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ABSTRACT 

INVESTIGATION OF FRICTION IN SHEET METAL FORMING 

Kalkan, Hakan 

PhD in Modelling and Design of Engineering Systems (MODES) 

Supervisor: Prof. Dr. Bilgin KAFTANOĞLU 

July 2017, 104 pages 

 

Investigation of friction is carried out in the radial drawing region between the die 

and blank holder and also in the stretching zone over the punch in deep drawing. 

Two methods are developed to calculate the coefficient of friction in each zone using 

the experimentally determined data such as punch force diagrams and strain 

distributions obtained by an optical scanning system. The current methods differ 

from the existing techniques which are obtained in simulative tests. The proposed 

methods can be applied at room temperature and at elevated temperatures. In deep 

drawing tests, EN 10268 steel is used with dry and graphite lubrication and hot deep 

drawing tests are performed at      . Deep drawing tests are performed at different 

lubrication and temperature conditions. Blank holder load is another parameter which 

changes the punch loads. 9 different stretch forming tests are performed to determine 

the coefficient of friction in this zone. Three different materials are used with dry and 

paraffin lubricated conditions. Comparisons of friction coefficients are made with 

those obtained by other techniques. 

Keywords: Friction, Deep drawing, Tribology   
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ÖZ 

 

SAC ŞEKİLLENDİRME İŞLEMİNDE SÜRTÜNMENİN İNCELENMESİ 

Kalkan, Hakan 

Doktora, Mühendislik Sistemlerinin Modellenmesi ve Tasarımı 

Tez Yöneticisi: Prof. Dr. Bilgin KAFTANOĞLU 

Temmuz 2017, 104 sayfa 

 

 

Derin çekme işleminde sürtünme, baskı plakası-sac metal-kalıp yüzeyleri arasındaki 

radial çekme bölgesi ve zımba-sac metal arasında gerdirme bölgesinde 

gerçekleşmektedir. Bu bölgelerde oluşan sürtünme katsayısı, zımba kuvveti değerleri 

ve optik tarayıcıdan elde edilen genleme dağılımları kullanılarak iki yöntemle 

hesaplanmıştır. Bu hesaplama yöntemleri hem oda sıcaklığında hem de yüksek 

sıcaklıklarda kullanılabilir. Derin çekme testleri kuru ve grafit yağlayıcılı koşullarda 

EN 10268 malzeme ile gerçekleştirilmiştir. Testler oda sıcaklığında ve       de 

zımba kuvvetini etkilyen farklı baskı kuvvetlerinde tekrarlanmıştır. Gerdirme bölgesi 

için ise 3 farklı çelik malzeme ile kuru ve parafin yağlayıcılı koşullarda testler 

gerçekleştirilmiştir. Elde edilen sürtünme katsayısı değerleri diğer yöntemlerden elde 

edilen sonuçlar ile karşılaştırılmıştır. 

Anahtar kelimeler:  Sürtünme, Derin Çekme, Triboloji   
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CHAPTER 1  

 

 

INTRODUCTION 

 

1.1 FRICTION IN SHEET METAL FORMING 

Friction is an important process parameter which controls the flow of material in the 

tool and the final quality of produced parts. It is important to know the magnitude of 

friction for a number of reasons. Estimation of load, energy requirements, tool wear 

of a deformation process can only be made with the knowledge of friction. In order 

to accurately predict the final shape or to design a deformation process to produce a 

given shape and find the loads applied to the workpiece, a thorough knowledge of 

friction is necessary. 

The development of the finite element method for analysis of plastic deformation 

processes has provided a powerful tool for process simulation and optimization, 

which is a great value especially in the case of designing tools for sheet metal 

forming operations. To obtain reliable predictions of flow, strains and stresses, it is 

vital to have a reliable friction model. An accurate forming analysis can be done if 

the material behavior and friction conditions are modeled accurately. For material 

models, significant improvements have been made over the recent decades but the 

majority of the simulations still use approximations for friction coefficients. 

Development of FE simulations reached a stage where the results can be used 

directly in the operations. Reducing time, cost and increasing the quality of the 

product are the aim of the simulations [1]. Time reduction is important for the early 

evaluation of producibility, reduction in the development times, reduction of the 

tryout times and quick response to needed modifications. Cost reduction provides 

lower product costs, reduction of the die costs, downsizing the press and increase of 

reliability. Increasing the product quality is another reason for the simulations. By 



 2 

using the proper simulations optimal selection of the workpiece and production of 

more complicated parts can be achieved. 

Geometry, material properties and coefficient of friction are the input parameters in 

FE simulations. The coefficient of friction is generally assumed constant in metal 

forming simulations. However, in the real processes, the frictional behavior depends 

on the sheet and tool material, contact pressure, sliding speed, lubrication and 

temperature on the sliding surface. This indicates the importance of correct 

determination of the coefficient of friction. 

If the inputs are modeled correctly, punch force and blank holder force as a function 

of punch stroke, temperature distribution, pressure distribution on the tooling, 

stresses and strain distributions along the workpiece can be obtained. 

There is a limited amount of research about investigation of friction in sheet metal 

forming. Previous studies could not fully explain the friction conditions. This thesis 

is aimed to investigate the friction in sheet metal forming by a new friction test 

method. Combination of material and friction modeling can be used in Finite 

Element Simulations. If the friction is modeled correctly Finite Element Simulations 

will give more accurate results. This result will be useful to decrease the cost and 

manufacturing time.  

Successful sheet metal forming requires the knowledge on friction at the 

tool/material interface.  Thus, it is necessary to have reliable methods to evaluate 

various stamping lubricants and determine the coefficient of friction quantitatively 

for use in Finite Element simulations.  Thus, part, die and process design can be 

conducted and the cost and lead times of process development can be reduced. 

Friction effects the forming loads and stresses transferred to the dies and this effect 

can be reduced by use of appropriate lubricants. The lubricant also affects the surface 

quality of the formed workpieces. If there is not enough lubrication between the 

punch and die interfaces, the product may have undesirable surface quality. Friction 

affects the wear of the dies. If proper lubrication can be applied between the die and 

the workpiece, wear of the dies can be reduced. Lubrication is in interaction with the 

surface quality and can be optimized to improve formability. 

Contact between sheet metal and tool is important. To characterize this contact the 

surface quality is observed and its roughness is characterized both for sheet and tool 

materials.  
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The objectives of this study are to develop a method that can be used by sheet metal 

forming industry, for evaluating and determining lubricants and their coefficient of 

friction and develop dies that are used for sheet metal forming various materials to 

produce good quality parts with minimum waste and scrap. 

