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ABSTRACT 

Sheet metal forming involves forming of flat thin sheet metal 

blanks into desired shape and size, under the applied forces by punch 

and die assembly. Sheet metal forming processes are widely used for 

producing a large number of simple to complex shape components in 

automotive, aerospace, nuclear, and defense applications. In recent 

times, there has been a growing demand for sheet metal forming of 

high strength materials like stainless steels, titanium alloys, etc., 

which have a poor drawability at room temperature due to having high 

mean flow stress values. One of the ways to overcome this limitation is 

warm forming, in which the material is usually formed at an elevated 

temperature, (0.3 – 0.5) times of melting temperature. Warm forming 

helps in decreasing the load requirement for plastic deformation, in 

attaining uniform thickness distribution in the drawn component and 

in increasing the material formability significantly.  

The focus of this research work is to study the forming behavior 

of Austenitic Stainless Steel (ASS) 316 at elevated temperatures 

through deep drawing experimentation. First, the material has been 

characterized using tensile tests at elevated temperatures and 

different mechanical properties such as Young’s modulus, yield stress, 

strain hardening exponent, etc. have been evaluated. In addition, with 

the help of observations about serrations in true stress vs. true strain 

curves and the presence of negative strain rate sensitivity, the 

presence of Dynamic Strain Aging (DSA) phenomenon has been 

identified.  In ASS 316, the DSA phenomenon occurred in a 

temperature range of 400°C – 600°C and at a strain rate of less than 

10-2 s-1. 
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In order to understand the formability behavior of ASS 316 at 

elevated temperatures, deep drawing experiments have been 

conducted on a hydraulic press test setup from room temperature to 

400°C.  The drawability has been measured in terms of the Limiting 

Draw Ratio (LDR) and the thickness distribution of the drawn cups. It 

has been found that the LDR increases with increase in temperature 

up to 300ºC, but it decreases with further increase in temperature to 

400°C due to the DSA effect.  Within the experimental limitations, it 

has been considered that warm forming of ASS 316 at 300ºC gives the 

highest LDR (2.47) with a uniform thickness distribution in the drawn 

cups.  In order to support these findings, Finite Element (FE) 

simulation model of deep drawing process has been developed in LS –

Dyna. Actual conditions have been simulated and the FE simulation 

results have been found to be in good agreement with the 

experimental findings.   

Further, Forming Limit Diagram (FLD) has been developed for 

ASS 316 at 300˚C theoretically as well as experimentally. Theoretical 

FLD has been developed using MK theory with Hill’s and Barlat’s yield 

criteria and the experimental FLD has been constructed by performing 

hemispherical dome punch tests. Theoretical FLD with Barlat’s yield 

criterion has been found to be in good agreement with the 

experimental FLD. The results of this formability study on ASS 316 at 

elevated temperatures can be used for process design and 

development to meet production demands.  
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Metal forming is a process of making metal parts and objects 

through mechanical deformation. In this, the material is deformed to 

the required shape without adding or removing of material and its 

mass remains unchanged. The objective of this research is to 

determine the effectiveness of warm forming for increasing the 

formability of high strength alloys, in particular Austenitic Stainless 

Steel (ASS) 316. Warm forming is generally used to deform a sheet 

metal into required shapes at an elevated temperature, which is less 

than one half of the material’s melting temperature [1-3].  

 

1.1 Sheet Metal Forming 

Sheet metal forming is a process of plastically deforming the 

sheet metal blanks into three-dimensional shapes by the application 

of forces without much change in sheet thickness. There is no 

significant change in surface area to volume ratio. It involves the 

conversion of flat, thin sheet metal blanks into parts of desired shape. 

The process is carried out on the plane of the sheet by tensile forces 

with high ratio of surface area to thickness. In this the residual 

stresses in the material will cause the sheet to spring back slightly [4]. 

Friction between the tool and metal interfaces and temperature of the 

blank are the important factors, which control the forming [5]. Sheet 

metal forming processes like deep drawing, stretching, bending etc. 

are widely used to produce a large number of simple to complex 

components in automotive, aircraft, household, and nuclear 
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applications. Some of these components are shown in Figure 1.1. 

These parts are manufactured using one or more of the sheet metal 

forming processes.  

 

  
  

(a)      (b) 

 
  

(c)       (d) 

 

Figure 1.1: Parts made by sheet metal forming (a) aircraft nozzle (b) 

domestic gas cylinder, (c) nuclear cladding tube, (d) wheel rim 
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1.2 Deep Drawing 

Deep drawing is one of the most important sheet metal forming 

processes. In this, thin sheets are formed into desired shapes by 

forcing punch into a die cavity. The process is considered "deep" 

drawing when the depth of the drawn part exceeds its diameter. In 

this, as the punch moves downward, the sheet metal blank is radially 

drawn into the forming die by the mechanical action of the punch. The 

working principle of deep drawing is shown in Figure 1.2. The 

tendency of the flange to fold upward is restricted by the blank holder. 

It is loaded by a holding force, which prevents wrinkling and controls 

the material flow into the die cavity [6]. While being drawn out of the 

blank holder and die interface, material gets subjected to compressive 

and tensile forces. The flange region experiences a radial tensile stress 

and a compressive hoop stress due to the material retention property. 

These compressive hoop stresses result in flange wrinkles. In this 

majority of the deformation occurs in the flange of the cup. Figure 1.3 

shows the different types of stresses developed in the material in deep 

drawing operation [7]. 

 

Figure 1.2: Deep drawing of cylindrical cups 
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Figure 1.3: Stresses and deformation in the deep drawing cup sections 

 

The developed stresses influence the thickness variation in the 

drawn cup. The primary deformation occurs in the flange by radial 

tension and circumferential compression, which leads to the thickness 

increase in the flange portion. The second deformation zone is in the 

cup wall by uniaxial stretching (plane strain), which causes thinning 

of the metal in the wall. There is also bending of the sheet around the 

die and punch corner, which makes the sheet further thin. Third 

deformation zone is in the cup bottom, which is subjected to biaxial 

tension. Due to these stress distributions, thickness of the drawn cup 

is not same in various zones in the cup. The thickness at bottom is 

more uniform due to the uniform strain in bi-axial directions. 

The total drawing force consists of the ideal forming load, an 

additional component to compensate for friction in the contacting 

areas of the flange region, and bending forces in ironing as shown in 

Figure 1.4 [7]. The forming load is transferred from the punch to the 
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drawn part wall into the deformation region. In the drawn part, which 

is in contact with the punch, the hoop strain is zero, whereby the 

plane strain condition is reached. In reality, mostly the plane strain 

condition is achieved only approximately. Due to tensile forces acting 

on the part wall, thinning is prominent which results in an uneven 

part wall thickness. It can be observed that the part wall thickness is 

lowest at the point where the part wall loses contact with the punch, 

i.e., at the punch radius. The thinnest part thickness determines the 

maximum stress that can be transferred to the deformation zone. If 

the total drawing force exceeds a limit, failure occurs at punch corner 

region. As the blank size increases, there is an increase in the total 

force and if the total force exceeds beyond a certain value, fracture 

occurs in the cup wall. This puts a limit on the blank size drawn into 

the cup. 

 

Figure 1.4: Punch force vs. punch stroke diagram for deep drawing [7] 

 

http://en.wikipedia.org/wiki/Plane_strain
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Due to material volume constancy, the flange thickens changes 

and results in blank holder contact at the outer boundary rather than 

on the entire surface. The maximum forces that can be safely 

transferred from the punch to the blank sets a limit on the maximum 

blank size. The Drawing Ratio (DR) in a deep drawing process is 

calculated as the ratio of blank diameter to the cup diameter. The 

maximum draw ratio that can be obtained under perfect deep drawing 

conditions without fracture in a single stroke is called Limiting 

Drawing Ratio (LDR). The LDR is considered a good measure of 

drawability of a material. For achieving a very high draw ratio, 

redrawing and annealing between draws is preferred. 

Deep drawing is affected by many factors like material 

properties, tool selection, lubrication etc. Because of these factors 

some defects may occur during the process. The common defects 

which occur during deep drawing are wrinkling, earring, and fracture. 

Wrinkles are the rough surface on the walls of the cup, which is 

caused by compressive hoop stresses. The phenomenon of unequal 

heights in the walls of the totally drawn part is known as earring.  The 

main reason for earring is planar anisotropy. Practically it is 

impossible to eliminate earring in deep drawing because metal blanks 

are mostly anisotropic. Fracture is tensile instability caused by strain 

localization [8]. 

1.3 Formability in Deep Drawing 

Formability is defined as the ability of a sheet material to be 

formed into a specific shape without fracture or excessive thinning. A 
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general parameter that indicates the formability and ductility of the 

material is the fracture strain which is determined by a uniaxial 

tensile test. The strain identified by this test is defined by elongation 

with respect to a reference length. It is important to note that 

deformation is homogeneous up to uniform elongation and 

subsequently strain localizes at fracture. Fracture strain is 

nevertheless a rough indicator of the formability of the material [9]. 

Formability of sheet metal plays an important role in the 

success of the sheet metal operations. This can be more specifically 

discussed in terms of drawability in deep drawing. When a sheet 

material is plastically deformed, the deformation in the surface is 

much more pronounced than the thickness, which is measured in 

terms of the Lankford coefficient (R).  Lankford coefficient is defined as 

the ratio between width strain to thickness strain in the uniaxial 

tensile test.  Materials with very good drawability have R more than 

unity.  

Drawability is a measure of the ability of a material to be drawn 

in, as in forming a cup from a flat metal blank. During deep drawing, 

the metal blank undergoes different strains in different directions. 

Drawability is assessed by the strain distribution during deformation 

and it is predicted in terms of Forming Limit Diagram (FLD), which 

presents the different deformation paths of the material. The diagram 

shows the correlation between the first principal strain ε1, which is 

major in the plane of the sheet metal, and second principal strain ε2, 

http://en.wikipedia.org/wiki/Ductility
http://en.wikipedia.org/wiki/Fracture
http://en.wikipedia.org/wiki/Tensile_test
http://en.wikipedia.org/wiki/Lankford_coefficient
http://en.wikipedia.org/wiki/Lankford_coefficient
http://thesciencedictionary.org/measure/
http://thesciencedictionary.org/forming/
http://en.wikipedia.org/wiki/Forming_limit_diagram
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which is minor in the plane of the sheet metal. It provides a graphical 

description of sheet material failure by mapping a Forming Limit 

Curve (FLC). FLC represents a limiting curve in FLD, up to which the 

material can be formed without fracture in the specimen [10, 11].  

Figure 1.5 shows a typical FLD as defined by Keeler and 

Goodwin [12]. Here, upper curve is FLC and the lower curve is a safety 

curve (SC). Any point, which falls above FLC, indicates failure and, 

which falls below SC, shows safe while drawing of the blank. In 

between the two is warning to fracture, but still safe. Anything 

concentrated in the extreme left shows the forming limits becoming 

very large. FLD is widely used for presenting complete information on 

formability. Materials which have the ability to distribute strains more 

uniformly are below the FLC and expected to have higher formability 

[12, 13]. 

 
 

Figure 1.5: Forming limit diagrams as defined by Keeler and Goodwin 
[12] 

http://en.wikipedia.org/wiki/Forming_limit_diagram
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Higher friction between the die and the sheet increases the 

punch force required for drawing and puts a limit on the LDR. Very 

high limiting draw ratio cannot be obtained due to excessive thinning 

and fracture in the cup wall associated with large draw ratios. For 

most of the high strength sheet materials, LDR of more than 2.2 is 

extremely difficult to achieve in conventional deep drawing [14]. 

Enhancement of formability leads to higher maximum possible 

deformation that can be given in a single step and hence parts of 

larger depth or complex geometry can be formed. It reduces the 

number of production steps and thus increases productivity. Beyond a 

certain extent, enhancement in formability is not possible because of 

the inherent limitations of conventional sheet metal forming 

processes. Therefore, there have been many attempts to improve 

formability and product quality in general, by improvement in the 

properties of sheet metal or by optimization of tool design and process 

conditions [15, 16]. Warm deep drawing is one of the important 

technique researchers have explored in recent past for increasing 

formability of sheet metals. 

1.4 Warm Deep Drawing 

In warm deep drawing, sheet metal is heated to elevated 

temperatures, but below the recrystallization temperature. At elevated 

temperatures, materials can be formed into complex shapes without 

much difficulty. Although applications of deep drawing processes at 
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elevated temperatures have not yet been used effectively, but it is 

going to be a very important manufacturing application in future. 

Drawing at elevated temperatures results in the decrease of the flow 

stress. It relieves residual stresses and increases the formability of the 

materials, hence deformations become easier. It allows a deeper 

drawing and more stretching to form into the final products. There 

have been many attempts to improve LDR and product quality by 

varying temperature of the work blank [17]. A close control of 

temperature is needed to achieve uniform thickness along the cup 

wall with higher LDR. Deformation of high strength materials like 

stainless steels needs higher forces. These materials can be processed 

easily by warm forming.  

1.5 Austenitic Stainless Steel 316 

Stainless Steels are those ferrous alloys that contain a 

minimum of 12% chromium for corrosion resistance. It has vast 

industrial applications due to its high corrosion resistance, high 

temperature strength and other mechanical characteristics even at 

elevated temperatures. Special grades of stainless steels have been 

developed to have greater corrosion resistance at a broad range of 

different temperatures. Several important sub-categories of stainless 

steels have been developed such as austenitic, martensitic, ferritic, 

duplex, etc.  

Austenitic grades are most common iron-chromium-nickel 

steels, and widely known as the 300 series. The austenitic stainless 
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steels, because of their high chromium and nickel content, are the 

most corrosion resistant steel in the stainless steel group, which can 

even withstand boiling sea water [18]. The austenitic structure is very 

tough and ductile even at lower temperatures and also does not lose 

its strength at elevated temperatures.  Because of its properties, 

particularly ASS 316 is used in nuclear industry for both structural 

and radiation containment [19].   

It is well known that at a sufficiently high temperature in alloys 

and solid solutions, aging processes occur due to the interaction of 

solute atoms with dislocations or, in other words, pinning of 

dislocations by solute atoms and in this way, increasing the necessary 

stress for the dislocation movement. As a consequence of aging, an 

increase in the strength and hardness of the material are usually 

observed. The processes of aging occur at higher temperatures, 

because the diffusion of the elements responsible for aging is aided by 

raising the temperature.  

When the aging process occurs in alloys containing solute 

atoms, which can rapidly and strongly segregate to dislocations and 

get locked dynamically during straining, the phenomenon is 

commonly referred as Dynamic Strain Aging (DSA). The maximum 

effect of DSA corresponds to such conditions, where the solute atoms 

can follow by diffusion and change the dislocation structure. Most 

obvious manifestation of DSA is serrated yielding. In solid solutions, 

diffusion of solute atoms to mobile dislocations are temporarily 
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arrested at obstacles, as a consequence, the solute concentration 

experiences change locally by the dislocations. This depends on the 

time of arrest and the solute diffusion coefficient. Serrated flow or in 

other words, instabilities in plastic strain are caused by an 

instantaneous increase in plastic strain [20, 21].  At elevated 

temperatures, ASS 316 undergoes the phenomenon of DSA, which 

increases its strength. 

1.6 Scope of the Study 

ASS 316 has good formability in deep drawing, but it needs 

higher forces and high capacity presses to deform the metal sheet into 

the required shape. Under warm conditions, the forces can be reduced 

and low capacity presses can be used for deformation. The scope of 

this research study is mainly focused on the formability of ASS 316 at 

elevated temperatures in deep drawing setup.  It also concerns about 

the effect of DSA on the formability of ASS 316 in deep drawing, 

particularly on LDR and thickness distribution of the drawn cups. 

This study also involves finite element simulation model development 

and analysis of deep drawing operations in ASS 316 at elevated 

temperatures using LS-Dyna.  Further, FLDs are theoretically 

constructed using Marciniak Kuczynski analysis and experimentally 

validated using Nakazima test.  
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1.7 Research Methodology  

In this study, tensile tests are conducted at different 

temperatures from room temperature to 700ºC in the interval of 50ºC 

at constant strain rates. Mechanical properties of the material have 

been determined from the test data. DSA phenomenon has been 

investigated by construction of true stress vs. true strain graphs and 

the DSA range of temperatures and strain rates have been identified. 

Nature of fracture of the tensile specimens has been investigated at 

different temperatures, below the DSA region and in the DSA region to 

know the material behavior.  

The Lankford coefficient of the material is measured in three 

directions 0º, 45º, and 90 º to the rolling direction of the sheet. Based 

on this, normal anisotropy and planar anisotropy of the metallic sheet 

have been calculated 

The most common indexes of formability for deep drawing are 

the LDR and the thickness of the cup. Formability of the sheets is 

investigated by measuring the LDR and thickness distribution of the 

drawn cups at various temperatures. Deep drawing process has been 

modeled in LS-Dyna as per the experimental conditions. The actual 

conditions of the material were simulated and the response of the 

model under forming load was analyzed. The parameters of the cups 

were measured, which are drawn at the temperatures of DSA and 

non-DSA regions. Deep drawing experimental setup has been 

developed and the deep drawing experiments have been conducted to 

validate the results of finite element analysis. 
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Theoretical FLC for ASS 316 at 300˚C is predicted by Marciniak 

Kuczynski analysis by using Hill’s and Barlat’s yield criteria. 

Experimental FLC has been constructed with different width 

specimens as per the ASTM E2218 standards test procedure. 

Theoretical FLC has been validated with the experimental FLC.  

1.8 Organization of the Thesis 

This research thesis is organized in seven chapters as follows: 

Chapter – 1: This chapter gives the introduction about deep 

drawing process, formability, the importance of ASS and its industrial 

applications. Significance of warm deep drawing has been highlighted 

and the DSA phenomenon in the material is described in brief.  

Chapter – 2: This chapter covers the survey of literature on the 

materials behavior under warm farming at different temperatures. 

Also, a review of the literature on DSA and its influence on properties 

of the materials has been presented. The research gaps in the 

literature have been highlighted and the objectives of this research 

have been specified. 

