of the stretched corner. Table 6.7 shows average absolute
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error for thickness distribution. As expected, minimum thickness has been observed at
center portion of stretched specimens. It can be seen from Fig. 6.11 and Table 6.7, Hill
1948 vyield criterion prediction is very poor compared with experimental thickness
distribution. The excessive reduction in the thickness has been observed using Hill 1948
yield criterion Moreover, Barlat 1989 and Barlat 1996 prediction is poorer than the other
yield criteria. Cazacu Barlat yield criterion prediction is in better agreement with

experimental thickness distribution.
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Fig.6.11: Representative thickness distribution of successfully stretched specimens

(@) 120 mm x 120 mm (b) 120 mm x 80 mm (c) 120 mm x 30 mm
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Table 6.7: Average absolute error for experimental thickness

Material Model Hill Barlat Barlat Barlat | Cazacu
1948 1989 1996 2000 Barlat

Average Relative Error (%) | 8.76 5.90 5.87 2.92 2.02

Standard Deviation of error 2.52 1.89 1.88 1.58 1.20

Additionally, accurate prediction of thickness at dome is one of the important
parameters in stretching process. The maximum deformation is observed at dome in
stretching process. Excessive deformation at dome initiates the failure in the stretching
process (Goodwin, 1968). Therefore, it is vital to capture thickness at dome Fig. 6.12
shows representative thickness value at dome at various width specimens. The thickness
at dome is poorly predicted by Hill 1948. Barlat 1989 and Barlat 1996 thickness at dome
prediction is slightely better than the Hill 1948 yield criterion. However, further accuracy
is obtained with Barlat 2000 and Cazacu Barlat yield criteria. Among all the considered
yield criteria, Cazacu Barlat FE analysis capture deformation very well for Ti-6Al-4V

alloy at elevated temperatures.

6.4.2 Limiting Dome Height

One of the important parameter in stretching process is Limiting Dome Height (LDH)

calculation. It shows ability of material to form before fracture (Brammar & Harris,
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1975). The LDH has been validated through FE analysis using various yield criteria as

shown in Fig.6.13.
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Fig.6.12: Representative thickness at dome using various yield criteria
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Fig.6.13: LDH using various yield criteria
The dome height is minimum at plane strain condition (Ghosh, 1975). The similar

observation has been seen in FE analysis of dome height prediction. FE analysis of LDH

135



predictions are poorly predicted using Hill 1948, Barlat 1989 and Barlat 1996 yield
criteria. Both the yield criteria under estimate the dome height calculation. It indicates the
incapability of these two yield criteria to capture the deformation accurately. Moreover,
Barlat 2000 and Cazacu Barlat yield criteria prediction is more accurate but, these yield
criteria also underestimate the dome height prediction. In Barlat 2000, more deformation
has been observed in plane strain condition. Among all these yield criteria, Cazacu Barlat
yield criteria suits very well for dome height prediction. However, it slightly

underestimate the dome height calculations.

6.4.3 Forming Limit Curve

The representative simulated stretched specimens at plane strain condition using
various yield criteria is shown in Fig. 6.14. The failure strains from simulated FLDs have
been determined. The failure strains have been considered as a basis for compassion with
experimental and best theoretical FLC (Cazacu Barlat yield criterion + m-Arr.

constitutive model).

It can be seen from Fig. 6. 15 (a & b), failure points are very well inside the
experimental and theoretical FLC. Specifically in biaxial state stress region (right side) of
FLD. It indicates incapability of these two yield criteria for failure strain prediction in
biaxial region. The similar observation has been seen in case of yield locus prediction. On
the other hand, Barlat 1996 yield criterion also underestimate the failure points in the
right hand side of the FLC as shown in Fig. 6.15 (c). Barlat 2000 and Cazacu Barlat yield
criteria failure predictions are very well close to the experimental and theoretical FLCs as

shown in Fig. 6.15 (d). It indicates suitability of these yield criteria in FLCs prediction.
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Further accuracy in FLC prediction can be obtained by incorporating M-K theory in FE

analysis.
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Fig.6.14: Representative simulated specimens at plane strain condition
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6.5 Summary

This chapter covers FE analysis of deep drawing and stretching process at elevated
temperatures using DYNAFORM software. The developed material models are
incorporated in FE analysis. The failure study, thickness distribution and earing profile of
deep drawn cups have been compared with experimental results. Additionally, thickness
distribution, dome height estimation and FLCs have been determined using FE analysis.
Based on the observations, Cazacu Barlat yield criterion FE analysis is very well suited

for Ti-6Al-4V alloy at elevated temperatures.

The next chapter discusses the conclusions and contributions from the present

research work.
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CHAPTER 7: CONCLUSIONS

In this thesis work, experimental and numerical investigations on forming behavior of
Ti-6Al-4V alloy at elevated temperatures have been carried out. The important

conclusions from this study are presented as follows:

7.1 Salient Conclusions

» The material properties and flow stress behavior of Ti-6Al-4V alloy have been
comprehensively investigated based on uniaxial tensile tests from room temperature
to 400°C at an interval of 50°C with wide range of slow strain rates (10°, 10 107,
10 sY). The failed tensile test specimens have been comprehensively examined using
SEM at elevated temperatures. The fractography studies of tensile fracture surface
revealed a healthy population of microvoids and shallow dimples of varying size and

shape, which indicated predominantly ductile type of fracture.