In this thesis, the coefficient of friction in the deep drawing has been investigated. 

Additionally, lubrication effects on friction have been investigated. Lubrication is 

one of the important parameters that can improve part quality in sheet metal forming. 

Only the low friction is not sufficient to select lubricant. Tool and workpiece 

material, tool-workpiece interface, deformation zone and environment are the 

parameters which will affect the lubricant selection. So, the effects of different 

lubrications are investigated in this study.  

In forming operations, it is very difficult to enter the interface between the workpiece 

and the die. This is the reason why friction in metal forming is not fully understood. 

On the other hand friction shear stress transferred through the interface is much 

smaller than the normal stress component transferred through the same interface. 

This difference causes the difficulty to measure the friction [2]. 

In this study interfacial pressure between the punch and the workpiece is calculated 

by using the plasticity equations. These new equations can be applied to the real deep 

drawing process. Coefficient of friction calculations at elevated temperatures are 

done by using different punch loads. So effect of the high temperature on coefficient 

of friction is are investigated. 

Although friction is such an important factor in sheet metal forming operations in 

many forming applications actual friction conditions are not sufficiently known. In 

spite of much research on that important topic, there is a still lack of knowledge and 

need for continued research. 

 

1.2 AIM AND SCOPE OF THE THESIS 

The aim of this study is to improve the efficiency of sheet metal forming processes 

by using new methods to evaluate friction by using the experimental data such as 

strain distributions and punch load curves in the deep drawing process. Effects of 

lubrication and temperature can also be investigated using the proposed techniques. 

Previous research about the investigation of friction in sheet metal forming provided 

the basis of the current study but the calculation of friction coefficient due to 
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nonlinear extrapolation and the manual measurement of strains resulted in higher 

errors [2]. It was also limited to room temperature. 

In the past studies, strip draw and deep draw tests were commonly used to evaluate 

the stamping lubricants. Many studies have been focused on explaining friction 

mechanisms under different loading conditions in forming operations using 

experimental, analytical and numerical methods [3]. Although some basic friction 

characterization is obtained at present, friction mechanism still is not properly 

understood in depth, since it is a highly complex process. The main contribution of 

this study is to develop new techniques to calculate the friction coefficient to get 

more accurate results for the FE simulations. This will reduce the cost and the 

operation time in sheet-metal forming. 

 

1.3 CONTENT OF THIS STUDY 

This thesis consists seven main chapters. In the first chapter, brief information is 

given about the friction in sheet metal forming and aim of the thesis is explained. In 

the second chapter sheet metal forming operations are discussed, and effect of 

friction in sheet metal forming operations is given. Also previous studies about 

calculation of friction in sheet metal forming are discussed. In the third chapter 

object of present investigation is discussed. Theoretical studies about calculation of 

friction are given in the fourth chapter. In sheet metal forming operations friction 

occurs at two different regions, “stretch forming zone” and “radial drawing zone”. 

Some experiments were done to calculate the friction in these two zones. All these 

experimental parameters are explained in the fifth chapter. Results of the 

experiments and discussion are given in the sixth chapter. Conclusions obtained from 

the results and the suggestions for the future work are given in the last chapter. 
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CHAPTER 2  

 

 

LITERATURE SURVEY 

 

2.1 DEEP DRAWING AND STRETCH FORMING  

Deep drawing is the sheet metal forming process which is most commonly used in 

forming industry. Punch, die and blank holder are the main parts of the operation. 

Workpiece is placed between the die and the blankholder. Blankholder force 

prevents the wrinkling in the flange region.  

Cylindrical, conical and box shaped parts can be produced by using flat sheets. In 

deep drawing operations it is possible to produce final shaped workpieces using 

minimal operations minimal scraps. 

Deep drawing process is mostly used in automotive and aircraft industry. It is a 

common process in sheet metal forming due to production of different shaped parts 

and different dimension ranges from very small to several meters. On the other hand 

rapid press cycle is the other advantage of this process. Complex axisymmetric and 

non-axisymmetric geometries can be produced with a few operations. 

 

Figure 2.1: Schematic illustriation of deep drawing and stretch forming operation. 

Common features:1-Die, 2-workpiece, 3-blank holder, 4-punch and 5:draw beads [4]. 



 6 

 

 

Figure 2.1 shows the set up of the two commonly applied sheet metal forming 

processes deep drawing and stretch forming. From the Figure 2.1, it is clear that the 

main parts of the operation are the punch, die and blankholder. 

Deep drawing is one of the most widely used sheet metal forming operations to 

produce cup shaped components at a high production rate. This process is suitable 

for mass production. 

Pots, pans, containers, sinks, beverage cans, automotive panels and aircraft panels 

are the typical products of this operations. 

Required equipment to carry out this process is the hydraulic press, mechanical press 

or transfer press. Carbon and alloy steels, aluminum alloys, titanium alloys and high 

temperature alloys can be formed with this process. 

Stretch forming is a sheet metal forming operations which is very similar to deep 

drawing. The difference from the deep drawing is the material is clamped tightly 

between the binder and die. Lock beads restrict the deformation area. In Figure 2.2, 

schematic view of the stretch forming operation can be seen. 

 

Figure 2.2: Stretch Forming [5]. 
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In deep drawing operations, punch forces the material in to die. High compressive 

stresses act on the workpiece. If blankholder force is not suitable, there will be 

defects named as wrinkling. Wrinkling is the most common defect in deep drawing 

operations. It can damage the dies and produced parts. 

There are many important variables in deep drawing operations. One is material and 

friction factors, coefficient of friction between punch-workpiece-die, normal 

anisotropy, limiting drawing ratio, and strain hardening coefficient. Other variables 

are tooling and equipment factors, which are punch corner radius, die corner radius, 

clearance, blankholder pressure and speed of the punch. 

Drawability of the material used in the deep drawing of round cups can be measured 

by drawing ratio.  

The drawing ratio of deep drawing operation: 

   
                 

                     
 

The limiting drawing ratio: 

    
                                         

                  
 

LDR can be increased by decreasing blank holder-sheet friction, decreasing sheet-die 

friction and increasing sheet-punch friction.  Increasing relative ratio of blank 

thickness to diameter, increasing ratio of punch corner radius to punch diameter, 

decreasing relative punch diameter, using a material with high strain hardening 

exponent, increasing normal anisotropy and decreasing planar anisotropy are the 

other parameters which increase the limiting drawing ratio. 