Chapter 3: This chapter emphasizes the characterization of ASS 

316 by tensile tests at different temperatures and different strain rates 

as per ASTM standards. Different properties have been evaluated from 

the test data and the temperature range for DSA phenomena has been 

identified. Fracture study on the tensile test specimens has been 

carried out in order to study the material behavior at elevated 

temperatures. In addition, the anisotropic characteristics of the 

material have been evaluated. 
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Chapter 4: This chapter elaborates on the deep drawing 

experimentation using hydraulic press test setup. It focuses on the 

measurements of LDR and the thickness distribution of the drawn 

cups at different temperatures in order to understand the formability 

behavior of ASS 316 at elevated temperatures. The effects of process 

parameters such as blank holding pressure and punch speed, on the 

formability of sheet have also been studied. 

Chapter 5:  This chapter focuses on FE analysis of deep 

drawing process at elevated temperatures. Finite element model is 

developed in LS –Dyna for preliminary investigations of formability. 

Actual conditions are simulated and the responses of the model 

during deep drawing at different temperatures have been analyzed. FE 

simulation results have been validated with the help of experimental 

findings.  

Chapter 6:  This chapter mainly focuses on the development of 

FLD of ASS 316 at 300˚C. Theoretical FLD has been developed using 

MK theory with Hill’s and Barlat’s yield criteria. Experimental FLD has 

been constructed by performing hemispherical dome tests as per 

ASTM standards on different width specimens. Theoretical FLD with 

Barlat’s yield criterion has been found to be in good agreement with 

the experimental FLD. 

Chapter 7: This chapter summarizes the key findings of this 

thesis and presents the conclusions and the scope of future work. 
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In this chapter, a review of literature has been done for 

enhancing the formability in warm conditions. The warm forming of 

material at different conditions, the occurrence of DSA in the material 

and its effects on the formability of stainless steel have been studied. 

Various researchers’ work on the occurrence of DSA in austenitic 

stainless steels has been reviewed. Gaps in the existing research have 

been described and the research objectives have been identified. 

2.1 Warm Forming 

Warm forming is a promising processing route that has been 

considered to improve the formability of metals and alloys [22]. The 

aim of warm sheet metal forming processes is to improve plastic flow 

of material, as well as to decrease the spring back effect. Cold forming 

(T < 0.3 Tm) takes advantage of strain hardening to increase the 

strength of a material at the penalty of higher forming forces, while 

hot forming (T > 0.5 Tm) lowers the yield stress and allows 

simultaneous recrystallization, which controls the grain size 

refinement and mechanical behavior of material [23]. To avoid high 

temperatures and forces, warm forming (0.3 Tm < T < 0.5 Tm) is used 

as the intermediate process, which allows recovery but not 

recrystallization. The aim of warm forming is to capitalize on the 

advantages of both hot and cold forming. The forming temperature 

affects the behavior of the material during deformation, properties and 

accuracy of finished parts [24].  

 



19 

In comparison to hot forming processes, warm forming requires 

higher forces because of the greater material flow stress, thus making 

increased demand on the forming tools and equipment. From the 

other perspective, greater part accuracy in terms of dimensions, shape 

and surface finish can be achieved. The optimal temperature for a 

particular warm forming operation and formed material always results 

in a compromise. Its lower limit is determined by force which can be 

produced by the forming setup and by the formability of the material 

[25]. The upper limit is usually determined by the amount of oxidation 

which can be tolerated.  

The plastic deformation of metals takes place by one of the wo 

processes, slip and twinning, out of which slip is the most common. 

Slip occurs due to the movement of dislocations and thus the mobility 

of the dislocations plays a key role in the ease of deformation. As the 

dislocations move through the lattice, an applied stress is required to 

overcome the lattice friction. Thermal energy aids the dislocations to 

overcome these stresses. In BCC metals, Peierls-Nabarro stresses are 

the main obstacle and the temperature has week effect, but in FCC 

metals, like aluminum and ASS, the temperature has strong effect 

[26]. At room temperature deformation takes place by slip on the basal 

planes and by twinning on other planes, but at elevated temperature 

slip occurs in the most of the planes and twinning becomes less 

important. At elevated temperatures, plastic deformation occurs much 

easier. 
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Warm forming has been studied in the 1970s and 1980s by 

Shehata et al. [27] and Wilson et al. [28]. They showed that warm 

forming improves the formability of Aluminium alloys because the 

strain hardening of these alloys decreases at elevated temperatures. 

Schmoeckel et al. [29] studied the drawability of ferrous materials at 

the elevated temperatures. Li and Gosh [30] have shown that warm 

forming can considerably improve the formability of aluminum alloy 

sheet. More recently, van den Boogaard et al. [31] and McKinley et al. 

[32] studied non-isothermal cylindrical cup deep drawing at different 

gradients of temperature and observed that the formability of Al–Mg 

alloy sheet can be improved by increasing the temperature in selected 

regions of the sheet.  

In warm forming, the challenge for process design is to 

investigate the complex interaction between mechanical and thermal 

effects on formability. Tyng Bin Huanga et al. [33] studied non-

isothermal deep drawing of magnesium alloys experimentally and 

validated it by FE analysis. The study showed that the forming 

temperature, lubricant and sheet thickness have significant effect on 

the limiting drawing ratio and found the optimum process parameters. 

Kim et al. [34] performed coupled thermo-mechanical FE analysis for 

forming of aluminum rectangular cups at elevated temperatures. They 

selected thickness variation as a failure criterion and they obtained 

part depth values at various die-punch temperature combinations and 

blank holder pressures. The results suggested that higher forming 

temperature results in higher limiting strain. Also, an increasing 

http://www.sciencedirect.com/science/article/pii/S0924013606004961
http://www.sciencedirect.com/science/article/pii/S0924013606004961
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temperature gradient between the die and punch led to increased 

formability of the material. 

Abedrabbo et al. [35] worked on the warm forming of two 

automotive aluminum alloys, AA5182-O and AA5754-O and developed 

a temperature-dependent anisotropic material model for finite element 

analysis and its formability simulation. They successfully 

implemented this model in the fully coupled thermo-mechanical FE 

analysis of the warm forming of aluminum products. FE analysis with 

the developed thermo-mechanical constitutive model accurately 

predicted both the deformation behavior and the failure location in the 

blank and compared favorably to the experimental results for both 

materials. They showed the importance of using both thermal analysis 

and an accurate anisotropic temperature- dependent material model 

in a fully coupled mode in order to model the warm forming process 

accurately.  

Metal sheets show anisotropic behavior in the plastic regime 

and temperature dependency on the strain rate sensitivity at elevated 

temperatures. The change of anisotropy during the forming process is 

assumed to be negligible. With this assumption, the concepts of 

anisotropic yield functions and isotropic hardening are used. This 

approach has some limitations, Tugcu et al. [36] have shown that the 

aspects of the plane-stress assumption, which do not come into 

consideration in isotropic analyses, can play an important role on the 



22 

accuracy of the results and axes enters the computation directly due 

to the presence of material anisotropy. 

Many studies have considered the characterization of the 

anisotropic behavior of sheet metal. Paquet et al. [37] have proposed a 

method for developing microstructure based elasto-viscoplastic 

models for cast aluminum alloys. Desmorat and Marull [38] 

introduced a non-quadratic plasticity criterion based on Kelvin 

decomposition of the elasticity tensor [39] for anisotropic materials. 

Segurado et al. [40] have implemented an anisotropic model in an 

implicit finite element analysis. Fourmeau et al. [41] studied the effect 

of plastic anisotropy on the mechanical behavior of a rolled aluminum 

plate under quasi-static loading conditions. They found that the 

anisotropic yield function provides an adequate description of the 

significant anisotropic behavior of a high-strength aluminum alloy 

[42]. Yoon et al. showed that earing is the combination of the 

contributions from R-value and yield stress directionalities [43]. They 

presented a new analytical approach that predicts the earing profile 

and verified the results for three different aluminum alloys. Recently, 

warm forming simulation of elasto-plastic hardening materials with 

anisotropy has been studied, using temperature and strain rate 

dependent hardening rules.  

In summary, the researchers have concentrated on warm 

forming of mainly those anisotropic sheet materials which have the 

low melting temperature such as Al, Mg, etc. Not much research has 
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been done to study warm forming of high strength and high melting 

temperature materials like ASS, Titanium alloys, etc.  

2.2 DSA Behavior 

At elevated temperatures, alloys like steels exhibit DSA 

phenomena. These phenomena are characterized by the serrations in 

true stress vs. true strain curve and also by negative strain rate 

sensitivity in plastic deformation zone [44].  Serrated yielding was first 

observed by LeChatelier in 1909 while studying the properties of mild 

steel at elevated temperatures. Portevin and LeChatelier investigated 

the same behavior in an aluminum alloy (3.5% Cu - 0.5% Mg - 0.5% 

Mn). Serrated flow was subsequently referred to as the Portevin 

LeChatelier effect. The temperature range within which the serrated 

yielding occurs is known as the DSA or PLC region. Lower than this 

temperature range, the diffusivity is too low for the solute atoms to 

segregate to the dislocations and lock them during deformation. Above 

this range, the diffusivity of the solute atoms is fast enough to keep up 

with the moving dislocations without causing a drag force or impeding 

the motion. Both are said to move in phase under the influence of 

their interaction energy. Physical manifestations of DSA is identified 

by serrated plastic flow, negative strain rate sensitivity and the 

variation of ultimate tensile strength, strain hardening with 

temperature. Strain localization and increased strain hardening rate 

are observed during inhomogeneous plastic flow, which affect the 



24 

mechanical performance of the materials in terms of ductility and time 

to fracture at constant strain deformation. 

The strain rate increase leads to the increase in dislocation 

velocity and the decrease in time that the dislocation spends to arrest 

at obstacles. The diffusivity of the solute atoms must therefore be 

greater in order to catch up with the fast moving dislocations and to 

sustain DSA. The diffusion coefficient increases exponentially with 

temperature and thus an increase in temperature results in an 

increase in diffusivity of the solute atoms. The effect of strain rate on 

the location of the DSA region is clearly illustrated in low carbon steel 

[45]. At lower temperatures, the solute atoms are immobile with 

respect to the moving dislocations and do not impede their motion. On 

the other extreme, at high temperatures, the mobility of the solute 

atoms is such that they can follow the dislocations without any drag 

or disruption. At intermediate temperatures the solute atoms interact 

with the moving dislocations and affect the flow properties. This region 

is known as the DSA region. 

The plastic flow becomes unstable in the DSA temperature 

range. In general, two types of instabilities are associated with strain 

aging: Luders front and the PLC effect. The Luders front, in a tensile 

specimen, is delineation between plastically deformed and un-

deformed material. It appears at one end of the specimen and 

propagates with typical constant velocity towards the other end, if the 

cross head velocity of the test machine is kept constant [45]. The 
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nominal stress-strain curve appears smooth during the propagation. 

However, the localization is preceded by yield point behavior. After 

reaching a peak, the flow stress quickly drops to a lower value. The 

PLC effect, on the other hand, is seen either as a sequence of shear 

bands appearing sequentially with sometimes regular spacing, or as a 

set of propagating bands with a source at one end of the specimen. 

The resulting nominal stress-strain curve is serrated, i.e., the stress 

and plastic strain oscillate. During the oscillations, the average stress 

may remain constant or increase, either steadily or in steps 

corresponding to the crossing of the specimen length by the bands, 

indicating a continuous strain hardening.  

2.3 Physical Parameters of DSA 

Cottrell and Bilby [47] proposed that strain aging effects are due 

to the segregation of interstitial solutes to form atmospheres around 

dislocations, which require an increased force to break away from 

these atmospheres to become mobile. There is, however, no clear 

consensus on the details of the mechanism of DSA, although the 

Cottrell model became the basis for much of the study of strain aging. 

Three different approaches have been used in modeling DSA: the 

"solute dragging model", "arrest model" and "pair reorientation model" 

(also known as “Snoek locking” or “Schoeck Seeger locking” 

mechanism). 
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In Cottrell's solute dragging model, an impurity atmosphere is 

formed during dislocation movement. Cottrell postulated that this 

mechanism can operate even at temperatures that are too low for bulk 

solute diffusion.  The diffusion can be assisted by excess of vacancies 

generated during plastic deformation and the average velocity of 

dislocations decreases with plastic straining due to increase of 

dislocation density [48]. According to Cottrell model, unstable plastic 

flow will initiate when 

 ̇  
          

 
      

  

   
      (2.1) 

where  ̇ is the strain rate, Cv is the vacancy concentration, D0 is 

the diffusion frequency factor, l is the effective radius of the solute 

atoms atmosphere, b is a Burgers vector, ρm is the density of mobile 

dislocations, Qm is the effective activation energy for solute migration, 

T is temperature in °K and KB is the Boltzmann’s constant. Increase in 

vacancy concentration and in dislocation density with strain can be 

expressed by following relation: 

                       (2.2) 

where K, m, N and β are materials constants 

Then critical strain (εc) to initiate DSA can be expressed, by 

rearranging the equation as: 
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Although this theory is able to qualitatively predict the 

temperature and strain rate dependence of the onset of serrated 

yielding, it has been shown that the critical strain (εc) for the start of 

serrated yielding as calculated from this theory is in error by several 

orders of magnitude. Moreover, the solute drag model does not predict 

the effect of solute concentration on εc or on DSA in general [49]. 

In the arrest model developed by McCormick, it is considered 

that the motion of a dislocation on its slip plane is a discontinuous 

process. The dislocation faces obstacles in its motion, which have to 

be surmounted, possibly with the help of thermal activation. A 

dislocation segment has to wait for a certain average time tw until the 

obstacle is overcome, and after surpassing the obstacles it jumps at a 

high velocity to the next obstacles. Diffusion of solute atoms to the 

dislocations may occur during the waiting time. As a consequence of 

DSA, the relation between stress, strain and strain rate are affected. 

At constant strain rate, the needed stress to keep the dislocations 

moving will increase. As the waiting time is directly related to strain 

rate, the dependence of stress on strain rate will also influence the 

DSA. This treatment is based on the idea that the moving dislocations 

are not pinned depending on solute concentration in dislocation core 

which depends on the waiting time and the solute diffusion coefficient. 

This concept is developed to give the dependence of stress on strain 

rate, strain, and temperature in the presence of DSA and to formulate 

a criterion for the start of the Portevin LeChatelier effect. The time at 

which the dislocation moves from obstacle to obstacle is assumed 
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negligibly short in comparison to the waiting time of the dislocation in 

front of an obstacle. Thus, the average velocity of dislocation motion 

may be expressed as  

 ̅  
 

  
-       (2.4) 

where L is the average distance between arresting obstacles and 

tw is the waiting time. The strain rate at which the material can 

deform due to dislocation motion is proportional to the average 

velocity of mobile dislocations multiplied by dislocation density. In 

DSA the solid solutions are described as diffusion of solute atoms to 

mobile dislocations, temporarily arrested at obstacles. The time to lock 

a dislocation by diffusion of solute atoms to dislocation core, for 

elastic solute dislocation interactions and for short aging times, was 

estimated by Friedel [50] as: 

    
  

   
         

    
      (2.5) 

where ta is aging time, C1 is the solute concentration at the 

dislocation core which is required to lock it, C0 is the solute 

concentration of the alloy,  is constant, D is the solute diffusion 

coefficient, Um is the binding energy of solute atom to dislocation. At 

the critical strain when DSA is occurred it is assumed that tw ≈ ta. 

Combination of equations 

 ̇   
   

  
 

              
  
   

 

    
     (2.6) 

This can be expressed using terms of the critical strain as 
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As a consequence the solute concentration experienced locally 

by the dislocations depends on the arrest time and the solute diffusion 

coefficient. Based on the ideas suggested by Penning [51] the 

dependence of flow stress on the strain rate, the onset of serrated 

yielding, temperature dependence of the flow stress, effect of DSA on 

work hardening and strain rate sensitivity were analyzed in detail by 

van den Beukel [52]. The theory of flow localization due to dynamic 

strain aging was developed further and validated with the 

experimental results obtained on FeC and AuCu alloys by McCormick 

[53]. In the pair reorientation model, introduced by Rose and Glover 

[54] dislocation movement is postulated to be impeded by the 

interaction between the dislocations and vacancy solute atom pairs. In 

this model, long range solute diffusion is not required. All these 

models predict the drops in flow stress under conditions of DSA on 

the basis either of dislocations breaking away from the pinning atoms 

or of new dislocations being formed. 

2.4 DSA in Austenitic Stainless Steels 

Experimental aspects of DSA have been extensively studied in 

the different grades of austenitic stainless steels. In austenitic 

stainless steels DSA was reported in a wide range of temperatures 

depending on the strain rate. The DSA was observed from 300oC up to 

700oC in 304 stainless steels [55]. All types of serrated flow and their 
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mixed modes were reported. Values of activation energy for the 

serrated flow vary depending on chemical composition, test conditions 

and on the approach by which the activation energy was calculated 

[56]. 

In austenitic stainless steels of type 303, 304, and 330, 

appearance of serrated flow in the temperature range of about 260 – 

460oC represents DSA. In all the studied alloys, the activation 

energies were related to vacancy migration, which controls the carbon 

vacancy pair reorientation mechanism of aging, originally suggested to 

explain DSA. De Almeida et al. [57] have argued that the values of 

activation energy are close to those for self-diffusion of C or N in pure 

Ni or γ-Fe, but in multicomponent alloys where Cr is present as an 

alloying element the activation energy of carbon self-diffusion should 

be higher. The section of serrated flow in the temperature range of 460 

– 600oC was related to C or N self-diffusion only. In 310 austenitic 

stainless steel, negative SRS was reported for temperature range 300 – 

600oC at strain rates of 5×10-1 – 5×10-5 s-1 [58]. The plateau in YS 

dependency on temperature and increase of UTS with temperature 

were reported at the strain rate of 5×10-5 s-1 at temperatures of 300 – 

500oC. The activation energies for dislocation segment to overcome 

obstacles were calculated from the yield stress results obtained at 

strain rate of 5 ×10-5s-1 and temperature range of 260 – 650oC.  