» Forming behavior of Ti-6Al-4V alloy has been investigated using circular deep

drawing process from room temperature to 400°C at an interval of 50°C.

> It has been observed that Ti-6Al-4V alloy is difficult to draw up to 150°C and
within the experimental range the maximum LDR of 1.86 is obtained at 400°C.
The obtained LDR is much lesser than the other structural alloys, which

indicated the poor formability of Ti-6Al-4V at elevated temperatures.

> Failure in the deep drawn cups has been identified in two regions namely, neck
and upper wall. The fractography studies in the neck region revealed a healthy

population of shallow type equiaxed dimples of varying size and shape,
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indicating ductile type of failure due to excessive tensile stresses. However, in
the wall region, unidirectional dimples have been observed, which indicate

ductile type of failure due to excessive shear stresses.

> The quality of successfully drawn cups has been evaluated based on thickness
distribution and earing profile. The uniform thickness distribution is obtained at
higher temperature with optimum blank diameter and a predominant earing
tendency with four ears has been observed in all the deep drawn cups at elevated

temperatures.

» Forming Limit Curve (FLC) has been determined experimentally for Ti-6Al-4V alloy
at 400°C. The various formability aspects such as Limiting Dome Height (LDH)
diagram, thickness distribution of stretched specimens and fractography study have

been evaluated.

> LDH diagram has been constructed for Ti-6Al-4V alloy at 400°C. It has been
observed that the dome height is minimum at plane strain condition and it
increases in the region of uniaxial and biaxial state of stress region. Additionally,
thickness distribution of successfully stretched specimens has been measured
from one end to another end. The more thickness reduction has been observed in

case of biaxial and plane strain region compared with uniaxial state region.

> Fractography studies in the uniaxial tension region (120 mm x 30 mm) revealed
unidirectional dimples, indicating ductile failure due to excessive stresses.
However, in plane strain (120 mm x 80 mm) and biaxial tension region (120 mm
x 120 mm), shallow type of equiaxed dimples have been observed which

indicates ductile failure due to excessive normal stresses.
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» For theoretical and numerical analysis, various advanced anisotropic yield criteria
namely; Hill 1948, Barlat 1989, Barlat 1996, Barlat 2000 and Cazacu Barlat and
different constitutive models viz., m-FB, JC, m-Arr., m-ZA and MTS have been

developed for Ti-6Al-4V alloy.

> The performance of the yield criteria has been investigated based on the yield
locus, planer distribution of uniaxial yield stress and anisotropic coefficient.
Based on the observations, Cazacu Barlat yield criterion is found to be the most
suited model for Ti-6Al-4V alloy among the developed anisotropic yield criteria,
since anisotropy in yielding and stress asymmetry resulted in excellent validation

of yield function with experimental data points.

> The constitutive models have been evaluated based on the statistical measures
namely, correlation coefficient (R), average absolute error (4), its standard
deviation (S), number of material constants and complexity involved in
determination of these constants. Among all the considered models, m-Arr.
model is the best in predicting the flow behavior of Ti-6Al-4V alloy. However,
considering the fact that physical based models are more preferred over
phenomenological models, MTS model is preferred for prediction of flow stress

of Ti-6Al-4V alloy.

» Theoretical FLCs have been determined using Marciniak Kuczynski (M-K) theory

incorporating the developed yield criteria and constitutive models.

» The value of the thickness imperfection factor f, is determined solely by the
constitutive models. In predicting FLCs, the effect of yield model is more

pronounced than the effect of constitutive model on it.
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» The Cazacu Barlat yield criterion with m-Arr. constitutive model is found to be

the best in predicting the theoretical FLC of Ti-6Al-4V alloy at 400°C

> Finite element (FE) analysis of deep drawing and stretching process has been carried

out using DYNAFORM software with LS-Dyna solver. The various developed

anisotropic yield criteria have been implemented in FE analysis. The important

formability aspects such as thickness distribution, earing profile, LDH and FLC have

been evaluated. FE analysis with Cazacu Barlat yield criterion is found to be in the

best agreement with the experimental and theoretical results of forming behavior of

Ti-6Al-4V alloy at elevated temperatures.

7.2 Specific Contributions to the Research

Through this thesis on the forming behavior of Ti-6Al-4V alloy at elevated

temperatures, the following contributions have been made towards the frontiers of state-

of-art research on high strength light weight alloys:

>

>

Determination of material properties and flow stress behavior
Experimental results of LDR, thickness distribution, earing profile, and FLC
Development of various yield criteria and constitutive models
Determination of theoretical FLC using Marciniak Kuczynski (M-K) theory
FE model development and analysis of deep drawing and stretching process

Comparison of experimental, theoretical and FE results
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7.3 Further Scope of Work

Few directions for enhancing this research further are as follows:
» The formability study can be extended for Ti-6Al-4V alloy above 400°C with
inert and protective environment.
» The various constitutive models can be incorporated through user subroutine code
in FE analysis. Additionally, M-K theory can be incorporated in FE analysis.

» Stress based and damage based FLDs can be developed at elevated temperatures.
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