Among these parameters, friction is the most critical parameter to increase the 

formability. 

If the lubrication in sheet metal forming is not sufficient, there will be high friction 

between the contacting bodies. This situation limits the material flow and formed 

products may be fractured. Examples of fractured parts can be seen in Figure 2.3. To 

prevent such defects lubricant conditions should be determined correctly. Wear is 

another parameter which has a direct negative influence on the products dimensions. 

Galling, that can occur during forming of metal also damages the tools and scratched 

products may occur. 
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Figure 2.3: Possible failures as a result of poor control of friction and wear during 

axisymmetric deep drawing [3]. 

  

2.2 FRICTION MODELS USED IN METAL FORMING 

Coulomb, Tresca and Modified shear friction models are the models used in metal 

forming. In sheet metal forming operations Coulomb’s friction model Eq.1.1 and 

shear friction model Eq. 1.2 are commonly used to describe frictional conditions [4]. 

                         1.1 

where   is the coefficient of friction (COF),   is the normal pressure, and    is the 

frictional shear stress. 

Coulomb’s friction model is valid for low contact pressure [4]. But, in many forming 

processes interfacial pressure  , can reach a multiple of the yield strength of the 

material. In this case, frictional shear stress    may exceed the    shear strength of 

the workpiece material. So, the linear relationship between    and   will not be valid 

at high contact pressure levels because of the coefficient of friction becomes 

meaningless when    exceeds   . 

Metal forming operations like rolling, wire drawing and sheet metal forming can be 

given as examples of low contact pressure. On the other hand in closed die forging 

and extrusion operations contact pressure will commonly rise much higher than the 

flow stress of the workpiece.  
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Under high contact pressure, the Coulomb friction model may fail to describe the 

actual friction conditions. To avoid the limitations of Coulomb’s model, the shear 

friction model Eq. 1.2 was proposed by Orowan [6]. 

        
  

  
                   1.2 

where    is the friction factor,   is the shear factor,      ,   is the shear 

strength,    is the flow stress of the workpiece material.  

 

 

Figure 2.4: Relationship between contact pressure and frictional stress [5] 

 

According to the shear friction model frictional shear stress   , is proportional to the 

normal pressure similar to the Coulomb’s model at low pressure values. However, it 

equals to the shear strength,   at high interfacial pressure  . The relationship 

between contact pressure and frictional stress can be seen in Figure 2.4.  

Surface roughness causes discrete contact spots when two flat surfaces are placed in 

contact. The total are of these discrete contact spots creates the real contact area,   , 

and    is the apparent contact area. The ratio of real contact area,   , to the apparent 

contact area   , is known as the real contact contact area ratio,  . To consider the 

effect of real contact area,   on friction Wanheim and Bay proposed a general 

friction model [6]. 

          
  

  
                 1.3 

where    is the modified friction factor,    is the modified shear factor which is a 

function of real contact area,    is the flow stress, and   is the real contact area ratio 
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     . In this model the frictional shear stress    is a function of real contact 

area,  .  

According to the Wanheim and Bay’s model lubrication effect did not taken into 

account. To take lubricant effect into account, a complex friction model was 

proposed by Bowden and Tabor [8]. In this model boundary and mixed film 

lubrication regimes at the tool-wokpiece interface was developed. 

Frictional shear stress can be calculated by the following equation; 

                              1.4 

Where   is the real contact area ratio,    is the average shear stress at contacting 

asperity peaks, and    is the average shear stress at the lubricant pockets. This model 

formulates the real contact area ratio,  , related to    and the lubricant behavior 

related to    that is influenced by viscosity, pressure, sliding speed and film 

thickness. 

Although this model includes more detailed considerations to formulate the lubricant 

behavior, it is a difficult model to apply to practical metal forming problems. 

 

2.3 LUBRICATION MECHANISMS IN METAL FORMING 

In sheet metal forming, lubrication is an important parameter which affects friction 

conditions. Different lubrication mechanisms can be applied to the sheet metal 

forming processes. The dry condition, Boundary lubrication, Mixed-film lubrication 

and Hydrodynamic lubrication conditions are the lubrication conditions used in these 

operations. 

Streibeck curve which illustrates the various types of lubrication mechanisms can be 

seen in Figure 2.5. In this curve   is the lubricant viscosity,   is the sliding velocity 

and   is the normal pressure [4]. 

In dry condition mechanism, there is no lubrication between the surfaces, so friction 

is high in this condition. If the frictional conditions do not significantly influence part 

quality, these conditions can be used. So, it is suitable only a few operations in metal 

forming such as hot rolling of plates and nonlubricated extrusion of aluminum alloys. 
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Figure 2.5: Stribeck curve showing onset of various lubrication mechanisms [5]. 

 

Boundary lubrication is the most widely used lubrication mechanism in metal 

forming operations. In these condition single or multimolecular films of lubricants 

provide the surface contact. 

Mixed-layer lubrication is the other mostly used mechanism in sheet metal forming 

[5]. In this case micropeaks and the microvalleys of the metal surfaces are filled with 

the lubrication. 

Hydrodynamic lubrication mechanism is useful in wire drawing or rolling processes 

where the workpiece moves with high speed into the dies. This is a favored 

mechanism due to large velocities at the material-tool interface creates 

hydrodynamic conditions. Hydrodynamic lubrication mechanism provides low 

friction conditions. Because there is no longer direct contact between the surface 

asperities of the two bodies. 

Lubricant selection in this mechanism depends on some parameters. Methods of 

lubricant application, types of additives, corrosion control, cleanliness and removal 

methods and compatibility with other lubricants should be considered to select 

suitable lubricants. 
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2.4 MEASUREMENTS OF FRICTION IN SHEET METAL FORMING  

Strip drawing test (SDT), draw bead test (DBT), limiting dome height test (LDH) 

and twist compression (TCT) tests are used to measure coefficient of friction and 

evaluate the lubrication performance. 

Frictional conditions between the punch and sheet metal effects the location of 

fracture in LDH test. When the metal strip pulled through a roller element, thickness 

of the metal strip significantly reduces. This test is useful to test stamping lubricants. 

All these tests are useful to evaluate the performance of the lubricant at different 

locations of the die. It can be seen from Figure 2.6 that, deformed workpiece is under 

different states of stress and strain.  

 

Figure 2.6: Various tests to determine the coefficient of friction [5]. 