The DSA in nitrogen alloyed austenitic stainless steel was 

studied by Kim et al. [59]. The mechanical properties of steels with 
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different nitrogen contents of 0.01, 0.04, 0.10 and 0.15 wt. % were 

compared by means of tensile tests at temperatures from room 

temperature up to 750oC and strain rates of 1×10-2 – 2×10-4 s-1. It was 

shown that nitrogen alloying increases yield and tensile strength of 

the steel without reduction in ductility. It has been found that 

nitrogen alloying shifts the temperature range of serrated flow 

observation to higher temperatures. The reported temperature ranges 

of serrated flow at strain rate of 2×10-3 s-1 were 400 – 600oC for steel 

with 0.04 % of N and 500-700oC in the case of steel with 0.1% N.  

2.5 Effects of DSA on the Material Behavior  

DSA phenomena affect various properties of the material, 

including the forming behavior of sheet metal. It causes an increase in 

the rate of dislocation multiplication and delay in recovery of 

dislocation structure, and promotes an increased propensity towards 

uniform distribution of dislocations in many metals and alloys. 

Kashyap et al. [60] showed the uniform dislocation distribution in the 

early stage of deformation at high strains having dense and thick cell 

walls composed of dislocation tangles in austenitic stainless steel in 

the DSA temperature regime. This makes the material harder and 

higher forces are needed to deform.  

Morris [61] pointed out that the tendency to produce an array of 

dislocation increases with an increase in the intensity of DSA. These 

investigations indicate reduced dynamic recovery in the DSA regime 

arising from the diffusion of solutes, which affects the rate of dynamic 



32 

recovery by pinning of dislocations and thereby preventing screw 

dislocations to cross slip due to their reduced mobility. This makes 

the material to become stronger and increase the resistance to 

fracture.  

Crack growth behavior in modified 9Cr–1Mo steel has been 

studied by Babu et al. [62] and found that it has improved in the DSA 

regime. Sarkar et al. [63] investigated that ratcheting behaviour of 

ASS 316 LN has been anomalous in DSA temperature range. Fracture 

toughness has been studied by Srinivas et al. [64] and found out that 

toughness is increased in Armco iron in the DSA regime  

Although the research on the effects of DSA on material 

behavior has been going on from last 5-6 decades, providing a vast 

amount of literature, there has not been any significant study on the 

effect of DSA in warm forming of ASS. 

 

2.6 Research Gaps in Existing Literature 

ASS 316 is the standard molybdenum-bearing grade, one of the 

most importance materials in the austenitic stainless steels. It has 

excellent forming and welding characteristics. This material has to be 

processed through various thermo-mechanical treatments before it is 

fabricated into final component. 

http://www.sciencedirect.com/science/article/pii/S0142112312000849
http://www.sciencedirect.com/science/article/pii/S092150931201667X
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In relation to the existing literature on the formability studies in 

ASS 316 at elevated temperatures, the research gaps can be 

summarized as follows:  

To date, there is not enough information in literature 

concerning sheet metal warm forming processes and temperature 

influence on mechanical properties of ASS. Frechard et al. [23] studied 

the mechanical behavior of nitrogen-alloyed austenitic stainless steel 

hardened by warm rolling.  Takuda et al. [25] presented the FE 

analysis of the formability of ASS 304 sheet in warm deep drawing. 

The experimental and the numerical results show the positive effect of 

the heating on the drawability. The LDR increases to 2.7 in the warm 

deep drawing at 150 °C from 2.0 at room temperature. Limited 

amount of such information in the case of ASS 316 sheets is one of 

the reasons for the investigation presented in this thesis.  

Further, there have been some studies on the identification, 

characterization and influence of DSA phenomenon in ASS 316 [59, 

63], but these are either related to the low cycle fatigue and crack 

propagation or to the deformation behavior during ratcheting.  As far 

as the author’s knowledge, none of the studies in existing literature 

presents the effect of DSA phenomenon on the warm forming behavior 

in deep drawing of ASS 316.  

Similarly, there has not been any study on FE simulation of 

warm forming in ASS 316 sheet materials and also on the 
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development of FLD at elevated temperatures either theoretically or 

experimentally.   

These research gaps form the basis of investigations in this thesis.  

 

2.7 Objectives of the Study 

The objectives of this research study are as follows, which address the 

above research gaps one by one.  

1. Characterization of ASS 316 at elevated temperatures along 

with identification of DSA regime by tensile tests 

2. Study of forming behavior in ASS 316 at elevated temperatures 

by deep drawing experiments 

3. FE simulation of forming behavior in ASS 316 at elevated 

temperatures by deep drawing simulations using LS-Dyna 

4. Development of FLD for ASS 316 theoretically by MK analysis 

and its experimental validation 

 

These objectives are sequentially addressed in this thesis in the 

following chapters. Chapter 3 focuses on characterization of ASS 316 

and identification of DSA regime in it. Chapter 4 presents the 

formability study of ASS 316 at elevated temperatures by deep 

drawing experiments followed by its FE simulation using LS-Dyna in 

Chapter 5. Finally, Chapter 6 covers the development of FLD 

theoretically and experimentally. 
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This chapter is focused on material characterization by finding 

material properties through tensile tests at various elevated 

temperatures till 7000 C. Tensile test specimens have been prepared 

from ASS 316 sheets as per subscale ASTM standards (ASTM E-8/21). 

Tests have been conducted at various elevated temperatures and 

different strain rates. Tensile properties of the material at these 

temperatures have been evaluated. Based on the serrations in true 

stress – true strain graphs, DSA region have been investigated. The 

fracture behavior of the specimens within DSA and non-DSA has been 

studied. Lankford coefficients have also been measured to predict the 

anisotropy of sheet metal   

3.1 Blank Material 

In this study, 1.0 mm thick sheet of ASS 316 has been used. 

ASS 316 is molybdenum-bearing austenitic stainless steel which is 

more resistant to pitting and crevice corrosion than the conventional 

chromium-nickel austenitic stainless steels. This alloy also offers 

higher creep, stress-to-rupture and tensile strength at elevated 

temperatures. This alloy contains 2 to 3% molybdenum, which 

enhances the corrosion resistance in acidic environments. Resistance 

to pitting and crevice corrosion in the presence of chloride or other 

halide ions is enhanced by higher chromium (Cr) and molybdenum 

(Mo) content [65]. It is primarily in austenitic phase and small 

quantities of ferrite may be present. Due to the presence of these 

phases it has excellent toughness besides high strength. These 
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combinations of properties provide the excellent fabricability and 

formability to the material [66]. 

Chemical composition of the as-received ASS 316 sheets has 

been found using the spark emission spectrometer. Spark source in 

the spectrometer has a relatively high precision, accurate, and 

suitable source for the routine analysis of metals. This is a method 

that use the intensity of light emitted from a flame or spark, at a 

particular wavelength to determine the quantity of an element in a 

sample. The wavelength of the atomic spectral line gives the identity of 

the element, while the intensity of the emitted light is proportional to 

the number of atoms of the element. A sample of a material is brought 

into the flame or directly inserted into the flame by use of a small loop 

of wire. The heat from the flame evaporates the solvent and breaks 

chemical bonds to create free atoms. The thermal energy also excites 

the atoms into excited electronic states that subsequently emit light 

when they return to the ground electronic state. Each element emits 

light at a characteristic wavelength, which is dispersed by a grating or 

prism and detected in the spectrometer [67]. 

Standard test method for optical emission vacuum 

spectrometric analysis of carbon and alloy steel is ASTM E 415. This 

test method covers the simultaneous determination of 20 alloying and 

residual elements in carbon and alloy steels in certain concentration 

ranges. Chemical composition of as-received ASS 316 sheets is listed 

http://en.wikipedia.org/wiki/Flame
http://en.wikipedia.org/wiki/Electric_spark
http://en.wikipedia.org/wiki/Chemical_element
http://en.wikipedia.org/wiki/Atomic_spectral_line
http://en.wikipedia.org/wiki/Atom
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in Table 3.1. This spectrometric analysis has been carried out at 

Jyothi Spectro Labs, Hyderabad.  

Table 3.1: Chemical composition of as-received ASS 316 sheets 

Element Fe Cr Ni Mo Si Mn Cu Co C 

Composition 
(Wt. %) 

67.69 6.6 0.8 2.42 1.28 0.38 0.21 0.21 0.018 

 

3.2 Tensile Testing 

Tensile test specimens were prepared according to sub-size of 

the ASTM E8standard. The specimen is flat sheet type with the gauge 

length of 30 mm, width of 6.4 mm and thickness of 1 mm as shown in 

Figure 3.1. These specimens have been cut from 1mm thick sheet by 

wire-cut Electron Discharge Machine (EDM). This is an electro 

thermal process of metal cutting, in which electrode is used to cut 

through metal by the use of heat from electrical sparks. It is 

applicable to parts which are electrically conductive. Instead of cutting 

the material, EDM melts or vaporizes it, leaving little debris and 

providing a very accurate size and shape. Wire-cut EDM uses a 

metallic wire as an electrode to cut a programmed contour in the work 

piece. It discharges the electrified current, which acts as the cathode 

and is guided alongside the desired cutting path. There is never any 

mechanical contact between the electrode and work piece. The wire is 

usually made of brass or stratified copper, and is between 0.1 to 0.3 

mm diameters. A dielectric fluid submerges the wire and work piece, 
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filtering and directing the sparks. The thin wire allows precision cuts, 

along the cutting path, which have a positional accuracy of +/- 0.005 

mm.  

Tensile tests have been performed according to the standards 

ASTM E8/E21 (Standard Test Method for Elevated Temperature 

Tension Tests of Metallic Materials) in air environment. Tensile tests 

have been conducted on a universal testing machine, as shown in 

Figure 3.2. It is an electronic screw driven machine with precision 

screw, column construction and completely computer controlled. It 

has variable speed drive. Tensile tests have been carried out at 

different constant strain rates. The rate at which strain is applied to 

the specimen has an important influence on the flow stress of the 

material. 

 

Figure 3.1: Tensile test sub-sized specimen as per ASTM E8 
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Figure 3.2: Universal testing machine 
 

Strain rate can be defined as the rate of change in strain 

(deformation) of the material with respect to time.  This can be given 

in Equation 3.1 and expressed in units of per second (s-1). At lower 

plastic strain, flow stress is more influenced by strain rate than the 

strength of the material. High strain rate causes yield point to appear 

during early stage of tensile test. 

                   (3.1) 
 

UTM is equipped with a pinned grip arrangement to fix the flat 

tensile test specimen. The crosshead speed is given by Equation 3.2. 

The strain rate is expressed in terms of linear strain as given in 

Equation 3.3. The true strain rate is given by Equation 3.4, which 

Furnace 

Load cell 

Control panel for 

furnace 

Control panel for 

UTM 

Cross Head 

http://en.wikipedia.org/wiki/Strain_%28materials_science%29
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indicates that in constant crosshead speed true strain rate decrease 

as the specimen length continuously increases due to tensile force 

acting on it. To maintain constant true strain rate, cross head speed 

must increase proportionately to the length of the specimen. The 

speed is continually controlled by a closed loop control proportional-

integral-derivative (PID). The instantaneous crosshead speed is 

governed by Equation 3.5, where t is the time interval.  

                (3.2) 
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     (3.4) 

   ̇         ̇         (3.5) 

 

PID controller has a generic control loop feedback mechanism. 

This is widely used in industrial control systems. A PID controller 

calculates an "error" value, in equal time intervals, as the difference 

between a measured process and a desired set point. The controller 

attempts to minimize the error by adjusting the process control 

inputs. Here, PID measures the true strain rate of the specimen at the 

time interval of 10 micro seconds and calculates the deviation in 

strain rate (error) with the set strain rate. The crosshead speed keeps 

adjusting proportional to the elongated length of the specimen so that 

the strain rate maintains the set value.  

http://en.wikipedia.org/wiki/Control_loop
http://en.wikipedia.org/wiki/Feedback_mechanism
http://en.wikipedia.org/wiki/Industrial_control_system
http://en.wikipedia.org/wiki/Setpoint_(control_system)
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Figure 3.3: Split furnace with 3-zone heating attached to UTM 

 

For conducting the test at higher temperatures, UTM is 

attached with a special type 3-zone split furnace as shown in Figure 

3.3. It has uniform distribution of heating coils, which are arranged in 

three zones to achieve temperature up to 1000°C with ± 1°C accuracy. 

Temperature measurement and control has been done by 

thermocouples.  

Uniaxial tensile tests have been performed at temperatures 

between 50°C to 700°C in the interval of 50° C and at strain rates of 

1x10-1, 1x10-2, 1x10-3 and 1x10-4 per sec. From these test data, the 

true stress – true strain curves have been plotted. The effect of strain 

rate and temperature on the tensile properties have been evaluated 

and compared. The typical stress-strain curves at a constant strain 

rate of 1x10-2 s-1 and for different temperatures are shown in Figure 

 

Heat n  co ls 

   ones 

Heating coils 

in 3 zones 
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3.4. Constant temperature of 100°C and at different strain rate, true 

stress – true strain curves are shown in Figure 3.5. From these 

curves, it can be observed that the mechanical properties are 

dependent on the test temperature and strain rate. 

 
 

Figure 3.4: True stress vs. true strain at different temperatures and 
constant strain rate of 1x10-2 s-1 

 

 
 

Figure 3.5: True stress vs. true strain at different strain rates at 100°C 
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From Figures 3.4 and 3.5, it can be observed that the strength 

of the material gets more affected by the temperature than the strain 

rate. Strength of ASS 316 decreases with the increase in the 

temperature due to the reduction in flow stress. This decrease is slow 

at lower temperatures, but drastically falls at higher temperatures. 

This is because in ASS 316 diffusion rate is higher at these 

temperatures and flow stress is decreased more at higher 

temperatures. In the interval of 400 to 600°C, serrations have been 

observed in true stress-true strain curves at lower strain rates due to 

impurity segregation in the slip planes. It is observed that the strain 

rate doesn’t have much effect on the flow stress of the material, but it 

delays the fracture point of the specimen. It is because the strain rate 

has no influence on the diffusion rate, but it slows down the 

dislocation motion which results in delay of the fracture point and 

thus leads to more elongation. This leads to increase in the fracture 

strain and also in the ultimate tensile strength. For a sample, the 

mechanical properties of the material obtained by uniaxial tensile 

tests at a strain rate of 1x10-2 per second and different temperatures 

are given in Table 3.2. 
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Table 3.2: Mechanical properties of ASS 316 at different temperatures 
and at a strain rate of 1x10-2/sec. 

 

 

Two trends have been observed in Figure 3.4; firstly the slope of 

each curve is different at each temperature and decreases with an 

increase in the temperature. This is because of the decrease in strain 

hardening of the material at elevated temperatures. The other trend is 

that the increase in tensile stress is more at lower temperatures than 

Temperature 

Young’s 

modulus 

(in GPa) 

Yield 

strength 

(in MPa) 

Strain 

hardening 

index (n) 

Hardening 

co-efficient 

(K) (in MPa) 

Room Temp 205 182.34 0.3419 1106 

100 °C 196.4 178. 63 0.3341 987.9 

150 °C 194.3 175.63 0.3281 984.9 

200 °C 182.4 172. 63 0.3271 935.8 

250 °C 175.5 170.65 0.3186 908.6 

300 °C 149.5 169.3 0.3102 872.5 

350 °C 146.7 156.9 0.312 859.6 

400 °C 145.2 153.7 0.3673 968.7 

450 °C 143.6 152.2 0.3663 972.5 

500 °C 142.2 150.7 0.3703 988.7 

550 °C 141.3 142.6 0.368 949.6 

600 °C 138.2 141.8 0.352 849.3 

650 °C 134.6 138.6 0.321 824.6 

700 °C 132.2 121.8 0.302 789.3 
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that at higher temperatures. This is expected as the creep deformation 

makes a larger contribution to the strength reduction at high 

temperature and low strain rate. Elongation of the materials does not 

always increase with increase in temperature or decrease in strain 

rate. Highest ductility is usually obtained at a certain temperature 

and strain rate. A possible explanation for this phenomenon is that 

the peak value of elongation at high temperature results from the 

interaction between work hardening and dynamic recovery. 

Serrations in the stress–strain curve have been observed at 

lower strain rates and at a certain temperature range.  True stress vs. 

true strain graphs have been plotted for the test data at low strain 

rate of 1x10-4per second as shown in Figure 3.6. Serrations in the 

stress–strain curves are clearly visible in the temperature range of 

400°C to 600°C. Outside this range, serrations are absent in the whole 

range of the strain rates. Table 3.3 provides a summary of the results 

of these observations regarding the presence of serrations in true 

stress vs. true strain curves. 

Table 3.3: Presence of serrations in true stress vs. true strain curves 
(‘Y’ represents presence; while ‘N’ represents absence) 

 

 

Strain 
Rate 

(/sec) 

Temperature (°C) 

50 100 150 200 250 300 350 400 450 500 550 600 650 700 

1x10-1 N N N N N N N N Y Y Y Y N N 

1x10-2 N N N N N N N Y Y Y Y Y N N 

1x10-3 N N N N N N N Y Y Y Y Y N N 

1x10-4 N N N N N N N Y Y Y Y Y N N 
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Figure 3.6: Flow stress curve at constant strain rate of 10-4 sec-1 

The strain rate sensitivity (SRS) index is considered one of the 

parameters that can characterize DSA phenomena. The flow stress 

equation that describes plastic behavior is usually written by power 

law as presented in Equation 3.6, where σ is the flow stress, K is a 

material constant,  ̇ is the strain rate and m is the SRS index of the 

flow stress [68]. The most convenient method for determining m is the 

uniaxial tensile test at a constant temperature and at different strain 

rates. Power law can be simplified by considering strain as constant 

and the modified formula is given in Equation 3.7, where C is a 

constant. 

      ̇        (3.6) 

     ̇        (3.7) 
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The m value is usually measured from the log – log plot of the 

flow stress vs. strain rate. Figure 3.7 presents the log-log plot between 

true stress and strain rate within the DSA range at a true strain of 

0.2. The m values have been calculated from the slopes of these 

curves. SRS index has been tabulated in the temperature range of 

350°C to 650°C in Table 3.4. It can be seen that m has a negative 

value in the temperature range of 400°C to 600° C. Negative strain-

rate sensitivity along with the appearance of serrations in the true 

stress– true strain curves confirms the presence of DSA phenomena. 