 

The twist compression test seen in Figure 2.7 is widely used to determine the 

coefficient of friction for stamping lubricants for different tool coatings. In this test 

torque and pressure are measured when rotating tool is pressed to a fixed metal 

specimen. The coefficient of friction between the tool and the specimen can be 

calculated by the following equation. 

  
 

   
                    2.1 

where   is the coefficient of friction,   is the applied torque,   is the mean radius of 

the tool,   is the pressure applied on the tool and   is the area of contact between 

tool and sample.  
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Figure 2.7: Shematic view of the twist compression test [5]. 

 

The strip drawing test is suitable to test high strength steels. Effect of different die 

radii, materials and lubricants are taken into account in this test. Schematic view of 

strip draw test can be seen in Figure 2.8. 

 

 

Figure 2.8: Deformed strip sample in Strip draw test [9]. 

Strip elongation and punch forces are the evaluation criteria to evaluate the 

performance of lubricants. Good lubrication will reduce the coefficient of friction 

and this will decrease the punch force and strip elongation. 
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The stresses and strains that exist at various locations in the workpiece may be 

different. We may obtain different values for the coefficient of friction while 

applying different tests with the same sheet material and lubricant. Because stresses 

and strains at various locations may be different in the workpiece. Furthermore, 

laboratory tests have limitations on emulating process conditions that exist in real 

sheet metal forming operations. 

 

2.5 PREVIOUS STUDIES OF FRICTION IN SHEET METAL FORMING 

Previous research about the investigation of friction in sheet metal forming provided 

the basis of the current study but the calculation of friction coefficient due to 

nonlinear extrapolation and the manual measurement of strains resulted in higher 

errors [2]. It was also limited to room temperature. Radial drawing and stretch 

forming regions of deep drawing were developed to calculate the coefficient of 

friction. In this study, it was found especially for the grease lubricants that the 

coefficient of friction decreased with increasing deformation. The coefficient of 

friction values for the radial drawing region were comparable to values which were 

found by other researchers using bending under tension. Values for the stretch 

forming region was found higher than the coefficient of friction values obtained from 

radial drawing region. It was also noticed that values for coefficient of friction 

decrease with the continued deformation.  

In the past studies, strip draw and deep draw tests were commonly used to evaluate 

the stamping lubricants. Blank holder surface was polished to a surface roughness 

               . The dies used in this study had a surface roughness    

      . The criteria used for evaluation was maximum blank holder force and strip 

length in strip draw test and flange length in deep drawing test. Coefficient of friction 

was determined for different lubrication conditions and blank holder forces by 

comparing the results of FE simulations with experimental data. In such research, 

water-based lubricants performed better than petroleum-based lubricants and also 

coefficient of friction reduced with the increase in blankholder force with all other 

conditions remaining unchanged [10]. Many studies have been focused on explaining 

friction mechanisms under different loading conditions in forming operations using 

experimental, analytical and numerical methods. Although some basic friction 
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characterization is obtained at present, friction mechanism still is not properly 

understood in depth since it is a highly complex process. 

The coefficient of friction under lubricated conditions at elevated temperature was 

also found. The coefficient of friction in hot stamping was measured using 

tribometer. Simulative experiments were carried out using steel sheet under dry 

conditions. It was shown that the use of lubricants was effective for decreasing the 

stamping load and die wear in hot stamping [11]. Coefficient of friction data 

obtained in strip drawing test was used in another study to show the importance of 

the lubrication on process parameters. Lubricant viscosity, drawing speed, die angle, 

stress-strain hardening characteristics of workpiece material and friction conditions 

in the workpiece tool interface were investigated [12]. The limits of lubrication was 

also investigated by using strip reduction test. In the experimental tests the threshold 

drawing lengths for film breakdown have been determined for different combinations 

of reduction and tool preheat temperature. Threshold drawing lengths before galling 

have been found for three different reductions and tool preheat temperatures showing 

good agreement with experimental results in. The analysis explained that the scatter 

observed in experimentally determined limits of lubrication indicated the influence 

of reduction and tool preheat temperature on the development of the maximum tool 

surface temperature with drawing length [13]. 

The drawability and frictional characteristics of pure molybdenum sheet at elevated 

temperature were investigated, and inverse comparison method was used to evaluate 

the frictional conditions [14]. Effect of die radius surface roughness of the tools, 

drawing speed, and blank holder force and lubrication type on coefficient of friction 

between flange and radius regions of the tools and sheet metal was investigated [15].  

Surface parameters also affect the coefficient of friction. Deformation of sheet metal 

during forming was investigated and surface parameters were derived from three-

dimensional surface measurements. The changes of topography during deformation 

process are decisively determined by the stress condition in the material plane and by 

the slip speed [16]. Correlation between the surface topography of dies and friction 

with sheet were investigated by using the bending under tension test. Linear 

regression coefficients between the friction and texture characterization parameters 

were tested. None of the height, spacing material volume, void or segmentation 

parameters showed good correlations. Developed area surface gradient, relative area 
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and complexity showed strong correlations [17]. Friction forces were modelled by 

introducing a relation between the surface parameters [18]. 

Variable friction model based on the regime of the lubricantion has been integrated 

to a finite element program to analyze the sheet metal forming processes. The 

developed model was verified by comparing the numerically obtained axial and 

circumferential strains with the experimental results. It was found that the axial and 

circumferential strains are considerably affected by the value of the coefficient of 

friction around the punch and die profiles [19]. 

Load scanning type tester and draw bead type device used an experimental study to 

investigate the tribological characteristics of sheet metal forming. As a result, it was 

concluded that experimental techniques load scanning always produce lower friction 

values. This difference could be due to the highest contact pressure on the load 

scanning test. On the other hand roughness of the die material has a significant effect 

on the coefficient of friction [20]. 

To investigate the pressure dependence of the coefficient of friction in sheet metal 

forming, camera and video system was used with a transparent die. In the medium 

range, the coefficient of friction decreased with increasing pressure by closed 

lubricant pools in which the hydrostatic pressure is generated according to the 

hydrostatic-boundary lubrication model. The coefficient of friction decreases also in 

the higher pressure with increasing normal pressure and the lubrication regime is 

characterized by oil permeation into the real contact area according to the boundary 

hydrostatic and micro-plasto-hydrodynamic lubrication model [21]. 

Effect of plastic strain on surface roughness and coefficient of friction investigated 

using tension bending test. Smooth surface aluminum sheets were used as a 

workpiece. It was concluded that the surface roughness of the inner surface of 

specimen increased with increasing average contact pressure due to the surface 

roughening of the specimen at the lower pressure, but it decreased with increasing 

average contact pressure due to the flattening of surface asperities at the higher 

pressure [22]. 

Blank holder force and blank shape effect on the final part quality were also 

investigated. During the experiments it was found that the oval blank shape worst 

formability from a fracture point of view, among the three blank shapes as oval, 

oblong and rectangle. Control of a blank holder force as function of time improves 

the formability and quality of final part. However, BHF control in time is not enough 
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by it self. Since the deformation characteristics are not uniform around the periphery 

of the rectangle, the blank holder force has to be controlled as a function location. 

Metal flow can be contolled by using drawbeads on the sides of the rectangle. 

However, blank holding pressure may still be necessary to eliminate the wrinkles 

completely [23]. Controlled FEM simulation can be applied to the determine the 

history of the blank holding force-BHF in deep drawing of aluminum sheet. In this 

method feedback control of the forming machine is possible by evaluating the data 

provided by the simulated results and movement of the machine is then changed 

automatically to suitable ones. As a result of this method desirable forming path or 

history of the working condition can be traced [24]. 

To investigate the effect of die shoulder friction studies were conducted with a 

transducer for determining the tension in a sheet metal strip. Although both an 

increase in sheet thickness and a decrease in the die shoulder radius resulted in an 

increase in strip tension, the study showed the friction coefficient trajectories of the 

tests to be largely unaffected by the die shoulder radii, sheet thickness and drawbead 

penetration speed used in this study [25].  

Some simulative tests were performed to investigate friction in sheet metal forming. 

It was noticed that according to the bending under tension - BUT test punch speed 

and pin radius on sheet metal forming can be investigated. From the results of this it 

was concluded that the coefficient of friction values are reasonable for both dry and 

lubricated conditions [26]. To evaluate the average frictional coefficient at the 

interface between a sheet metal specimen and a tooling pin, an experimental 

equipment was derived. In this way several materials were tested and the influence of 

the surface finish of the tooling pin, of the tooling pin diameter, contact pressure and 

lubricants were investigated [27]. For the quick calculation of coefficient of friction 

in sheet metal forming strain distribution on the strip on a cylindrical surface was 

used. The Capstan equation is used to evaluate the coefficient of friction acting 

between the sheet strip and cylindrical surface. This method is rough but quick to 

evaluate coefficient of friction in sheet metal forming [28]. 

A friction model that can be used in large FE simulations was developed which 

includes flattening mechanisms to determine the real area of contact at a microscopic 

level. The developed friction model was validated by means of FE simulations at a 

micro-scale. Comparison between the analytical and the FE simulation is obtained in 

case of crushing a rough surface by a normal load. It was also found that work 
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hardening effects do not play a significant role in the case of pure normal loading. 

The model also implemented in a FE code and applied to a full-scale sheet metal 

forming simulations. Results of the simulations were reasonable values for the 

coefficient of friction in case of normal loading [29]. 

An inverse analysis that combines the FEM and optimization algorithm was 

developed to determine flow stress and interface friction simultaneously. The results 

indicated that with this method it was possible to predict the flow stress and friction 

with acceptable accuracy [30]. 

Results from such simulative tests were used in finite element analysis as input. Such 

simulations are important tools for sheet metal forming industry and importance of 

the friction data were emphasized [31]. Based on recent advances in friction 

modelling a pressure slip rate and temperature dependent friction model suited for 

numerically stable multi-dimensional regression analysis was presented and 

implemented in Abaqus [32]. Tribological size effects on friction was investigated 

with a test method strip drawing with deflection. This method can be used for a very 

small process dimension. The friction functions can also be integrated in the FEM 

simulation which makes it possible to simulate a sheet metal forming process with 

consideration of tribological size effects [33]. 
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CHAPTER 3  

 

 

OBJECT OF PRESENT INVESTIGATION 

 

In sheet metal forming industry use of finite element simulations allow to decrease 

manufacturing costs and time. Geometry, material models and friction models are the 

main inputs of the FE simulations. Commercial CAD software enables to design die, 

workpiece and blank holder geometry accurately. On the other hand material 

characterization tests like tensile test or bulge tests allows to obtain flow curve of the 

materials at the room temperature and high temperature. However it was discussed in 

the previous section, there is a limited research about determination of friction in 

sheet metal forming.  

For the stretch forming zone this study aims to calculate the coefficient of friction 

dependent on the interfacial pressure between the punch and workpiece. Previous 

study about this topic assumes that the coefficient of friction is independent on 

interfacial pressure. However, in real process pressure effects the coefficient of 

friction. Determination of the dependency of the coefficient of friction on the 

interfacial pressure will enable to obtain more accurate results. This development is 

the one of the most important improvement of this study. In this way for the FE 

simulations friction models will be modelled more accurately. This will cause to get 

accurate results from the simulations.  

On the other hand for deep drawing operations radial drawing zone is also 

investigated in this study. High temperature real deep drawing tests are performed at 

different blank holder loads to obtain different punch loads.  

Graphite and paraffin lubrications are also used to investigate the effect of 

lubrication. Beside lubricants surface roughnesses of the die and workpiece were also 

measured to observe the effect on coefficient of friction. 
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As a result of this study interfacial pressure dependent coefficient of friction 

calculations are obtained for stretch forming zone. Elevated and room temperature 

real deep drawing tests are also improved to get accurate results from coefficient of 

friction calculations in sheet metal forming.  

If the accuracy of the inputs of FE simulations increase, the results will be more 

reliable.  So, this study may contribute to get better performance from FE simulations 

to decrease manufacturing costs and process time.  
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CHAPTER 4  

 

 

MODELLING OF FRICTION IN DEEP DRAWING 

 

Main features of deep drawing operation can be seen in Figure 4.1. It can be seen 

from the figure that radial drawing zone and stretch forming zones are the zones 

where friction occurs. These two zone will be analyzed separately to obtain the 

coefficient of friction. 

 

 

Figure 4.1: Main features of deep drawing. 

 

4.1 DETERMINATION OF COEFFICIENT OF FRICTION IN RADIAL 

DRAWING ZONE  

In radial drawing zone there is friction between sheet metal, die and blankholder. For 

radial drawing region an expression can be derived to calculate the coefficient of 

friction by using the equilibrium equations [3]. 