With these observations it can be concluded that in ASS 316, DSA 

occurs within a temperature range of 400°C to 600°C at almost all 

strain rates.  It has also been observed that the strain rate sensitivity 

decreases with the increase in temperature in the DSA regime.  

Similar results have been reported in low carbon steel in [69] and 

subsequently analyzed in detail by McCormick [70]. This is resulting 

from diffused solute atoms, temporarily arrested dislocations at 

obstacles in the slip path. This serrated flow is originated due to the 

pinning of dislocations by solute atoms of Cr in ASS 316, which 

attribute to the occurrence of DSA phenomena. 

Table 3.4: SRS index (m) at various temperatures in DSA regime 
 

 

Temp 350 400 450 500 550 600 650 

SRS 

index 
0.0153 -0.0059 -0.008 -0.0101 -0.0123 -0.0195 0.0174 
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Figure 3.7: Log-log plot of true stress vs. strain rate at 0.2 true strain 

 

Mobile solute atoms tend to cluster at dislocations, driven by 

their primarily elastic interaction with the strain field generated by the 

defects. Clustering leads to an enhancement of the apparent lattice 

resistance to dislocation motion. In the current physical picture of 

DSA, it is considered that, if the solute has sufficient mobility, 

clustering may occur during the relatively short time. Mobile 

dislocations are arrested at obstacles such as forest dislocations, 

precipitates and grain boundaries. Clustering is assumed to occur 

either by lattice diffusion, from the lattice to the arrested mobile 

dislocation, or by diffusion, from the solute cluster on the forest 

dislocation, along the core of the mobile dislocation. These 

microscopic mechanisms lead to negative strain rate sensitivity [71]. 
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It was observed that diffusion must be assisted by vacancies in 

order to occur at reasonable rates at room temperature. However, it is 

now accepted that vacancies do not play a central role in DSA. They 

certainly favor the effect by enhancing the diffusion, but the DSA 

mechanism must be independent of their presence and concentration. 

Not affected by the vacancies, diffusion appears to be slow in this 

material system, at lower temperature. In turn, this implies that 

clustering of mobile dislocations during their arrest time at obstacles, 

by diffusion, is too slow for the mechanism to explain the macroscopic 

phenomenon [72]. 

At higher strain rates, when the average arrest time is short, the 

clusters are too small to produce an effective enhancement of the 

strength and the DSA effect is not observed. Clustering contributes to 

the intrinsically unsteady motion of dislocations during which a 

higher resolved shear stress is needed to break free the defect from 

the cloud, while a relatively low stress is required to keep it moving 

after this event. This process leads to negative strain rate sensitivity 

and strain localization. The temperature is important since it controls 

solute mobility and clustering rate. 

In the graph, serrations have been observed even at 350 and 

650°C, but these are near to fracture point. Serrations start 

immediately after yielding in DSA. The serration observed at fracture 

point is due to the conditions of fracture. Before fracture, necking 

starts at the internal layers of material and it propagates to entire 
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cross section, which leads to fracture. It has been observed that the 

fracture topography differs in non-DSA and DSA regimes. To 

understand the nature of fracture in tensile test specimens in DSA 

and non-DSA regimes, the fracture study has been presented in the 

next section. 

3.3 Fracture Study 

Scanning electron microscope (SEM) is used to study the 

fracture. SEM is a scientific instrument that uses a beam of energetic 

electrons to examine objects on a very fine scale. It tracks local 

material abnormalities that act as crack initiators. The observed 

micro-voids can be generated from non-metallic inclusions. Voids on 

the surface may be initiated the inclusions or nucleated at 

precipitated carbide. The SEM has a large depth of field, which allows 

a large amount of the sample to be in focus at one time and produces 

an image up to 10,000X magnification. The combination of higher 

magnification, larger depth of field, greater resolution, compositional 

and crystallographic information makes the SEM as one of the most 

widely used instruments in the lab for fracture study [73]. 

The surface of a specimen is brought into the focus of electron 

beams. The signals control the brightness of a screen tube such that 

an image of the surface of the sample can appear. Any fracture of a 

body starts with the formation and propagation of cracks in sub-

microscopic, microscopic, and eventually macroscopic dimensions. 

The structure of the fracture surface varies depending on the 
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composition and microstructure of the material as well as on other 

conditions applied during the process of breaking, such as 

temperature and strain rate. Thus, an analysis of the fracture surface 

can provide essential information on the cause of fracture. Ductile 

fracture occurs in formable metals that go through significant plastic 

deformation. The brittle fracture occurs without significant plastic 

deformation. This type of fracture appears generally in BCC or HCP 

metals. The crack starts through or along the grain boundaries. The 

propagation of the crack is fast and the fracture is characterized as a 

cleavage fracture. 

SEM photographs of the fractured surface of tensile specimens 

at 300°C and 550°C are shown in Figure3.8 at different 

magnifications. There is a significant difference in the fracture surface 

topology. Fracture usually occurs under single load or tearing in 

ductile material. This is shown by depressions in the microstructure, 

called as dimples, which occur from micro-void emergence in places of 

high local plastic deformation. The observed micro-voids can be 

generated from non-metallic inclusions. For example, voids on the 

surface may be initiated by carbide inclusions or nucleated at 

precipitates. At 300°C, the large dimples are seen, which may be due 

to non-metallic inclusions. Under increased strain, micro voids grow, 

coalescence until rupture occurs, and leads to formation of dimples. 

Dimple size and shape depend on the type of loading and extent of 

micro-void emergence. When a material is put under uniaxial tensile 

loading, equi-axed dimples appear which have complete rims. Under a 

http://www.sv.vt.edu/classes/MSE2094_NoteBook/97ClassProj/exper/halahan/www/microvd.html
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shear loading the dimples are elongated, the rims of the dimples are 

not complete and the dimples are in the same direction as the loading. 

Oval dimples occur when a large void intersects a smaller subsurface 

void and exhibit complete rims [74]. 

 

Figure 3.8: SEM photographs of the fracture surface in the specimens 
at 300°C and 550°C (a) 1000 X at 550° C (b) 10, 000 X at 550° C (c) 

1000 X at 300°C (d) 10, 000 X at 300°C  

Dimple 

Cleavage 
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Fracture surface at 550°C consisted of small dimples and flat 

areas looking like semi-cleavage. The flat area of fracture occurs 

without significant plastic deformation. These also look like quasi-

cleavages. Cleavage results from high stress along three axes with a 

high rate of deformation. Characteristics of cleavage are cleavage 

steps, feather markings, herringbone structure, tongues and micro-

twins and quasi-cleavage. A cleavage step is a step on a cleavage facet 

joining two parallel cleavage fractures. Feather markings are very fine, 

fan like markings on a cleavage fracture. Quasi cleavage is a fracture 

mode resembling cleavage because of its planar facets, but where the 

fracture facets are not specific well-defined planes. 

This difference of fracture surface is in agreement with variation 

of the nature of fracture of these conditions. In the non-DSA region at 

300°C fracture occurred through significant plastic deformation 

resulting in large dimples which confirms the nature of fracture to be 

ductile. Whereas in DSA region at the 550°C, fractured surface had 

small dimples and quasi-cleavages, which shows that fracture is less 

ductile.  This indicates that in the DSA region, the ductility of the 

material decreases. 

Few of SEM photographs of non-DSA are shown in Figure: 3.9 

at lower magnifications. It shows that fracture is full of dimples and 

can be considered as a ductile fracture. Figure 3.10 shows the 

fractured surface of specimen in DSA region, which have few dimples, 

but large areas of flat surface, i.e., cleavages. With this, it can be 
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concluded that in DSA region material is less ductile and fracture type 

is mixed mode fracture. 

 

 

Figure 3.9: SEM photographs of the fractured surface in non-DSA 
region 
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Figure 3.10: SEM photographs of the fractured surface in DSA region 
  

Cleavage 

Cleavage 



57 

3.4 Evaluation of Anisotropy 

Anisotropy is defined as the directionality of properties and it is 

associated with the variance of atomic or ionic spacing within 

crystallographic directions. Single crystals cause variations in 

properties in different crystallographic directions. The extent and 

magnitude of anisotropic effects in the crystalline materials are the 

functions of the symmetry of the crystal structure [75]. Since common 

engineering materials are polycrystalline, the crystallographic 

orientations of the individual grains are totally random, if complete re-

crystallization has taken place. Although all grains have certain 

anisotropy, the overall structure behaves isotropic, since the 

anisotropy effect is averaged out. However, if the materials are 

deformed for instance with no complete recovery, the crystal grains 

are oriented in deformation specific directions, making the material 

anisotropic. During deformations, the crystal lattices rotate and they 

affect the plastic properties [76]. 

In the sheet metals, crystal lattices are oriented in specific 

direction during rolling of the sheets, which make them more 

anisotropic. In sheet material, plastic anisotropy is measured with the 

R-value, which is Lankford coefficient and it measures the tendency of 

the sheet to become thin under deformation. The Lankford coefficient  

is an indicator of the plastic anisotropy of a rolled sheet metal which is 

critical in deep drawing [77]. The anisotropy is characterized into 

normal and planar anisotropy. Normal anisotropy influences the 

http://en.wikipedia.org/wiki/Plasticity_%28physics%29
http://en.wikipedia.org/wiki/Anisotropy
http://en.wikipedia.org/wiki/Rolling_%28metalworking%29
http://en.wikipedia.org/wiki/Sheet_metal
http://en.wikipedia.org/wiki/Lankford_coefficient#cite_note-1
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maximum drawability of sheet, whereas planar anisotropy leads to 

earring [78]. 

Lankford coefficient represents the directional differences in a 

rolled sheet material. To evaluate plastic anisotropy behavior, the 

Lankford coefficient is evaluated through uniaxial tensile tests. The 

ratio between the strains is calculated through the conservation of 

volume and the measured data. 

  
  

  
 

  

        
     (3.8) 

where εw is the strain in width, εl is the longitudinal strain and 

εt is the thickness strain in a uniaxial tension test. This is normally 

carried out with samples cut from the sheet at 0, 45 and 90 degrees to 

the rolling direction as shown in Figure 3.11. Since the R-values vary 

for different directions, an average value can be used as normal 

anisotropy (Rn), and is measured as: 

                             (3.9) 

 

 
 

Figure 3.11: Directionality in the rolled sheet 
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A material with a higher Rn value, experience less thinning 

during the deep drawing operation than a material having a smaller Rn 

value, provided that their flow characteristics are identical. Materials 

having greater R-values are more suitable for deep drawing. Their 

deformation resistance also increases with the increase in R-values 

[79]. The materials having a normal anisotropy value larger than unity 

experience that the width strain is greater than the thickness strain 

under the tensile force.  This is due to having a greater strength in the 

thickness direction and offering a resistance to thinning. It leads to 

deeper parts to be drawn and allows in shallow, smoothly contoured 

parts (like automobile panels). Higher value of Rn may reduce the 

chance of wrinkling or ripples in the part. So, for a deep drawing 

operation, a suitable material must have an R-value relatively larger 

[80]. 

Generally, the R-value of cold rolled steel sheet used for deep-

drawing shows the heavy orientation, and such deep-drawability is 

characterized by normal anisotropy. However, in the actual press-

working, the deep-drawability of steel sheets cannot be determined 

only by the value of Rn , but also by the planar anisotropy. A measure 

of the variation of normal anisotropy with the angle to the rolling 

direction is given by the quantity ΔR, known as planar anisotropy. 

                           (3.10) 

http://en.wikipedia.org/wiki/Cold_rolled_steel
http://en.wikipedia.org/wiki/Deep_drawing
http://en.wikipedia.org/wiki/Deep_drawing
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In this anisotropic parameter, R-value is evaluated through 

uniaxial tensile tests. For this gauge length was divided into 5 equal 

segments along the length by a fine scriber. Width and length of these 

segments were measured before tensile testing. These divisions are 

made in order to increase the accuracy of measurement. A tensile test 

experiment has been conducted up to plastic strain and stopped 

before the specimen fracture. Normally, the specimen should be 

elongated upto 0.2 strain and then stopped. After removing the 

specimens from the pinned grippers, their final length and width at all 

5 segments have been measured. Width strain (εw) and length strain 

(εl) were measured and substituted in Equation 3.8 to find ‘R’. These 

experiments were repeated in 0°, 45° and 90° direction of rolling to get 

Lankford coefficients in these directions. Using these R values, normal 

and planar anisotropy have been calculated and presented in Table 

3.5 for ASS 316.  

There is not much effect of temperature on Lankford coefficient. 

Normal anisotropy (Rn) is not affected much by an increase in 

temperature. Above 400°C, where DSA has been observed, these 

parameters are uncertain and there is not any direct effect of 

temperature. Planar anisotropy (ΔR) has been found less in this 

temperature range. At 400°C and above, ΔR is observed to have 

sudden increase, which negatively effects on formability and 

drawability.  Further investigations of these behaviors were carried 

out by experimentation and simulation of deep drawing.  
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Table 3.5: Lankford coefficient for ASS 316 at different temp 

 

From this chapter it has been observed that the mechanical 

properties are strongly dependent on the test temperature and strain 

rate. As the temperature increases strength decreases slightly at lower 

temperatures, but drastically decreases at higher temperatures. Strain 

rate has less effect on the flow stress of the material, but it delays the 

fracture point. As the strain rate decreases, material elongates to 

Temperature R0 R45 R90 Rn ΔR 

Room Temp 0.8178 1.204 1.811 1.259175 0.4398 

100 °C 1.108 1.376 1.89 1.4375 0.492 

150 °C 1.228 1.076 1.68 1.438 0.492 

200 °C 1.159 1.219 1.58 1.29425 0.602 

250 °C 1.022 1.29 1.68 1.3205 0.244 

300 °C 0.916 1.214 1.824 1.292 0.6256 

350 °C 1.19 1.214 1.544 1.2904 0.6128 

400 °C 0.8022 1.09 1.873 1.2138 0.9904 

450 °C 1.08022 1.194 1.987 1.36388 1.35904 

500 °C 0.809 1.013 1.663 1.1244 0.8912 

550 °C 1.09 1.13 1.663 1.25315 0.9852 

600 °C 0.817 1.614 1.678 1.43075 1.466 

650 °C 1.07 0.941 1.678 1.1577 1.7304 

700 °C 1.099 1.313 1.7 1.35625 0.346 
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higher strain and increases the ultimate tensile strength. In the 

interval of 400 to 600°C, serrations have been observed and also SRS 

index is found to have negative values. These indicate the presence of 

DSA region in the temperature range of 400 to 600°C in ASS 316. 

Sheet metal under investigation is anisotropic and is not much 

affected by temperature. Above 400°C, where DSA has been observed, 

these parameters are uncertain and there is not any direct effect of 

temperature. At 400°C and above, ΔR has been found to have sudden 

increase, which negatively affects the formability and drawability. 

There is a significant difference in the fracture surface in non-DSA 

and DSA regimes. In the non-DSA region, fracture is occurred by 

significant plastic deformation, which shows that the fracture is 

ductile; whereas in the DSA region, fractures are less ductile. DSA 

phenomena negatively affect the formability of the material. A common 

method for assessing formability is to determine the limiting draw 

ratio (LDR) and thickness distribution. The next chapter covers the 

deep drawing experiments along with the measurement of LDR and 

thickness of the drawn cups. 
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This chapter is focused on the deep drawing experimentation. 

Experimental setup has been developed to carry out deep drawing 

experiments on ASS 316 at different elevated temperatures. After 

performing the deep drawing experiments, LDR and thickness 

distribution of the drawn cup have been measured for understanding 

the formability of ASS 316. The effect of different process parameters 

on the sheet formability has also been studied. 

4.1 Experimental Setup of Deep Drawing 

In deep drawing, the blank material draws into the die by the 

action of the punch and flows into a three dimensional shape. Deep-

drawing takes place without damaging the material structure, 

therefore it is very much suitable for producing many different shapes. 

This process offers an enormous saving potential compared to other 

manufacturing processes. 

The deep drawing process begins with metal blanks where 

typically single blanks are used in order to facilitate the creation of 

parts or products with deeper shapes. Sometimes, these metal blanks 

are placed on a reel to enable the metal to form efficiently. At each 

step in the deep drawing process, the metal blank is shaped through 

the pressure applied by a punch. Deep drawing is especially beneficial 

when producing high volumes, since the unit cost decreases 

considerably as unit count increases. Once the tooling and die have 

been created, the process can continue with very little downtime. 
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Figure 4.1: Deep drawing parameters 

 

Deep drawing tool construction costs are lower in comparison to 

similar manufacturing processes even in smaller volumes. Using the 

simplicity of the axis-symmetric deep drawing, one can describe the 

basic parameters in deep drawing. The basic geometry and material 

parameters in a simple cup drawing operation are shown in Figure 4.1 

[81]. 

Punch size (Dp), punch corner radius (Rp), die opening (Dd), die 

corner radius (Rd) and blank size (Db) are the important physical 

parameters which affects the deep drawing process.  The clearance 

between die opening and punch is another important parameter. Its 

value is important as the punch enters the die cavity, depending on 

the blank thickness at the die cavity. 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. The other parameters which affect the 
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deep drawing operations are blank holder force, punch speed, 

lubrication, properties of blank material. 

In a typical deep drawing process, a circular blank of radius R0 

and thickness t0 is drawn by a flat-bottomed punch through a die 

opening of radius r1 with a constant blank-holding force. Under plane-

strain conditions, the thickness in the flange region of the drawn cup 

is variable [82]. Normal anisotropy and planar anisotropy are assumed 

to be radially symmetrical in the sheet metal.  

The amount of drawing performed on a blank can be quantified 

in terms of the drawing ratio, DR, which is calculated as Db/Dp . 

Depending on the geometry, forces, metal flow, and material 

properties, there is a limit to the amount of drawing that can be 

performed on a blank in a single operation. Drawing ratios can help to 

determine the maximum amount of drawing possible.  

The force used to accomplish a deep drawing operation must be 

adequate enough to provide necessary forces for the material 

deformation and flow during the process, and also to overcome 

friction. Magnitude of force must not be too high or applied 

incorrectly; otherwise it leads to tearing of the sheet metal. The punch 

and the blank holder exert separate forces and the force analysis has 

to be done for both.  