Circumferential strains can be calculated from the mean deformed radii and original 

radii of the scribed circles using following equations: 

 

     
  

  
                    4.1 
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where   =logarithmic circumferential strain 

    =mean radius of deformed circle 

    =initial radius of circle 

For the thickness strains; 

     
  

  
                     4.2 

where    =logarithmic through-thickness strain 

    =mean thickness after deformation 

    =original thickness 

The forces acting on a segment of a round specimen subtended by an angle    are as 

illustrated in the top of the Figure 4.2. The plan view shows the distribution of forces 

acting on a segment of the flat flange. The circumferential stresses induced by plastic 

deformation of the flange are denoted by    and these can be assumed to be 

unaffected by friction, to a first-order approximation, for any given value of  . 

 

 

 

Figure 4.2: Forces acting on a segment of a round specimen [3]. 
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In Figure 4.2 and Figure 4.3; 

 : punch load 

 : blank holder load 

 : coefficient of friction 

 : bulge depth 

 : angle of embrace of the die 

  
 : die radius 

  
 : punch radius  

   
      

  
  friction force on upper surface 

   
  

  
  friction force on lower surface 

 

Figure 4.3: Stresses on element of shell wall [2]. 

 

In the absence of friction    and    would be absent, and equilibrium of horizontal 

forces would require that the horizontal component of 
 

  
 , namely 

     

  
, should 

balance the circumferential stresses in the flange. This value of punch load may be 

denoted by   . If it is assumed that the circumferential stresses    are not affected by 

the increase of shear stresses on the surface, then horizontal equilibrium requires 

that, 

     

  
 

      

  
       

                                        4.3 

Differentiating this equation keeping    and   constant, 

  
      

      
                    4.4 
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The variation of      with depth of penetration   can be determined on the 

assumption that the thickness of the sheet material remains constant and equal to its 

original thickness   , from consideration of the geometry of the bulge, which leads to 

the equation where the symbols refer to the dimensions indicated in Figure 4.2. 

 

   
 

 
   

          
    

                       4.5 

Thus, the value of   can be estimated for the same value of   from two tests carried 

out under identical conditions, with the exception that the blank holder load is altered 

by an amount   , which lead to a change in   of   . It may be pointed out here that 

the effect of punch load on friction appears to have been neglected in the theories of 

Chung and Swift and Fukui [3]. Since the punch load is normally much higher than 

the blank holding load, neglect of this likely to lead to significant errors if it is 

desired to include the effect of friction in the analysis. 

The method suggested here for estimating the coefficient of friction during pressing 

or drawing has the advantage that is being measured in the actual process and not in 

simultative process. It is theoretically also possible to predict any variation of   

during the operation, due for example to the effect of punch load on friction. The 

main disadvantage is that the result is dependent on taking the difference between 

large, nearly equal, quantities and is therefore subject to some error. The error in 

neglecting the effect of increase in frictional stresses on the circumferential stresses 

in the flange is also not known; this error will clearly be eliminated by plotting   

versus    and extrapolating back to zero   . 

This technique can be used at room temperature or at high temperatures provided that 

the appropriate data is obtained. Applying this equation at high temperatures is the 

new improvement of this study. 

 

4.2 DETERMINATION OF COEFFICIENT OF FRICTION IN STRETCH 

FORMING ZONE: 

Coefficient of friction in stretch forming zone can be calculated by using the 

equilibrium equations. According to the existing technique, coefficient of friction is 

independent of the interfacial pressure between the punch and workpiece. However, 

new developed equation takes the interfacial pressure into account.  
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In the next sections investigation of the existing technique and development of the 

new equation will be discussed. 

 

4.2.1 Investigation of the existing technique to calculate the coefficient of friction 

in stretch forming [2]. 

      

  
                                   4.6 

      

  
      

   the derivation of the equation can be shown below 

     
                                  4.7 

 

     
    

  

     
 

        
    

                    
    

              4.8 

Eq. 4.8 is a first order linear ordinary differential equation. To solve this equation 

each term is multiplied by          . 
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                                               4.13 
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Integration of trigonometric functions: 
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4.2.2 Development of new equation to calculate the coefficient of friction in stretch 

forming. 

In the stretch forming zone, coefficient of friction can also be calculated by using the 

equilibrium and the plasticity equations. Figure 4.2 shows the stresses acting on an 

element of shell wall. 

where: 

 : bulge depth 

 : interfacial pressure between punch and sheet metal 

 : stress ratio 
  

  
  

 : stress ratio 
  

  
 

 : parameter of plastic anisotropy     
    

   

 : current radius to mean shell wall 

  : original radius to mean shell wall 

  ,   ,   : true plastic strains in meridional, circumferential and thickness directions 

        : Meridional, circumferential and thickness stresses 

 : Angle, that normal to an element of shell wall makes with the vertical 

 : Coefficient of friction 

  : Meridional radius of curvature to mean shell wall   

 

Equilibrium equation in axial direction is [2]: 

 

 

 

  
           

   

 
                   

   

     
 

  

  
  = 0        4.43 

 

In the thickness direction [2]: 

 

 

 

  
                   

   

 
         

  

  
                4.44 

 

Subtracting Eq. 4.43 from Eq. 4.44: 

  
 

  
                                  4.45 

From Eq. 4.45, it is clear that the interfacial pressure is a function of    In addition to 

 ,    and    stresses must be known to calculate the pressure, but it is not possible to 
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measure the stresses during deformation. These two stresses can be calculated 

approximately, by using strain distributions and the flow curve of the material. 

 

 

Then effective strain can be calculated with the following equation: 

    
 

 
   

    
    

                      4.46 

Assuming; 
  

  
                        4.47 

 

Effective stress will be equal to: 

       
         

                        4.48 

 

Relation between the   and    values can be obtained from the strain measurements. 

   

   
 

 

 
      

 

 
        

 

 
      

 

 
        

                       4.49 

  

  
 

     

    
                       4.50 

Interfacial pressure can be calculated by the following equation; 

      
 

 
 

     

 
                     4.51 

 

Recalling the Eq. 4.43 and Eq. 4.44 in thickness and axial directions,   

For a hemispherical punch 

           and                               4.52 

and for thin shells 

     and      
                      4.53 

 

Substituting Eq. 4.52 and Eq. 4.53 in Eq. 4.44: 

     

  
                                     4.54 

 

Eq. 4.54 is a first order linear differential equation. To solve this equation, each term 

is multiplied by            

 

     
                                                     4.55 
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                    4.56 

     
                                                      4.57 

     
                                                    4.58 

              

                            

here           

            

                                                 4.59 

                         +                           4.60 

                         +                           4.61 

Existing theory derived in the previous study [2] is independent of interfacial 

pressure. In this study pressure is approximately calculated by using the plasticity 

equations. Using interfacial pressure value with the equilibrium equations, new 

equation for determination coefficient of friction can be derived. Following steps 

shows how the new equation derived  

By using Eq. 4.51, interfacial pressure can be expressed as; 

                                4.62 

Pressure distribution fitted to a second order polynomial curve can be in Figure 5.29. 

              
 

 
                                  

 +2  sin2                     4.63 

 

             
                                                          

  
  

                         4.64 

 

                                      4.65 

   
 

        
                          4.66 

   
  

 
                               4.67 
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                             4.68 

             +                       4.69 

   
 

 
   

 

        
                          4.70 

  

  
 

  
 

       
      

 

       
      

                       4.71 

To calculate the coefficient of friction in stretch forming following equation can be 

used. 

  
  

 

       
     

 

       
     

                     4.72 

where; 

     
 

 
                                                    

 

     
 

  
                                             

2  2sin2    
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CHAPTER 5  

 

 

EXPERIMENTAL DETERMINATION OF FRICTION IN SHEET 

METAL FORMING 

 

As discussed before radial drawing zone and stretch forming zone are the zones 

where the friction occurs in sheet metal forming operations.  

In this study to find the coefficient of friction between the die, workpice and blank 

holder real scale deep drawing test are performed by using the hemispherical punch. 

EN 10268 steel is as workpiece material. Two tests are carried out under identical 

conditions only changing the blank holder load. Change in the blank holder load    

will lead to a change in punch load as,   . Deep drawing experiments are also done 

at high temperatures. Due to high temperature graphite lubricant is used to determine 

the effect of lubricant on coefficient of friction. 

Stretch forming tests are also done to find the coefficient of friction between the 

punch and workpiece. Hemispherical punch is used to form the EN 10346/ 

DX54D+Z, EN 10346/ HX380LAD+Z and EN 10346/ HX220BD+Z materials. 

Strain distributions obtained at two different stage of the test by using the optical 

measurements. New developed equation is used to find the coefficient of friction 

dependent on the interfacial pressure. For the corresponding values effective stresses 

and effective strains must be known to find the coefficient of friction by using the 

new developed equation. So material characterization is also given for the materials 

which were used in stretch forming tests. As a lubricant paraffin is used to determine 

effect of lubricant on the stretch forming zone. 

Surface roughness is also another important parameter which effects the friction in 

sheet metal forming. For the radial drawing region surface roughness measurements 

are also done for the die and workpiece. 
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Detailed information about the test parameter and test apparatus will be discussed in 

the next sections.  

 

5.1 MATERIAL CHARACTERIZATION 

This thesis aims to find the coefficient of friction in sheet metal forming dependent 

on the interfacial pressure. It is very difficult to model the contacting body interfaces. 

However, interfacial pressure between the punch and sheet metal approximately 

calculated by using the plasticity equations. As discussed in the previous chapter, if 

we assume that 
  

  
  , meridional and circumferential stresses can be calculated by 

using the effective stress equation in Eq. 4.48. So, to find the coefficient of friction 

between the punch and workpiece effective stresses and effective strains of the 

workpiece material must be known. EN 10346/ DX54D+Z, EN 10346/ 

HX380LAD+Z and EN 10346/ HX220BD+Z are the three different sheet material 

used in the stretch forming tests. 

For the steel grades used in the experiments, chemical compositions are shown in 

Table 5.1 [34]. 

Table 5.1: Chemical Compositions of the steels used in the experiments. 

Corresponding C 

max. 

Si 

max. 

Mn 

max 

P 

max 

S 

max 

Al 

max 

V 

max 

Nb 

max 

Ti 

max Standard Similar 

standard 

Erdemir 

Steel 

Grade 

EN 10268 - 7140 0.14 0.50 1.60 0.03

0 

0.02

5 

0.015 

 

- 0.09

0 

0.15 

EN 10346/ 

HX220BD+Z 

52814/9.52

873 
          0.007-

0.06 

0.50 0.15-

0.70 

0.05-

0.09 

0.03 0.02-

0.07 

- - - 

EN 10346/ 

HX380LAD+

Z 

52811/9.52

873 
       0.12 0.50 1.50 0.03

0 

0.03

0 

0.015 

(min) 

0.1 0.10  

EN 10346/ 
DX54D+Z 

52806/9.52
873 

    0.008 0.03 0.30 0.02 0.02
0 

0.02 
(min) 

 0.03
5 

0.11 

1) % Ni+%Cu+%Cr+%Mo≤0.5,   2) % C+% P≤0.16    3) % Nb+Ti+V≤0.22 

 

In Atılım University Metal Forming Center of Exellence material characterization 

test are performed by the following methods [35]. 

 

5.1.1 Tensile Test 

Tensile test is widely used method to obtain the mechanical properties of sheet 

materials. Mechanical properties such as, tensile strength (UTS), yield strength     , 

percent elongation      , reduction in cross sectional area      , Young’s 
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modulus     and Poison’s ratio     can be found by the use of this test techniques. 

Tensile specimen is shown in Figure 5.1. 

 

Figure 5.1: Typical tensile test specimen [35]. 

 

True stress can be calculated by the following equation: 

  
 

 
                      5.1 

  is the current cross section area of the specimen. During the tensile testing, current 

cross sectional area decreases with the applied load. 

However, the volume of the gage section is constant. 

                            5.2 

True stress can be defined as; 

  
 

  

 

  
                    5.3 

True strain is; 

   
  

 
                     5.4 

     
 

  
  

  

 

 

  
   

 

  
                 5.5 

 where, 

    : Engineering stress       

    : Engineering strain         

 : Load     

  : Intial cross sectional area       

  : Longitudinal extension increment      

  : Initial gage length      

 : True stress     

 :True strain         
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Three repeated tensile tests for different directions              are performed for 

EN 10346/ HX380LAD+Z, EN 10346/ HX220BD+Z and EN 10346/ DX54D+Z 

materials. The geometry of the tensile test specimen can be seen in Figure 5.2. 

Figure 5.2: The geometry of the tensile test specimen according to ASTM [35]. 