For deep drawing experiments, the blanks from ASS 316 have 

been made into the circular shape of different diameters in the 

increment of 2 mm from 60 mm onwards using shearing, machining 



67 

and grinding. Multiple blanks were held on the lathe machine between 

the head and tail stocks with suitable supports. After fixing the blanks 

on the lathe machine, blanks were machined with care by giving the 

small depth of cut (0.05 mm). Burrs and chips were removed by 

smooth grinding at the edges. 

4.2 Deep Drawing at Room Temperature 

The experimental setup required for conducting deep drawing 

consists of die, punch, blank holder, a power source (Hydraulic power 

source) to apply punch force and blank holding force, instrumentation 

to measure load and displacement of the punch (load cell and 

displacement encoder), and data acquisition system. The experimental 

setup is shown in Figure 4.2. A hydraulic press is used which is 

specially designed to conduct deep drawing experiments at different 

temperatures with the given specifications. Four pillars are used for 

the support of hydraulic cylinders and for the smooth movement of 

blank holding plate. Alignment of the die, punch, pistons and 

cylinders of the hydraulic system has been properly ensured.  Inconel 

die and punch have been manufactured on CNC lathes and tested for 

geometrical features such as cylindricity, ovality, taper, etc. The outer 

surface of the punch and inner surface of the die are finished by 

buffing process. Lubricants are used to reduce friction between the 

working material and the tools, which also aids in removing the part 

from the punch. Lubricant films on both sides of the work piece help 

in getting a fine surface. 
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The specifications of the experimental setup are given as follows: 

Capacity of the press  :  

Electrical motor HP :  

No of main cylinders :  

Blank holder ram bore diameter 

Blank holder ram rod diameter 

Blank Holder ram stroke      :  

No of blank holder cylinders :  

Pressing speed :  

Max operating pressure :  

20 tons 

5 HP 

1 no 

40 mm 

25 mm 

300 mm 

2 no’s 

30~ 500 mm/min 

140 Kg/cm2 

 

 

Figure 4.2: Deep drawing experimental test setup 
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Die, blank holder and punch in a typical deep drawing 

operation are designed in such a way that excessive stress 

concentration does not appear in any part of the drawn cup. Around 

2% of the yield stress is applied on the blank holder to avoid wrinkling 

of the sheet as the compressive hoop stresses develop in the flange 

region of the cup. Also, if the blank holding pressure is more, there 

will be a fracture in the sheet just in the beginning of the drawing. In 

the deep drawing, usually the clearance between punch and die is 

kept around 1.2 times of the sheet thickness. If clearance is small, it 

leads to ironing and if clearance is large, then it results in improper 

geometry of the drawn cup, therefore sufficient clearance is very 

necessary for properly drawing the desired cup. Figure 4.3 shows the 

punch, die, and blank holder setup; while their dimensions are shown 

in Figure 4.4. 

 

Figure 4.3: Punch, die and blank holder setup 
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Figure 4.4: Tooling geometry and dimensions of deep drawing 

 

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. Though the thickness of the initial blank is 

constant, in the drawn cup there are variations in thickness in certain 

areas. In order to form the side walls of the cup, the material must 

flow from the blank's peripheral, over the die corner radius in the 

direction of the punch. Material in the cup wall undergoes tensile 
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stresses, which naturally causes it to become thin. This thinning is 

unavoidable. Maximum thinning occurs most likely on the side walls 

near the base of the punch. A correctly drawn cup may have up to 

25% reduction in the thickness in this area. 

Data acquisition system is provided to record the punch load 

and the punch displacement, which can be directly accessed from the 

computer for any data processing. The load cell transducer converts 

the applied force into the signal. The strain gauge measures the 

deformation because it changes the resistance of the wire. Finally the 

output of the transducer is converted to the force based on the 

established relationships.  The load cell of the experimental setup with 

20 ton capacity is shown in Figure 4.5.  

 

Figure 4.5: Load cell of the data acquisition system 
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There are different types of pressure sensors. One is an absolute 

pressure sensor which measures absolute pressure using the vacuum 

as a reference point. Another is a gauge sensor which measures 

pressure with reference to the ambient atmospheric pressure. There 

are also differential pressure sensors which measure the pressure 

difference between two contacts. In this press, pressure transducer is 

used to measure absolute pressure of the blank holder. Figure 4.6 

shows the pressure transducer in the experimental setup. Pressure 

transducer is a one way valve which adjusts the pressure on the blank 

holder as well as measures the blank holding pressure.  

 

Figure 4.6: Pressure transducer to measure blank holding pressure 
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Figure 4.7: Encoder for punch movement data acquisition 

 

The displacement encoder converts the linear movement of the 

punch into electrical signals, which is recorded in form of the digital 

data for the punch movement. Figure 4.7 shows the rotary encoder in 

the system, which is connected through a mechanism with the punch. 

The output signals from the load cell and punch displacement 

encoder-are connected to interface the unit as shown in Figure 4.8. 

This in turn gets connected to a computer. The use of the 

comprehensive range of functions in the user-friendly software helps 

to record, monitor and analyze the experiment data. The software is 

equipped to transform the raw data instantly into desired graphs and 

tables and then easily export them.  
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Figure 4.8: Interface unit of data acquisition system 

 

The deep drawing experiments have been performed on 1 mm 

thick sheet metal specimens of ASS 316. The die has been held 

stationary, while the punch and blank holder have been moved by the 

two hydraulic actuators. The maximum blank holding pressure has 

been kept to 20 bar and the punch velocity has been kept to 10 

mm/min. The cups have been drawn from the different diameter 

blanks at room temperature. The primary purpose here is to assess 

the formability by determining the LDR and thickness distribution in 

the drawn cups. Figure 4.9 shows the various cups drawn at room 

temperature, where the size of the initial blank is indicated above the 

cup figure.  
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Figure 4.9: Experimentally drawn cups at room temperature from 

different sizes of the blanks 
 

 

Figure 4.10: Fracture in experimentally drawn cup at room 

temperature from 68 mm diameter blank 
 

At room temperature, maximum of 66 mm diameter blanks have 

been deep drawn properly without fracture. The next higher size blank 

with 68 mm diameter has been found to have fractured at punch 

corner as shown in Figure 4.10. Drawn cups were cut at the center 

and the thickness of the drawn cups has been measured at a distance 

of 1 mm from the center of the cup to the top of the wall. The 

thickness of the drawn cup has been found non-uniform from the 
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cup-center to the wall-top; it varied as the sheet has undergone 

bending and unbending at corners of the punch and die.  

Thickness distribution of the cup along the cross section is 

shown in Figure 4.11. Thickness of the drawn cup changes at different 

locations. The portion near the center of the cup and beneath the 

punch has been deformed more, but almost uniformly under biaxial 

tensile forces. The thickness of the cup gradually increases as the 

distance from the center increases in the wall region. The punch 

radius being 15 mm, at the punch corner location, thickness of the 

cup has high reduction. Here, the sheet metal has undergone bending 

by wrapping around the punch corner, while the portion just beyond 

this location has undergone bending around the die corner. As the 

punch moves downward, unbending of the sheet takes place at the die 

walls.  This bending and unbending caused higher deformation and 

straining in the sheet. Due to this high strain in cup wall, the sheet 

becomes thin at the punch corner. During deep drawing, the flange, 

the outer region of the blank tends to thicken, due to the compressive 

hoop stresses in the radial direction [83]. The cup thickness at the 

wall top has increased more than the initial blank thickness. With the 

increase in the blank diameter, the resistance to deformation in wall 

region increases and so a higher punch force is required to draw the 

cup. When the blank diameter is higher than LDR, this resistance 

force becomes very high and the cup wall can no longer withstand the 

applied load and so a fracture occurs at the punch corner. 
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Figure 4.11: Thickness distribution of cups drawn at room 

temperature from different size of the blanks 

 

At lower drawing ratio, the thickness reduction at punch corner 

location is less and as the drawing ratio increases this thickness 

reduction at punch corner increases. For example, for 60 mm blank 

the thickness at punch corner has reduced to 0.91 mm, while for 66 

mm blank the thickness at punch corner has reduced to 0.83 mm. 

This is because a larger blank needs more force to draw and this force 

results in higher stresses and so higher deformation of the blank 

particularly at punch corner region. Figure 4.12 shows the force 

applied by the punch over the blank during deformation for the initial 

blanks of 64 mm and 66 mm diameters.  The force needed to draw the 

66 mm diameter blank is higher than the force for 64 mm blank. 

From these deep drawing experiments, it has been observed that at 

room temperature a maximum of 66 mm diameter blank can be safely 

deep drawn in to the cup of 30 mm diameter and thus getting the LDR 

of 2.2. Necking in the drawn cup has occurred near the punch corner.  
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Figure 4.12: Punch force during experimental deep drawing at room 

temperature 

 

4.3 Deep Drawing at Elevated Temperatures. 

 

The experimental setup is also designed for deep drawing 

operations at elevated temperatures. The major purpose of this 

experimental setup is to determine the effectiveness of warm deep 

drawing over a range of temperatures. This is achieved by assessing 

the formability at different elevated temperatures  

The schematic of the experimental setup for warm deep drawing 

is shown in Figure 4.13. Two sets of furnaces have been installed on a 

20 ton hydraulic press – one is for heating the die and another for 

heating the blank. Die heating is required in order to avoid thermal 

shocks on the heated-up blank. Figure 4.14 shows the blank heating 

arrangement and Figure 4.15 shows the die heating arrangement with 

the induction coils surrounding the die. The temperatures are 

recorded by using a pyrometer, which is a non-contact type 
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temperature detecting instrument as shown in Figure 4.14. This 

works on the principle of capturing the wavelength of the radiation 

that is emitted by the material. A data acquisition system which is 

connected to the press obtains input parameters like punch travel, 

load and pressure by the press.  These are fed to the computer where 

it directly plots outputs like a variation of load with displacement and 

force. 

The die was heated and when it reached the required 

temperature, the lubricant was applied to the die so that the friction 

at the elevated temperature could be reduced. Molykote has been used 

as lubrication for reduction of friction between the die, blank and the 

punch assembly. It contains Molybdenum base material which is 

highly effective at elevated temperature. The blank was heated (as 

blank gets heated up quicker than the die, so the die is heated before 

the blank) and placed on the hot die. Then the punch was lowered and 

drawing operation was performed. The setup temperature was 

controlled and prevented from overheating by means of water 

circulation from the cooling tower.  

 

 



 
 

Figure 4.13: Schematic of the experimental setup for warm deep drawing 
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Figure 4.14: Blank heating arrangement with temperature measurement 
 

 

 

 

 
 

Figure 4.15: Die heating arrangement with induction coils around the die  
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Due to the furnace capacity, the experimental setup has the limitation 

on the temperature to which die can be heated up.  It can reach to a 

maximum of 400°C.  Therefore, the warm deep drawing experiments have 

been performed at 150°C, 300°C and 400°C on the circular blanks of 1 mm 

thickness and different diameters in the increment of 2 mm from 68 mm 

diameter onwards. Various cups have been drawn from blank sizes in this 

range at these elevated temperatures and LDR has been evaluated 

experimentally. For thickness measurement, the cup was cut at the center 

into two halves and the thickness was measured at an interval of 1 mm from 

the base center to the top of the wall, using a digital micrometer. The study 

of thickness distribution enables to analyze the safe blank thickness, at 

elevated temperature, that can be drawn without fracture. 

4.3.1 Warm Deep Drawing at 150˚ C 

Figure 4.16 shows the cups drawn from the different diameter blanks 

at 150°C. At this temperature, maximum of 70 mm diameter blank has been 

safely deep drawn and the next higher size blank has been found to have 

fractured at punch corner. At 150°C temperature, the LDR is evaluated as 

2.33, which is better than the LDR of 2.2 at room temperature. The thickness 

of the cup has been measured at a distance of 1 mm from the center after 

cutting the drawn cup in the center. Thickness Distribution of the cup vs. 

the distance from the center is shown in Figure 4.17. Thickness reduction is 

found more in the higher size blanks. Figure 4.18 shows punch force vs. 

stroke diagram in deep drawing 68 mm and 70 mm blanks at 150˚C. 
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Figure 4.16: Experimentally drawn cups at 150°C from different size blanks 
 

 

 

 

Figure 4.17: Thickness distribution in cups drawn at 150°C from different 

size blanks 
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Figure 4.18: Punch force in deep drawing at 150°C for different size blanks 

 

4.3.2 Warm Deep Drawing at 300˚ C 

Figure 4.19 shows the different cups drawn from different diameter 

blanks at 300°C. Here, a maximum of 74 mm diameter blank has been safely 

deep drawn, resulting in an increased LDR of 2.47 at 300°C. Thickness 

distribution of cup along the radial line from the cup center is shown in 

Figure 4.20. Although the thickness reduction is more in the higher size 

diameter blank, but it is more uniform. Punch load to draw the cup gets 

increased with the increase in blank size even at this temperature as shown 

in Figure 4.21. 

 

Figure 4.19: Experimentally drawn cups at 300°C from different size blanks 
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Figure 4.20: Thickness distribution of cups drawn at 300°C from different 

size of the blanks 
 

 

 

Figure 4.21: Punch force during deep drawing at 300°C from different size of 

the blanks 

 

4.3.3 Warm Deep Drawing at 400˚ C 

Figure 4.22 shows various cups drawn from the different diameter 

blanks at 400˚C. Here, 74 mm blank did not deep draw safely, rather it gets 

fractured. At this temperature, a maximum of 72 mm diameter blank can be 

properly deep drawn. This indicates that the material becomes more hard 

and brittle at 400˚C than compared to material at 300˚C, which might be due 

to the DSA phenomena occurring in the material.  It had been investigated in 
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the previous chapter that at 400°C ASS 316 goes through DSA phenomena.  

In this region, LDR has been found to have decreased to 2.40. 

 

Thickness distribution of the cup along the radial line from the cup 

center is shown in Figure 4.23. Here, two cups of same size blanks are 

shown. One curve is for the drawn cup from 72 mm blanks at 300°C of the 

non DSA region, another cup is 400°C in DSA region. In DSA region 

thickness reduction is similar to the non DSA temperature region, but 

thickness variation is more in DSA region. In non-DSA region thickness is 

more uniform and forms a good quality cup. The force required to draw the 

cup gets increased in DSA region as shown in Figure 4.24. This shows that 

in DSA region the formability of the material decreases.  

 

 

Figure 4.22: Experimentally drawn cups at 400°C in the DSA region from (a) 

74 mm blank (b) 72 mm blank 

 

(a) (b) 
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Figure 4.23: Thickness distribution of cups drawn from 72 mm blank 
 

 

Figure 4.24: Punch force during deep drawing of 72 mm blank at different 

temperatures 
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components subject to different forces and temperatures. High thickness 

variations result in the poor quality cup. In warm forming at higher 

temperatures, although the cup thickness reduces more, but it becomes 

more uniform. With these experiments, it has been observed that as the 

temperature increases within non-DSA region, the formability of the material 

increases, whereas with further increase in temperature in DSA region the 

formability of the material significantly reduces. 

Figure 4.25 shows the punch force vs displacement curve for the 

blanks drawn at different temperatures at LDR. It shows that the force 

required to draw the cup is decreased by increasing the temperature in non-

DSA region. At room temperature 4.2 KN was applied to draw the cup at 

LDR, whereas it was decreased to 3.6 KN at 150°C and 2.7 KN at 300°C for 

the respective LDR. At 400˚C force was increased to 3.8 KN due to the DSA 

phenomena. Strength of the material decreases at the higher temperatures, 

but as the temperature enters in to DSA region, the material becomes 

stronger. It has also been observed that punch stroke length was increased 

by increase in the LDR and results in deeper cups. In DSA region LDR has 

been decreased and stroke length, depth of cup also decreased. Material 

becomes more formable at higher temperature in non-DSA region, while the 

formability decreases in DSA region.  

Figure 4.26 shows the thickness of the drawn cup at different 

temperatures at their corresponding LDR. It has been observed that at lower 

temperature, thickness reduction is less, but variation in thickness is more, 

but at higher temperature below DSA region thickness reduction is more, but 
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it is more uniform, whereas DSA has a negative effect. At higher temperature 

material has been stretched due to higher formability which results in more 

uniform thickness of the cup. All these experiments reveal that ASS 316 has 

highest LDR of 2.47 and cups have uniform thickness at 300°C, which 

results in the best quality cups. 

 

Figure 4.25: Punch force during deep drawing at the different temperature at 

their corresponding LDR 

 

  

Figure 4.26: Thickness distribution of the cup at different temperature at 

their corresponding LDR 

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

0% 20% 40% 60% 80% 100% 120%

F
o
rc

e
 i
n

 K
N

 

Punch Stroke  

RT

150 C

 300 C

400 C

0.6

0.7

0.8

0.9

1

1.1

1.2

1.3

1.4

0 20 40 60 80

T
h

ic
k
n

e
s
s
 (
m

m
) 

Distance from the cup center (mm) 

RT

150 C

300 C

400 C



90 

4.4 Effect of Process Parameters on Deep Drawing 

Process parameters of deep drawing like blank holding pressure, speed 

of the punch, radius of curvature of the die and punch influence the 

drawability of the sheet besides temperature. In this research, two important 

parameters, Blank Holding Pressure (BHP) and speed of the punch have been 

studied to understand their effect on the sheet metal formability. Blank 

holding pressure has been controlled by the fluid flow in the hydraulic press 

and speed has been controlled by the electric signals to the punch. 

Initially punch speed has been maintained constant and BHP has been 

varied. In deep drawing, BHP is taken up to 2% of the yield stress. The 

material in the investigation, ASS 316, has yield strength of 1820 bar. So 

different values of BHP have been taken as 10 bar, 15 bar, 20 bar and 25 bar 

at constant speed of 10 mm/min. All the drawn cups at this different BHP 

are shown in Figure 4.27. 

 

Figure 4.27: Drawn cups at different BHP in bar (a) 25 (b) 20 (c) 15 (d) 10 

 

(a) 
(b) 

(c) (d) 
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Blanks have been drawn well under 15, 20 bar blank holding pressure, 

but these have been fractured at 10, 25 bar pressure. Very low BHP of 10 bar 

results in the severe wrinkle in the flange portion which prevented the 

material from going through the die and the punch clearance and this leads 

to tearing in the cup bottom while passing into the die. Severe wrinkles are 

observed on the flange of the cup, which shows an insufficient BHP. Whereas 

25 bar presser holds the blank and does not allow the material to flow into 

the die which results in fracture at punch corner. In this cup very flat and 

smooth flange is observed, which shows the BHP is higher. By application of 

higher or lower blank holding pressure, cup is fractured. At intermediate 

pressure of 15 and 20 bar, cups have been drawn.  At 15 bar, the cup has 

been drawn safely, but the cup edges are not smooth as slight wrinkles have 

been observed on the cup walls. It shows that BHP is sufficient to draw the 

cup but not able to compensate the radial compressive hoop stresses. At 20 

bar BHP cup has been drawn to a good shape without any wrinkles, which 

shows the pressure is sufficient to hold the compressive hoop stresses. For 

the ASS 316 at room temperature, 20 bar is the best blank holding pressure.  

Further effect of punch speed has been investigated on the cup 

formability by keeping the blank holding pressure constant at 20 bar and 

changing the speed of the punch. Punch speed has been varied at three 

different speeds 18, 12, 6 mm/min. Cups have been drawn at these speeds 

and are shown in Figure 4.28. It has been observed that cups can draw at all 

speeds, but with different heights. At 18 mm/min speed, the cup height is 

less and it has been increased with a decrease in the punch speed, without 
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any wrinkles on the cup wall. Height shows the drawability of the blank. At 

the speed of 6 mm/min, the material has a better drawability.    

Formability of ASS 316 has been studied by the experiments of deep 

drawing at different temperatures.  It has been observed that ASS 316 has 

very good formability. Under warm forming, drawability of the sheet 

increases up to 300°C and beyond that not much improvement has been 

observed. In DSA region, at 400°C, the formability decreased significantly. 

Process parameters like speed of the punch and blank holding force also 

influence the deep drawing. The hydraulic press setup has a limitation to 

conduct experiments at further higher temperatures, so numerical analysis 

is performed using LS-Dyna with experimental validations. These validated 

models have been simulated at higher temperatures for the further 

formability studies. 

 

Figure 4.28: Drawn cups with various punch speeds (mm/min) 

(a) 6 (b) 12 (c) 18 

 

  

(a) (b) (c) 
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Generally, in any operation large amount of time is consumed in trial 

and error method, and this trial and error method involves a lot of 

expenditure and loss of valuable time. Also experimentations have limitations 

of materials and tools at higher temperature. To overcome this problem, 

process modeling by computer simulation called Finite Element Methods 

(FEM) has been introduced, which simulates the actual process and thus 

saves time and money. This chapter focuses on the simulations of deep 

drawing process for ASS 316 at elevated temperatures. A Finite Element 

model has been developed for preliminary investigations. LS-Dyna has been 

used for simulations of deep drawing. Properties of materials which were 

evaluated by tensile tests have been used as input for the model. Actual 

conditions have been simulated and analyzed for the response of the model 

during deep drawing at different temperatures. Thickness and LDR of the 

drawn cups are predicted accurately. Simulated results have been validated 

with the experimental findings. 

5.1 Finite Element Methods 

FEM are computerized methods for predicting the reactions of real 

object to applied force, heat, vibration. These techniques are used to evaluate 

the behavior of work piece, equipment and structures for various loading 

conditions, and temperatures. In this method simpler interlocking finite 

elements are amenable to mathematical analysis. The analysis of the whole 

structure is obtained by simultaneous analysis of the individual elements, 

having due regard to their individual positions within the mesh. 
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FEM has been extensively used in forming operations to optimize 

various process variables in order to produce defect free parts. FEM of metal 

forming processes has now gained the industrial stage, and it has become 

possible to simulate the metal deformation and calculate stress and strain 

states for complex processes. This simulates the actual process for 

preliminary design and help to predict errors, suggest modification to be 

done at an early stage before the parts are fabricated. Therefore, FEM with 

sophisticated numerical simulations are gradually replacing manual trial-

and-error design iterations. FEM in designing process (especially in pre-

processing analysis stage) greatly enhances the efficiency and saving of time 

and manpower. 

The Dyna-form with LS-Dyna solver with coupled thermal analysis is 

extensively used for simulation of metal forming at different temperatures. 

Various codes have been developed for different conditions and applications 

such as sheet metal forming, automobile crashworthiness, occupant safety 

and underwater explosions. It is a non-linear dynamic simulation package, 

which can simulate different types of sheet metal processes like deep 

drawing, stretching, bending, hydroforming, stamping, etc. to predict 

stresses, strains, thickness distribution, etc. It also studies the effects of 

various design parameters of tooling on the final product. Various material 

models have been incorporated in it to simulate the material behavior 

accurately in different conditions.  
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5.2 Material Models 

Sheet metals are most susceptible to failure under different strain 

conditions. Several material models for finite element codes for sheet metal 

forming analysis have been developed in LS-Dyna software [84].  The work 

piece material used in deep drawing process is anisotropic, due to the 

directionality of plastic properties gained by rolling and other primary 

working processes. Hill’s quadratic yield function was the first attempt to 

model the anisotropy of orthotropic sheets [85]. This criterion is simple to 

implement but possesses some drawbacks. The anomaly of this criterion is 

the relation between the uniaxial yield stress in the rolling direction, the yield 

stress in the balanced biaxial test, and the average strain rate ratio predicted 

from this criterion is not satisfied by some alloys. Quite a few other 

anisotropic yield functions have been proposed for orthotropic materials, 

which do not possess these drawbacks. Hill’s 1979 yield function [86] is free 

of the anomaly, but does not contain the shear stress terms.  

The yield functions proposed by Ferron et al. [87] are applicable only 

for the case of plane stress state. This yield function contains fourth degree 

terms in stress components. Ferron’s yield function uses the polar coordinate 

representation of the yield surface in the principal stress space. Strain rate 

potentials have also been proposed to incorporate anisotropy in metal 

forming analysis. Lately, anisotropic yield functions have been developed by 

applying an appropriate tensor transformation to an isotropic yield function 

by Barlat [88]. For a general transformation, it is usually difficult to satisfy 
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the convexity condition. Therefore, mostly linear transformations have been 

used [89]. 

The transition from the elastic to the plastic state occurs when the 

stress reaches the yield point of the material. The yield point in uniaxial 

tension is established using the stress-strain curve of the material whereby a 

convention is necessary in order to define it. Plastic behavior of a material is 

described in a general stress state, where the elements need a yield criterion 

to express a relationship between the stress components at the moment 

when plastic ‘yielding’ occurs and a hardening rule to describe the material 

flow during the forming process.  

The expression of the yield function is established on the basis of the 

transition from the elastic to the plastic state. The most widely used yield 

criteria have been proposed by von-Mises for isotropic materials. Barlat and 

Richmond proposed a more general form of yield criterion for anisotropic 

materials by expressing the properties in three mutually perpendicular 

directions in x, y, z of a coordinate system. 

Barlat and Lian [90] applied a linear transformation to modify Hosford 

[91] yield function to develop an anisotropic yield function for the plane 

stress conditions. Later on, Barlat [92] and Karafillis and Boyce [93] extended 

this technique to the three dimensional state of stress. These three-

dimensional anisotropic yield functions were not able to capture the full 

anisotropy of metal sheets. Therefore, Barlat and his coworkers introduced 



98 

two linear transformations first for the plane stress case and then later, for 

the three dimensional case [94].  

Most of the above anisotropic yield functions have been used in finite 

element models to numerically simulate anisotropy in sheet metal forming 

processes. The deep drawing process is one such sheet forming operation on 

which several researchers have tried these yield functions.  

Yoon et al. [95] implemented Barlat’s 3-D anisotropic yield function 

with two linear transformations in LS-Dyna and MSC.MARC using 3-D solid 

elements to demonstrate its capability to simulate anisotropic profile of 

circular cup drawing for a fictitious material. Yoon et al. [96] also conducted 

experiments to measure the anisotropic profile in 2090-T3 aluminium alloy 

and reported good agreement between the predicted and measured results. 

5.2.1 Yield Model 

Barlat’s material model is one of the popular yield model and available 

in LS-Dyna. This is used as the yield model in this research. This model was 

developed by Barlat and Lege [97] for modeling sheets with anisotropic 

materials under different stress conditions. This material model allows the 

use of the Lankford parameters (R) for the definition of the anisotropy. The 

effective plastic strain used in this model is defined to be plastic work 

equivalent. This is defined as a function of effective plastic strain in the 

rolling direction. In this model stresses and the relative volume change are 

used as the functions of strain in uniaxial tension in the rolling direction. 

Load curve is given as a function of strain in the rolling direction and 

Young’s modulus. 
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Curves are also defined as the function of plastic strain in 45° and 90° 

directions to rolling. The hardening curves are defined from the measured 

stress as a function of measured plastic strain in uniaxial tension in the 

corresponding direction, i.e., as determined from experimental test using a 

standard procedure. Moreover, the curves define the R values as the function 

of the measured plastic strain in uniaxial tension in the direction of interest. 

These curves are transformed internally to use with effective stress and 

strain properties in the actual model. The effective plastic strain does not 

coincide with the plastic strain components in other directions than the 

rolling direction.  

The anisotropic yield criterion Φ for plane stress is defined as [84]: 

            
            

         
   (5.1) 

where  

   
      

 
;     √ 

      

 
       

    (5.2) 

The anisotropic material constants a, c, and h are obtained through R0, R45, 

and R90 (R values in that direction to rolling): 
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The anisotropy parameter p is calculated implicitly. According to Barlat 

and Lian, the R value for any angle φ can be calculated from: 
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where σφ is the strength in uniaxial tension, at the direction φ. This 

expression can be used to iteratively calculate the value. Let φ =45 and 

define a function g as 
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For the face centered cubic (FCC) materials m=8 is recommended and 

for body centered cubic (BCC) materials m=6 may be used. The yield strength 

of the material can be expressed in terms of k and n. 

                       ̅       (5.6) 

where εyp is the elastic strain to yield and   ̅ is the effective plastic strain 

(logarithmic). If σY is set to zero, the strain to yield is found by solving for the 

intersection of the linearly elastic loading equation with the strain hardening 

equation 

        and               (5.7) 

 

which gives the elastic strain at yield as: 
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If yield is nonzero and greater than 0.02 then: 
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5.2.2 Hardening model 

The available hardening models with Barlat’s in LS-Dyna is the Gosh 

equation given by 

                       –        (5.10) 
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For Gosh hardening law, the interpretation of the variable is the same, 

i.e., if set to zero, the strain at yield is determined implicitly from the 

intersection of the strain hardening equation with a linear elastic equation. It 

includes strain rate effects in the model, which multiply the yield stress by a 

factor, depending on the effective plastic strain rate. In the Cowper-Symonds’ 

model the yield stress can be written. 

  (    ̇)    
      {  (

  ̇

 
)
   

}    (5.11) 

where   
  denotes the static yield stress, C and p are material parameters and 

εp is the effective plastic strain rate [84]. 

 Barlat’s model with Gosh hardening law accurately predicts the 

material behavior during forming, but cannot simulate the DSA phenomena 

in the material. Among all models in LS Dyna, Mechanical Threshold Stress 

(MTS) model can effectively predict and simulate the dynamic strain aging 

behavior of the materials during forming [98].  For simplicity of 

implementation, MTS model can be used along with the default von-Mises 

yield criteria in LS Dyna. 

The MTS model is one of the hardening models with LS-Dyna. It is the 

only model available which can simulate DSA phenomena.  This model was 

developed by Follansbee [99]. It is a physical based model. It is considered 

that the flow stress at a certain temperature and strain rate do not increase 

above a saturation stress. MTS model has been proved effective in predicting 

the constitutive response of metals over a wide range of temperatures and 

strain rates. The model is based on dislocation dynamics and thermal 

activation theory. It describes a material’s flow stress as a combination of 
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three components. The first one is rate independent interactions of 

dislocations with long-range barriers and an athermal stress (σa). Second is 

the rate and temperature dependent contribution due to intrinsic barriers, a 

thermal stress (σi) for the interaction of dislocations with interstitial 

obstacles. Third is a structure that evolves with plastic strain due to work 

hardening and dynamic recovery a threshold stress (σe) for the dislocation 

interaction. The parameters for the model are material specific and 

determined from the stress - strain response measured for a range of strain 

rates and temperature conditions.  

The MTS model gives the following form for the flow stress ‘σ’: 

  (    ̇  )                
       

  
    (5.12) 

where σy is the flow stress, εp is the plastic strain, έ is the strain rate, T 

is the temperature, σa is the athermal component of mechanical threshold 

stress, μ0 is the shear modulus at 0°K and ambient pressure, σi is the 

thermal stress due to barriers to thermally activated dislocation motion, σe is 

the threshold stress of the flow stress. The scaling factors Si and Se are 

temperature and strain rate dependent and take the Arrhenius form 

       
   

    
       

  
   ̇

 ̇
 

 

     
 

      (5.13) 

 

       
   

    
       

  
   ̇

 ̇
 

 

     
 

      (5.14) 

where kb is the Boltzmann constant, b is the magnitude of the Burgers’ 

vector, (g0i, g0e) are normalized activation energies, (έ0i, έ0e) are constant 

reference strain rates, and (qi, pi, qe, pe) are the material constants. The strain 
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hardening component of the mechanical threshold stress (σe) is given by a 

modified Voce law. 

 
   

   
              (5.15) 

 

The experimental data which is used to determine the MTS model 

parameters are in the form of true stress versus true strain curve. These 

curves have been digitized manually with care and corrected for distortion. 

The elastic portion of the strain has been subtracted from the total strain by 

considering Young’s modulus and true stress versus true plastic strain 

curves have been constructed. The first step in the determination of the 

parameters for the MTS models is the estimation of the athermal component 

of the stress (σa). This parameter is dependent on the Hall-Petch effect and 

hence on the characteristic of the phase and independent of the temperature. 

           
               (5.16) 

 

From Equation 5.12, it can be seen that σi can be found if σy and σa are 

known and σe is zero. It has been assumed that σe is zero when the plastic 

strain is zero at yield point, and MTS equation can write the relation. 
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Modified Arrhenius (Fisher) plots based on Equation 5.17 have been 

used to determine the normalized activation energy (g0i) and the intrinsic 

thermally activated portion of the yield stress (σi). The shear modulus (μ) has 

been calculated using the NP shear modulus model. The yield stress at zero 
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plastic strain (σy) has been computed as the intersection of the stress-plastic 

strain curve with the stress axis. The value of the Boltzmann constant (kb) is 

1.3806503e-23 J/K and the magnitude of the Burgers’ vector (b) is 2.48e-10 m 

for ASS 316. The density of the material also takes into consideration as 

7.9x103 kg / m3 for ASS 316. All the parameters of MTS model for ASS 316 

are shown in Table 5.1. 

Table 5.1: MTS parameters measured from ASS 316 tensile data 

a i e g0i, g0e p q έ0 

50 MPa 572 MPa 248 MPa 1.7 J 0.2 J 0.66 1 1 

 

5.3 Results of FE Analysis 

The finite element analysis in the present work has been done using a 

commercially available code LS-Dyna version 971 solver at different 

temperatures. This is a general purpose finite element code for analyzing the 

large deformation, static and dynamic response of structures. The main 

solution methodology is based on explicit time integration. In this interface, 

this solution methodology can be rigidly tied to admit variable zoning without 

the need of the mesh transition region. Adaptive re-meshing is available for 

shell element and is widely used in sheet metal forming applications like 

deep drawing, stretching. It allows draw beads in metal forming applications 

to be easily modelled by defining the line of nodes along the draw bead. 

Varieties of element formulations are available for different element types. 
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Specialized capabilities for airbags, sensors and seatbelts have tailored for 

applications in different industries.  

The input models have been created in Dynaform version 5.6.1. It is a 

powerful pre-processor, reduces the tryout time and costs that are associated 

with the tooling design and development cycle. It contains numerous 

automated functions to aid in even the most complex tool geometry. The 

complete LS-Dyna interface allows a comfortable configuration and analysis 

of complex deep drawing simulations. After the surface has been created, 

meshing has been generated on the surface of the tool components and the 

blank. The integrated mesh generator has been optimized for the meshing of 

farming tools and provides a fast and reliable mesh. Fine meshing has been 

generated in the blank to obtain accurate results.  The blank have been 

meshed using Belytschko-Tsay shell elements as it takes less computational 

time, around 30–50% less than others [100]. 

The tool components have been considered as rigid bodies, so they 

have been meshed using solid elements. Material properties of ASS 316 have 

been given as input to the model, which have been measured and calculated 

at different temperatures as presented in Chapter 3. These properties have 

been shown in Tables 3.2 & 3.4. Friction in deep drawing under warm 

conditions can be reduced by using Molykote as lubricant, which is 

calculated by Singh et al [101] at varying temperatures. In this study for ASS 

316 friction coefficient has been found by correlating the experimental 

results with simulated results at different friction coefficients. The BHP and 

punch speed have been taken similar to those used in the experiments, 
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which are shown in Table 5.2. Simulations have been repeated by changing 

the size of the blank and keeping the other parameters constant. The 

complete tooling model of the pre-processor is shown in Figure 5.1. 

 

 

Figure 5.1: Tooling setup of deep drawing in FEM 

 

Table 5.2: Process parameters of deep drawing at various temperatures 

 

 

 
 

Temperature 
Blank holding 

pressure 

Friction 

coefficient 

Lankford parameter 

R0 R45 R90 

Room Temp 20 bar 0.15 0.878 1.004 0.810 

150°C 15 bar 0.12 0.608 2.189 1.162 

300°C 10 bar 0.09 0.916 1.214 0.624 

400°C 8 bar 0.07 0.802 1.090 1.873 

500°C 7.5 bar 0.07 0.809 1.013 1.663 

600°C 7 bar 0.07 0.817 1.614 1.678 

Blank Holder 

Punch 

Die 

Blank 
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Barlat’s yield criterion has been chosen as the material model in 

simulation at varies temperatures. At these temperatures, the material is 

anisotropic; this criterion incorporates the effect of both normal and planar 

anisotropy in the yielding behavior. Deep drawing simulations have been 

performed as per tooling setup, with different diameters of the blanks. 

Simulations have been carried out at different temperature conditions. Figure 

5.2 shows the drawn cup from the blanks of different size with the thickness 

contours at room temperature conditions. It shows that the cups drawn have 

been in good form without any yielding. Thickness of the cup is not uniform, 

lowest thickness is observed at punch corner, where it has been reduced 

near to 0.9 mm for 66 mm blank. Figure 5.3 shows the FLDs of the cups. It 

shows that the strain of the sheet is below the FLC and does not show any 

indications of fracture in the cup walls. This indicates that the drawing is in 

the safe zone.  

At room temperature when 67 mm blank has been drawn, the 

thickness at the punch corner has suddenly reduced to less than 0.3 mm. 

This indicates that drawn cup is not safe but, it leads to fracture, which is 

shown in Figure 5.4. In FLD it has been observed that the strain in the sheet 

is drastically increased. Here the strain has crossed the FLC and enter into 

the fracture zone.  

Thicknesses of the simulated cups have been measured from the 

center of the cups to top of the wall and the graphs thickness vs distance 

have been drawn as shown in Figure 5.5. The curves of 64mm and 66 mm 

blanks are very close to each other with little deviation; this indicates that 

thickness variation is very small between these two cups. For the next higher 
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size of the blank 67 mm diameter thickness has been reduced to 0.3 mm 

which is not safe, but indicates the fracture, in the sheet at punch corner. 

With this it can be evident that at room temperature, maximum of 66 mm 

diameter blank can be deep drawn into cup of 30 mm diameter without 

fracture. With all these observations, it is evident that at room temperature 

LDR for ASS 316 is found to be 2.2. 

 
Figure 5.2: Drawn cups at room temperature from different sizes of the blank 

by FEM 

60 mm blank  62 mm blank  

64 mm blank  66 mm blank  
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Figure 5.3: FLD of drawn cup from different sizes of blank at room 

temperature by FEM 

  

62 mm Blank 

64 mm Blank 66 mm Blank 

60 mm Blank 
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Figure 5.4: Fracture in drawn cup from Φ67 blank at room temperature, its 

FLD by FEM 

 

 

Figure 5.5: Thickness distribution of the drawn cup by FEM at room 

temperature 
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Figure 5.6: Thickness of the drawn cup at room temperature 

 

Thickness variations of cup in simulations have been compared with 

the experimental drawn cups at LDR as shown in Figure 5.6.  Thickness 

curve of the simulated cup in FEM is matched closely with that of 

experimental thickness at LDR. These curves are almost parallel with little 

deviation. Here the deviation of the thickness prediction of two processes is 

less than 10%. Average error is 4.9% and standard deviation is 3.9 %, this 

shows that the simulated thicknesses are predicted very accurately.  

The von-Mises stress contour of drawn cup at LDR is shown in Figure 

5.7. This indicates that stresses in the sheet are not uniform. Sheet has 

undergone different stresses due to metal flow under the punch force. At this 

state, stress appearing at punch corner radius is 244 MPa and in the wall 

region allowable stress is 489 MPa. At punch corner material can withstand 

less stress.  
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Figure 5.7: Stress contours of the drawn cup from LDR at room temperature  

 

Figure 5.8 shows the graph of punch force applied on the blank during 

deep drawing vs stroke. With the advancement of the punch, the load has 

increased and reached to maximum in the first half of the stroke. Later it has 

decreased gradually and has reached to lowest at the end of the stroke. 

Deformation of the blank has been changed proportionately with the load. It 

has also been observed that the force needed to draw the blank, has 

increased with the size of the blank. 66 mm blank needs more force to draw 

the cup than other lower size blanks. 
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Figure 5.8: Force Vs Time step for deep drawn cup at room temperature in 

simulations 

 

Simulations have been repeated at elevated temperatures with the 

material data available from tensile testing. At higher temperatures 

formability of material increases, so these simulations have been performed 

on the higher sizes of blanks. Here, blanks taken have the diameter more 

than 66 mm in the increment of 2 mm.  The BHP has been taken, as per the 

size of the blank, and these pressures are given in Table 5.2. Barlat’s yield 

criterion has been chosen as the material model in the simulation to 

incorporate the anisotropy of the material.  

The drawn cups at 150°C with different blank sizes are shown in 

Figure 5.9 and 300°C are shown in Figure 5.10. The thickness and heights of 

the cups are changed with blank sizes and temperatures. With these 

simulated cups it has been observed that as the diameter increases 

thickness of the cup decreases. With increase in the size of the blank, its 

load carrying capacity increases so it can withstand higher forces, but with 
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increase in temperature, the strength of the material decreases and this 

make the material more ductile and leads to higher drawability. 

 
Figure 5.9: Drawn cups by FEM at 150°C from the blanks (a) Φ68 mm and 

(b) Φ70 mm  

 

 

 

Figure 5.10: Drawn cups by FEM at 300°C from the blanks (a) Φ72mm and 

(b) Φ75 mm  

 

(a) (b) 

(a) (b) 
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In further study, thickness of the drawn cups at these temperatures 

have been measured and compared with those of experimental thickness. 

Figure 5.11 & 5.12 are shown the thickness distribution of the cup from 

the center to top of the wall at LDR. Like that of room temperature, a good 

correlations exists between simulated and experimental thickness of the 

cup here also. Barlat’s material model simulates the process very well 

with good accuracy. Here average error is less than 6.6% and standard 

deviation is 5.2%, which indicates the very good correlation between 

experimental and simulated results even at higher temperatures.  

 

Figure 5.11: Thickness distribution of drawn cup from 70 mm blank at 

150°C 
 

 

Figure 5.12: Thickness distribution of drawn cup from 74 mm blank at 

300°C 
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At the elevated temperature higher sizes of the blanks can be deep 

drawn without fracture. Maximum of 70 mm diameter blank can be deep 

drawn safely at 150°C. Further increase in the temperature to 300°C, 

maximum of 75 mm blank can be deep drawn safely. At the temperature of 

150°C the LDR of ASS 316 is 2.33 and it is increased to 2.5 at 300°C. There 

is a decrease in mean flow stress by the increase in temperature. This can be 

seen in the von-Mises counter at drawn cup at elevated temperatures as 

shown in Figure 5.13. At 150°C stresses at the punch corner have been 

reduced to 122 MPa and the average stress is 367MPa and at 300°C the 

average stress in the cup wall is 228 MPa. With increase in temperature 

average stress in the sheet is decreased which results in the increase of the 

sheet LDR. These simulations are in good agreement with the experimental 

results.  Table 5.3 shows the LDR found by FEM simulations and by 

practical experimentations.   

  

Figure 5.13: Stress contours of the drawn cup at (a) 150°C and (b) 300°C 
 

(a) (b) 
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Table 5.3: Experimental and simulated LDR 

 LDR by 

Temperature FEM Simulations Practical Experiments 

Room Temperature 2.20 2.20 

150˚C 2.33 2.33 

300˚C 2.50 2.47 

 

 

Simulation study has been extended beyond 300°C to study the further 

increase in LDR of ASS 316. It has been observed that, at higher temperature 

LDR of the sheet metal has not increased, but the thickness of the cup has 

decreased. At 350°C thickness has been decreased to 0.75 mm and the 

thickness variations in the cup have been observed to be high, which results 

in poor quality cup.  

5.4 Results of FE Analysis in DSA Region 

In the experimental studies, it has been investigated that drawability of 

sheet decreases at 400°C due to the DSA phenomena. DSA occurs for ASS 

316 in the temperate range of 400 to 600°C.  Barlat’s model cannot predict 

DSA phenomenon, but MTS model can predict DSA very well, so simulations 

have been performed using the MTS material model in LS Dyna with von-

Mises yield criteria. Figure 5.13 shows the cup drawn by FEM using the MTS 

material model. It is shown safe in FLD but thickness is decreased to 0.45 

mm, which is an indication of poor quality cup. Here, the drawn cup does not 

contain any earrings, which have been observed on the experimentally drawn 

cup in Figure 4.22. Also FLD is shown as a discontinued curve with MTS 
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model. This shows that the results are inappropriate. With MTS model, LDR 

has been predicted well, but thickness is not predicted accurately. 

Simulations have been repeated with Barlat’s material model with the 

material properties measure at 400°C. Simulated results are shown in 

Figure. 5.15. The cups simulated using Barlat’s model resemble the 

experimental cups. In this, thickness of the cup has been reduced to nearly 

0.8 mm. Figure 5.16 shows the thickness distribution curve of Barlat’s model 

and MTS model. These have been compared with experimental cup 

thickness. Barlat’s material model has predicted thickness more closely to 

experimental thickness than the MTS model. The MTS model with von-Mises 

yield criteria considers DSA phenomena, but it does not consider the 

anisotropic nature of the blank material. Whereas Barlat’s model does not 

consider the DSA phenomena, but it takes the material properties measured 

at 400°C. These properties are influenced by DSA phenomena.  

 

Figure 5.14: FLD and Simulated cup at 400°C in DSA region by MTS model 
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Figure 5.15: Simulated cup at 400°C in DSA region by Barlat’s model 

 

 

Figure 5.16: Thickness distribution of drawn cup in DSA region 

 

Barlat’s model has predicted the drawn cup parameters more 

accurately than the MTS model. MTS model along with von-Mises yield 

criteria considers the material as isotropic and so when the force is applied 

on the material, it undergoes deformation in all the directions uniformly.  

Thus, it is not capable of predicting earring and also it leads to higher strains 

in the thickness directions because of which thickness of the cup has 

reduced more at the base and increased at the top of the cup wall. It results 
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in more thickness variation in the drawn cup and thus the poor quality of 

cup. 

Further investigations of formability have been performed in the DSA 

region at 500°C and 600°C using Barlat’s model. At these temperatures 

maximum of 72 mm diameter blanks can be safely deep drawn and LDR of 

the material has observed same as that of 400°C. The next higher size of the 

blank has fractured at punch corner. Figure 5.17 shows the drawn cups with 

thickness contours. Here, it shows that the thickness of the cup has 

decreased due to increase in temperature. FLD of these cups are shown in 

Figure. 5.18. Its shows that drawn cups are safe without any fracture.  

 

 
 

Figure 5.17: Drawn cups at 500°C and 600°C in DSA region by Barlat model 
 

 

(a) (b) 
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Figure 5.18: FLD of Drawn cups in DSA region at (a) 500°C and (b) 600°C  

 

 

 
 

Figure 5.19: Thickness distribution of drawn cup at different temperatures in 

DSA region by FEM 

 

Thickness of the cups have been measured from center to top of the 

wall and the graph has been drawn between thickness and distance from the 

center of the cup as shown in Figure 5.19. Thickness distribution of all the 

three cups drawn in DSA region is shown here. As the temperature is 

increased the thickness of the drawn cup has decreased. In the 500°C 

thickness of the cup has been decreased to 0.7 mm at punch corner and it 

further decreased to 0.55 mm at 600°C. At higher temperatures, the quality 

of the cups gets decreased, so it’s not advisable to deep draw at these 

temperatures. 
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These simulation results reveal that the formability of ASS 316 has 

increased with the increase in temperature up to 300°C. Beyond this 

temperature, there is not much improvement in the LDR. Thickness 

reduction is more at 350°C, which leads to poor quality cups. Beyond 400°C 

LDR has decreased significantly because of the presence of DSA 

phenomenon.  

Thickness prediction of the drawn cup at elevated temperature is a 

time consuming process. It requires a lot of time to conduct simulations or 

experiments at higher temperatures and measure the thickness. Artificial 

neural network (ANN) model is one of the techniques which can predict the 

thickness at any unknown temperature. ANN model is used to predict the 

parameters with very good accuracy, high correlation coefficient and less 

error. In the next section an ANN model has been developed to predict the 

thickness of the drawn cup with very good accuracy. This can facilitate to 

predict the quality of the cup.   

5.5 Thickness Prediction by ANN Model 

Artificial neural network (ANN) is a powerful data information 

treatment system which tries to simulate the neural network structure of the 

human brain. It can form complex non-linear relationships between inputs 

and outputs. Each neural network is composed of an input layer, an output 

layer and one or more hidden layers, which are connected by the processing 

units called neurons. Each neuron works as an independent processing 

element, and has an associated transfer function, which describes how the 
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weighted sum of its inputs is converted to the results into an output value. 

Currently, there are diverse training algorithms available. Among the various 

kinds of ANN approaches that have existed, the back propagation (BP) 

learning algorithm has become the most popular in engineering applications. 

BP algorithm is based on minimization of the quadratic cost function by 

tuning the network parameters. The mean square error (MSE) is considered 

as a measurement criterion for the training set. Especially, BP neural 

network is the most suitable tool for treating non-linear systems. 

BP algorithms are applied to train a feed forward neural network, 

which are reliable and most commonly utilized. In this investigation, the 

input variables of ANN are temperature, LDR and distance from the center of 

the cup while the output variable is thickness. A feed forward network has 

been developed and trained with the back propagation algorithm, as shown 

in Figure 5.20. Before training the network, the input and output datasets 

have been normalized within the range of 0.05 – 0.95 to prevent a specific 

factor from dominating the learning for the ANN model. The main reason for 

normalizing the data matrix is that the variables have been measured in 

different units. These are recast into the dimensionless units to remove the 

arbitrary effect of similarity between the objects. Thus, using Equation 5.7, 

the experimental data has been normalized to make the neural network 

training more efficient prior to the use of the datasets. Once the best trained 

network has been found, all the transformed data returns to their original 

value using the equation 5.8. 

                                              (5.7) 

                                             (5.8) 
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where Xmin and Xmax are the minimum and maximum values of X and Xn is 

the normalized data of the corresponding X. 

 

 
 

Figure 5.20: Schematic illustration of the neural network architecture 
 

 

The architecture of ANN selection requires choosing both the 

appropriate number of hidden units and the connections there of. The 

desirable network architecture contains as minimal as possible hidden units 

and connections necessary for a good approximation of the true function. In 

most of the applications of ANN, this selection is done using a trial-and-error 

procedure. The number of hidden layers determines the complexity of neural 

network and precision of predicted values. 

If the architecture is too complex, it may not converge during training 

or the trained data may be over fitted. In other words, the trained network 

might not have sufficient ability to learn the process correctly. Therefore, 

various network structures with varying number of neurons in the hidden 

layer have been examined. Figure 5.21 shows the influence of the number of 

neurons in the hidden layer on the network performance. The value of mean 
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square error (MSE) has been used to check the ability of a particular 

architecture. It has been observed that, the mean square error of the network 

decreases to the minimum value when the number of neurons was 15. This 

indicates that a network with 15 neurons in the hidden layer can exhibit the 

best performance. 

The ANN model has been developed to predict thickness at any 

unknown temperature. For the thickness prediction by ANN three 

temperatures (50°C, 150°C and 300°C), LDR at these temperatures and the 

thickness at an interval of 1 mm from the center have been taken. Thus, 

total data points are 113, from which 90% data points (102) have been 

randomly selected as a training data set and the remaining 10% data points 

(11) have been taken as testing data set. The correlation coefficient (R) is a 

commonly used statistic and provides information on the strength of the 

linear relationship between experimental and predicted values. For perfect 

prediction, all the data points should lie on the line inclined at 45° from 

horizontal.  

 

Figure 5.21: Influence of hidden neurons on the network performance 
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5.6 Comparison of ANN Model with Experiments 

Figures 5.22 and 5.23 represent the predicted versus experimental 

thickness values for the training and testing data sets respectively. The 

correlation coefficient has been found to be 0.9976 for the training data set 

and 0.9954 for the testing dataset. This indicates a very good correlation 

between experimental and predicted thickness values. The results imply that 

the developed ANN model for ASS 316 is consistent with what is expected 

from the fundamental theory of hot deformation. Thus, the ANN model can 

be used to predict the thickness distribution of the drawn cup at any 

unknown temperature to a very close accuracy. 

 

 

Figure 5.22: Comparison between experimental and predicted thickness 

values for the training data set. 
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Figure 5.23: Comparison between experimental and predicted thickness 

values for the testing dataset. 
 

Table 5.4 shows the experimental and the ANN model predicted 

thickness along with the associated absolute and percentage errors for 

randomly selected unseen testing dataset. The maximum percentage error is 

found to be 1.1%, which has been considered very less. As the temperature 

of the material increases, there is a decrease in the cup thickness due to 

decrease in flow stress and work hardening coefficient. In general, the 

performance of any function fitting technique will be better, if more numbers 

of data are taken near the domain boundaries. This ANN model predicts the 

thickness to very high accuracy.  
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Table 5.4: Comparison of ANN predicted vs. experimental thickness for the 

testing dataset 

S.No Temp LDR Distance Exp Predicted Error % Error 

1 50 66 7 0.902 0.913 0.011 1.1 

2 50 66 20 0.997 1.002 0.005 0.5 

3 50 66 23 1.019 1.017 0.002 0.2 

4 50 66 24 1.019 1.019 0 0 

5 50 66 30 1.056 1.054 0.002 0.2 

6 150 70 6 0.915 0.915 0 0 

7 150 70 19 0.925 0.926 0.001 0.1 

8 300 74 11 0.859 0.856 0.003 0.3 

9 300 74 17 0.856 0.865 0.009 0.9 

10 300 74 18 0.866 0.868 0.002 0.2 

11 300 74 25 0.949 0.951 0.002 0.2 

 

FE analyses at different temperatures have studied the forming 

behavior of ASS 316. Simulations of deep drawing have been performed in LS 

Dyna with the material properties measured by tensile testing at different 

temperatures. These simulations have revealed that the formability of ASS 

316 is increased with the increase in temperature. At higher temperature, 

LDR of sheet metal has increased and the thickness decreased due to 

decrease in flow stresses. LDR is highest at 300°C with less thickness 

variations and it has been found as the most suitable temperature to deep 

draw ASS 316 for achieving high LDR. These simulations have very good 

correlation with experimentations. Next chapter focuses on the study of FLD 

for ASS 316 at 300˚C by theoretical models and experimentations for 

validation.   
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The development of the production of new parts, by forming of an 

operation or several progressive operations, demands good knowledge of the 

attainable forming limits. In sheet metal forming operations formability is 

limited by the onset of localized necking [102]. It is necessary to know the 

limit up to which the material can be formed. FLD offers a convenient and 

useful tool to predict the forming behavior in sheet metal forming. FLD 

attempts to provide a graphical description of material failure during sheet 

metal forming processes like deep drawing. These show the critical 

combinations of major strain and minor strain in the sheet surface at the 

onset of necking failure. FLD consists of forming limit curve (FLC), which 

indicates the limit of strain before fracture as shown in Figure 6.1. Above 

FLC, the localized necking and fracture appear and so this is called as 

fracture zone.  A parallel curve to FLC, which is 10% offset below FLC, is 

referred as yield curve.  Strains below this yield curve show safe zone. The 

region in between FLC and yield curve is considered to be marginal.   

 

Figure 6.1: Different zones in FLD  
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With the help of FLD, it is possible to evaluate different strain 

conditions in the same diagram and determine the fracture limit for the 

particular strain combination. Figure 6.2 shows the different strain 

conditions in FLD. Possible different strain conditions in the drawn cups are 

represented in the same diagram. Figure 6.3 shows the fracture limits in 

formed cups for the particular combinations of strains [103, 104].  

 

Figure 6.2: Different strain paths in FLD [103] 

 

Figure 6.3: Different strain conditions in cups during deep drawing [104] 



132 

6.1 Theoretical Measurement of FLD 

The Marciniak–Kuczynski (MK) analysis has been one of the most 

commonly used approaches for numerical determination of FLC. In MK 

analysis, a thickness imperfection is introduced far away from the sheet 

metal boundary to simulate pre-existing defects in the sheet material. It has 

been shown that the presence of even slight intrinsic inhomogeneity in load 

bearing capacity throughout a deforming sheet can lead to unstable growth 

of strain in weaker regions, causing localized necking and failure. Necking is 

considered to occur when the ratio of the effective total strain in the groove 

region to that in the nominal region of the sheet is above a critical value.  

The MK analysis has been used extensively in numerical analyses 

based on constitutive models at two different length scales; micro scale and 

macro scale. The micro scale models incorporate crystal plasticity theories 

into the MK model and thus account for the microstructure of the material. 

The macro scale models are based on phenomenological yield functions to 

predict the material response. In order to model the inherent anisotropy in 

the ASS 316 sheet metal, i.e., the variation in the yield stress and R-values 

with orientation (with respect to rolling direction), two anisotropic, Hill’s and 

Barlat’s, yield functions have been considered. Barlat’s yield function has 

already been presented in Section 5.2.1. Herein, Hill’s yield function is being 

briefly presented as follows. 

6.1.1. Hill’s Yield Criterion 

Hill (1948) proposed an anisotropic yield criterion as a generalization of 

the Huber-Mises-Hencky criterion with anisotropy in three orthogonal 
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symmetry planes [105]. The yield criterion is expressed by a quadratic 

function of the following type: 

  (   )            
            

            
       

  

     
       

       (6.1) 

where f is the yield function; F, G, H, L, M and N are constants specific 

to the anisotropy state of the material, and x, y, z are the principal 

anisotropic axes. Axis 1 is usually parallel to the rolling direction, Axis 2 is 

parallel to the transverse direction and Axis 3 is collinear with the normal 

direction. The relations between the anisotropy coefficients, the yield stresses 

and the coefficients may be easily obtained from the flow rule associated to 

the yield function. 
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In case, for plane stress condition, principal directions of the stress 

tensor are coincident with the anisotropic axes (                    ), the 

Hill 1948 yield criterion can be written as a dependence of the principal 

stress in the form. (Using the anisotropy coefficient and   ) 
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Hill’48 yield criterion can also be expressed in a different way. This is 

done by using               as: 
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6.1.2. Marciniak Kuczynski Model  

To predict the theoretical forming limit curves, the MK model assumes 

an initial thickness imperfection in the geometry of the sheet in the form of a 

groove across the width of the sheet. The zone outside the groove is referred 

to as zone A and the groove is referred to as zone B, as shown in Figure 6.4. 

A Cartesian coordinate system is aligned with the symmetry axes: the x-axis 

is along the rolling direction (RD), and the y-axis is along the transverse 

direction (TD).  

This initial imperfection can be defined by a thickness ratio: 

    
  

 

  
          (6.6) 

where   
 ,   

  are the initial thicknesses of zone A and zone B, 

respectively. f0 is a parameter of the MK model. The boundary of the sheet 

(assumed to be far away from the groove) is subjected to monotonic 

proportional straining parallel with the symmetry axes. 

 

Figure 6.4: Geometry of the sheet in MK model 
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         (6.7) 

where  x  y, are components of strain along the coordinate axes.  The  x 

component of the strain is usually referred to as the major strain, whereas  y 

is called the minor strain (the case when the major strain is along the 

transverse direction is treated similarly). 

The value of f0 is varied until the theoretically predicted FLC curve agrees 

best with the experimental curve at the plane strain point, i.e., for ρ = 0. For 

the present analysis, the value of f0 chosen is 0.99. 

As the straining at the boundary 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: 

   ̅̅̅̅

   ̅̅ ̅̅
           (6.8) 

    ̅̅̅̅      ̅̅ ̅̅  denote the equivalent plastic 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. N = 0.15 was used for this analysis. 

As presented by Li Xiaoqiang et al. [106] and Siguang and Weinmann 

[107], the general stress state of the material is described by the power law 

equation: 

 ̅     ̅̅ ̅  ̇       (6.9) 
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where n is the strain hardening coefficient, m is the strain rate sensitivity 

coefficient. 

The ratio of principal stresses and strains is defined as: 

   
  

  
     

  

  
  

   

   
      (6.10) 

The effective stress and strain are defined as: 

 ̅ ̅                              (6.11) 

The associative flow rule is given by: 
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       (6.12) 

From the associative flow rule and the constant volume condition  

              ,       (6.13) 

The MK model incorporates a compatibility condition  

   
      

         (6.14) 

Furthermore, the sheet metal being deformed will always be in 

equilibrium. This is represented by the force balance equation: 

  (  ̅̅ ̅     ̅̅ ̅̅ ̅)  
 
̇     (  ̅̅ ̅     ̅̅ ̅̅ ̅)  

 
̇     (6.15) 

where    
  

 ̅
 and    

  

  
.,       denote the instantaneous thicknesses of 

regions A and B. This ratio can be found by using the equation: 

            
    

         (6.16) 

Initially values of f0  and ρ are assumed. Small strain increments of    
  

are imposed in the groove region. The values of    
     

  are found using the 
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corresponding equations described above. Assuming a value for    
 , the 

values of    
     

  are computed. The equality of the force balance equation is 

checked. If the equality is satisfied, then the necking criterion is checked. If 

the necking criterion is also satisfied, then that particular strain state of 

region A corresponds to a point on the FLC. If the assumed value of    
  does 

not correspond to equal values of left and right hand sides of the force 

balance equation, the assumed value is changed and the process is repeated. 

This procedure is done for different values of f0 and ρ to plot the full FLC. 

6.2 Experimental FLD 

The experimental FLC curves have been plotted by conducting 

hemispherical dome punch test as per ASTM E2218 standards. This is a 

step-by-step exercise used to construct forming limit curves. These give us 

useful information about the combinations of major and minor strains are 

likely to result in failure for a material of a given blank. The hemispherical 

punch test is a simple experimental test which strains the sheet material in 

both directions. The shape of the punch is hemispherical and set-up has 

been selected for a straight-forward stretching of the sheet. This test is much 

simpler to perform than the other experimental techniques for FLD. The test 

set-up is made of a hemispherical punch, a die, a blank-holder and a draw-

bead to prevent any material flow, as shown Figure 6.5. Grids are etched on 

the blank and allowed to deform under load. Strain distributions in both the 

directions have been determined by measuring the grid dimensions post 

deformation. 
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Figure 6.5: Test setup for FLD as per ASTM E2218 

 

Experimental tests are suitable for the evaluation of the entire range of 

the FLD with a simple tooling and an experimental procedure.  

Determination of the FLD with a punch tool test consists of the stretching 

die, and hemispherical punch similar to the Nakazima test. The experimental 

determination of the FLD has been done by stretching rectangular specimens 

with different widths. Various strain conditions are achieved by different 

widths of the specimens which enable the determination of the entire range 

of the FLD with one tool geometry. During the testing procedure the punch 

and blank causes the different strain conditions to analyze the specimen. 

The test has been performed on the experimental test rig as shown in 

Figure 6.6. This setup is similar to deep drawing setup, but the blank holder 

and punch have different shape to make the sheet blank to stretch under the 

load. Blank holder has a groove bead to hold the blank without slip and 

punch has a hemispherical bottom to stretch the sheet blank, and diameter 

of the punch is 50 mm. Specimens used in this study are of 110 mm length 
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with different widths. The test rig comprises of a 20 ton hydraulic press as 

used in the deep drawing setup. Grids have been marked on the blanks 

using electrolytic etching before the test. After the hemispherical dome tests, 

the deformed grids have been measured using a travelling electron 

microscope as shown in Figure 6.7. 

 

 

Figure 6.6: Experimental test rig for FLD  
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Figure 6.7: Traveling microscope for strain measurements 

 

The experimental FLC curves were plotted after conducting 

hemispherical dome tests on different width specimens made of ASS 316 as 

shown in Figure 6.8. Experiments are conducted by placing the sheet 

specimens in such a way that circular etched marks prior to deformation are 

below the sheet. A series of blanks of different widths are deformed to 

hemispherical dome until fracture. After forming these domes, etching marks 

are stretched at outside of the dome and circles become ellipses of different 

sizes based on the deformation conditions as shown in Figure 6.9. 

Dimensions of etched grids are measured near to the fracture and major and 

minor strains are calculated. The axes of the ellipse formed on the domes are 

measured to find relative strain in two primary directions, known as the 

major and minor, which correspond to the major and minor axes of the 

ellipse. 

http://en.wikipedia.org/wiki/Deformation_%28mechanics%29
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Figure 6.8: Different width specimens for dome test (a) 110x110 (b) 110x70 

(c) 110X50 (d) 110x40 (e) 110X10 mm2 

 

 

Figure 6.9: Fractured specimens after test (a) 110x110 (b) 110x70 (c) 110X50 

(d) 110x40 (e) 110X10 

 

These dome tests have been repeated to generate a range of strain 

conditions in the post deformation ellipses. Through repeated experimental 

measurements, the shape of the curve can be obtained experimentally. The 

FLC can be generated by mapping the shape of a failure criterion into the 

formability limit domain [108]. The FLD for ASS 316 is obtained at 300˚C and 

a b c d e 

a b c d e 

http://en.wikipedia.org/wiki/Yield_%28engineering%29#Isotropic_yield_criteria
http://en.wikipedia.org/wiki/Forming_limit_diagram#cite_note-pearce-3
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shown in Figure 6.10. Here, in plotting FLC, the strains are measured very 

near to the fracture so that the curve is referred as the fracture curve.   

As expected FLC intersects the major strain line approximately at 0.3, 

which is very close to the work hardening exponent of the material at 3000C. 

So, the necking region extends between the major strains of 0.27 to 0.3. 

Although formability of the material at elevated temperature depends upon 

many factors, as discussed previously in this thesis; especially the onset of 

dynamic strain regime in ASS 316 when the fracture mode is primarily quasi 

brittle that is probably the reason for slight deviation in the intersection point 

from the work hardening exponent.  As it can be seen in the diagram (Fig 

6.10) that in the bi-axial strain region, slope of FLC is very small, in other 

words major strain is very predominant. ASS-316 is anisotropic material and 

this anisotropy increases further at 3000C because the material is 

progressing to the DSA regime when compared to room temperature, yield 

strength of material at this temperature is less. So due to lower mean flow 

stress combining with anisotropy, there is unidirectional elongation in the 

material in this region. 

The resultant diagram provides a tool for the determination as to 

whether a given forming process will result in failure. Such information is 

critical in the design of sheet metal forming processes. Friction is almost zero 

by using the lubrications with aluminum foils between sheets and tool. Using 

the highest value for several cross-section evaluations and 3 test samples for 

the same geometry at different locations to a strain pair (one point in the 

forming limit diagram) as forming limit is drawn. It is recognized that the 

nature of fracture and formability is intrinsically non-deterministic, since 

http://en.wikipedia.org/wiki/Work_hardening
http://en.wikipedia.org/wiki/Formability
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little variations might be observed within a single experimental campaign 

[109].  

 

Figure 6.10: Experimental FLD for ASS 316 at 300˚C 

 

6.3. Comparison of Experimental with Theoretical FLD 

The experimental as well as the theoretical FLC’s are plotted in Figure 

6.11. The point on the FLC corresponding to the plain strain condition 

approximately has the value of n, the strain hardening coefficient. The 

plotted numerical FLC’s intersect the major strain axis at almost the same 

point. This confirms that the value of n, considered for the numerical FLC is 

correct.  
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Figure 6.11: Experimental and Theoretical FLD 

 

It can be observed from this figure that the Barlat’s criterion is better 

able to follow the trend of the experimentally obtained FLC. It is because 

Barlat’s criterion includes the anisotropy of the material and ASS-316 is 

highly anisotropic at 3000C. This is especially true for the biaxial tension-

tension region. Even in the tension-compression region of the FLC, the 

Barlat’s criterion has a similar trend to that of the experimental FLC. 

However, FLC modeled using Barlat’s criteria under-predicts the safe region 

in second quadrant. In fact, all the yield criteria under-predict the safe region 

in the FLC for negative minor strains.   

To ascertain the accuracy of these numerical FLC plots, a correlation 

factor R is found by comparing the experimental data with the numerical 

prediction. Since it has already been ascertained that the numerical plots 

have sufficient accuracy, the correlation factors are found for the prediction. 

The R values obtained for the numerical FLC’s along with the FLC plots. The 
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R value for the Barlat’s prediction (0.887) is higher than the Hill’s (0.713) as 

shown in Figure 6.12. This confirms that Barlat model is a better suited 

model among the considered yield functions in predicting theoretical FLD.  

 

 

Figure 6.12: Comparison between experimental and predicted strains using 

(a) Hill’s and (b) Barlat’s yield criteria. .   

(a) 

(b) 
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CHAPTER 7: 

Conclusions and Future Work 
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7.1 Salient Conclusions 

This research focused on studying the formability behavior of ASS 316 

at elevated temperatures. In this investigation, tensile tests have been 

conducted at elevated temperatures for evaluating the mechanical properties 

of the material. Deep drawing experiments have been carried out on the test 

setup for studying the formability of ASS 316. Numerical analyses have been 

done using FE models in LS-Dyna.  FLD has been developed for ASS 316 at 

300˚C by theoretical models, which has been validated with the experimental 

findings. These investigations bring out the following outcomes:  

 From the tensile tests at various elevated temperatures and different 

strain rates, serrations have been observed in true stress vs. true 

strain curves in the temperature range of 400°C to 600°C and for 

strain rates lower than 1x10-2 /s. In addition, SRS index is found to 

have negative values in this regime.  This confirms the presence of DSA 

region in ASS 316 in the temperature range of 400°C to 600°C and for 

strain rates lower than 1x10-2 /s.  

 Fracture study of the tensile test specimens in non-DSA and DSA 

regions reveals that there is a significant difference in the fracture 

surface of the specimens in these two regions. In non-DSA region, the 

presence of dimples on the fracture surface shows a significant plastic 

deformation, indicating a ductile fracture.  Whereas in DSA region, the 

fracture surface has cleavages in addition to dimples, which signifies a 

mixed-mode fracture representing less ductile nature of material in 

this region.  
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 In deep drawing experiments at elevated temperatures, LDR of ASS 

316 sheets is found to have increased form 2.2 at room temperature to 

2.33 at 150°C and to 2.47 at 300°C. However, with further increase in 

temperature, LDR is found to have decreased to 2.40 at 400°C.  This 

decrease in drawability is caused by the DSA influence in this 

temperature region. Therefore, in warm forming of ASS 316, the 

drawability of the sheet increases with the increase in temperature up 

to 300°C, but beyond that it has a reverse effect on the drawability. 

Thus, within the practical experimental limits, LDR can be considered 

highest at 300°C with less thickness variations in deep drawing ASS 

316 sheets.  

 For FE simulation study of warm forming in ASS 316 using LS-Dyna, 

Barlat’s yield criteria and Gosh’s hardening law are used for accurate 

predictions of LDR and proper formation of cup.  These simulation 

results show very good correlation with the experimental results. In 

addition, ANN model has been built to predict the thickness 

distribution of the drawn cup at any temperature to a very close 

accuracy.  

 For FLD study, MK analysis has been used to theoretically construct 

the FLD at 300°C for warm forming behavior of ASS 316.  These 

results have been validated by the experimentally developed FLD using 

hemispherical punch test.  These FLDs can be used for designing 

warm manufacturing processes on ASS 316.  
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7.2 Limitations of the Present Work 

A few limitations of the present research work are as follows:  

 The formability study has been carried out only up to 400˚C due to the 

limitations in the experimental setup. In the deep drawing 

experimental setup, the punch, the die and the blank holder are made 

of Inconel material, which has stable properties only up to 400˚C.  

Therefore, this experimental setup can be used only up to a maximum 

temperature of 400˚C.  

 Also, in FE simulation study using LS-Dyna, the available MTS model 

is capable of representing DSA phenomenon, but only for isotropic 

materials.  At present, there is no suitable model available in LS-Dyna 

software to simulate DSA phenomenon in anisotropic materials such 

as ASS 316.  

 

7.3 Scope of Future Work 

The future research scope has the following directions:  

 With appropriate experimental setup, the formability study can be 

extended to more than 400˚C temperature in search of higher LDR 

values.  

 In LS-Dyna simulation modeling, anisotropic yield criteria can be 

incorporated in MTS model with proper customization for more 
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accurate predictions of forming behavior of anisotropic materials in 

DSA region. 

 As ANN models are highly capable of providing very accurate 

predictions for mechanical properties and flow stresses, the software 

interoperability between ANN and LS-Dyna can help in achieving very 

highly accurate simulation results.  

 For further increase in LDR, redrawing processes on ASS 316 sheets 

can also be investigated.  
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