Tensile test is performed             by appliying constant extension rate using 

Zwick Roell Z300 tension and compression testing device shown Figure 5.3. 

 

Figure 5.3: Zwick Roell Z300 Tension/Compression Test Device  

Mechanical properties obtbained by tension tests are given in Table 5.2. 

Table 5.2: Mechanical Properties of EN 10346/ HX380LAD+Z, EN 10346/ 

HX220BD+Z and EN 10346/ DX54D+Z [35]. 

Sheet Materials 
YS 

(MPa) 
UTS 

Poisson 

Ratio 
           

EN 10346/ 

HX380LAD+Z 381 512 0.33 0.801 1.213 1.119 

EN 10346/ 

HX220BD+Z 237 401 0.33 1.700 1.327 2.005 

EN 10346/ 

DX54D+Z 156 351 0.33 2.071 1.527 2.507 
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5.1.2 Hyraulic Bulge Test 

Hydraulic bulge test (HBT) leads to much higher strains compared to the tensile test 

because of the biaxial loading conditions. In deep drawing operation, maximum 

plastic strain may reach 70 %, therefore, extrapolation is necessary due to the 

limitation of the tensile test. In this test, instantaneous measurement of dome apex 

radius, sheet thickness and pressure are required.  

Thickness strain is obtained by the volume constancy from measured in plane strains. 

                               5.6 

                               5.7 

             
 

  
                  5.8 

 

Figure 5.4: General view of Hydraulic Bulge Test setup.  

 

The statement of problem can be considered as plane stress condition; 

                                  5.9 

                                    5.10 

The membrane theory is used to determine the biaxial stress state. Therefore bending 

stress is neglected. Die cavity is selected according to mebrane theory. However, 

there is no rule or standard for fillet radius. 
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where; 

  : Die cavity radius, 

  : Initial sheet thickness 

Stresses and strain conditions on membrane theory define a relationship between 

membrane stresses for hyraulic bulge test in room temperatures [36]. 

Equilibrium equation is expressed by the following equation; 

  

  
 

  

  
 

 

 
                       5.11 

where; 

   and    are principle stress on the sheet surface, 

   and    are the corresponding radii of the curved surfaceat the dome apex, 

  is the hydraulic bulge pressure, 

  is the sheet thickness at the dome apex. 

If it is assumed that the bulge shape is spherical, two principle stress and radius and 

curvature are equal. 

                          5.12 

                            5.13 

Therefore; 

     
  

  
                    5.14 

     (Equivalent stress) can be calculated by the von Misses Yield Criterion. 

               
 
          

 
          

       
     

     
   

 

 
  

                     5.15 

Effective strain is equivalent to thickness strain; 

          
  

  
                  5.16 

Shematic view of the hydraulic bulge test can be seen in the following figure. 
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Figure 5.5: Shematic view of Hyraulic Bulge Test.  

 

  : Clamp force 

 : Hydraulic bulge pressure 

  : Dome height 

 :  Radius of curvature 

  : Fillet radius of upper die 

  :  Radius of die cavity 

  :  Initial sheet thickness 

 :  Current sheet thickness 

Hyraulic bulge tests are performed for 120 mm die opening. GOM Aramis optical 

measurement system used to measure the deformation which mounted on the Zwick 

BUP 600 testing device. It can be seen in Figure 5.4. 

160 mm diameter -drawbeads are used to prevent material flow during the test. 

Deformation distribution recorded with the 20 frames per second by GOM Aramis. 

Hydraulic bulge test specimen and stochastic pattern on the sheet metal can be seen 

in Figure 5.6. 

 

Figure 5.6: HBT test specimen and stochastic pattern on the sheet material [35]. 
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5.1.3 Flow Curves of the Test Materials 

Flow curves obtained from tensile test and hydraulic bulge test can be seen in Figure 

5.7, 5.8 and 5.9. For the corresponding effective strain values effective stresses can 

be calculated. Then assuming 
  

  
  , circumferential and meridional stresses    and 

   approximately be calculated. This will lead us to calculate the interfacial pressure 

between the punch and workpiece. 

 

 

Figure 5.7: Flow curve of the EN 10346/ HX380LAD+Z material. 
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Figure 5.8: Flow curve of the EN 10346/ HX220BD+Z material. 

 

 

Figure 5.9: Flow curve of the EN 10346/ DX54D+Z material. 
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5.2 SURFACE ROUGHNESS OF DIE AND WORKPIECE 

Surface roughness is an important parameter which characterizes the friction 

conditions.  If the surface of tool or sheet is very smooth, contact area increases and 

there may not be enough space for lubricant. Thus, surface roughness effects also 

lubrication conditions. 

In the radial drawing region, the surface roughness of the drawing die is found as 

Ra= 0.20 µm and the surface roughness of the sheet metal is around Ra= 1.82 µm as 

measured using an Alicona® system.  

Measurements reports of the surface roughness values can also be seen in 

Appendixes. 

 

5.3 DEEP DRAWING TESTS 

Deep drawing tests are performed to find the coefficient of friction in the radial 

drawing zone. Dry and graphite lubricated conditions are investigated at room 

temperature and at      . Different blank holder loads are applied to same tests to 

obtain different punch loads under identical conditions.  

In deep drawing tests C type 80 tons mechanical press is used with the hydraulic 

system which controls blank holder load. Deep drawing tests are also performed at 

high temperatures. Induction heating system is used to heat workpiece between the 

die and blank holder. Some measurement devices are used to obtain the test results. 

Load cell is used to measure the punch load, displacement gauge is used to measure 

the punch displacement and thermocouples are used the measure the temperature of 

the workpiece before drawing. 

Test apparatus and heating system used in the experiments will be explained in the 

next section. 

 

5.3.1 Test Apparatus 

5.3.1.1 Mechanical Press 

The mechical press used in the deep drawing tests can be seen in Figure 5.10. It has 

80 tons load capacity and 110 mm stroke. Hydraulic controlled blank holder system, 

induction heating system, load cell and displacement gauge are selected according to 

the press capacity. 
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Figure 5.10: C type mechanical press. 

 

 

 

5.3.1.2 Blank Holder  

Hydraulic controlled two identical cylinders are operated simultaneously. Cylinders 

are connected to the base plate in the blank holder configuration. Blank holder is 

powered by the hydraulic power control unit. 

Bushings are used to provide blank holder movement on the same axis. 

Configuration of the blank holder can be seen in Figure 5.11.  
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Figure 5.11: Blank holder configuration [37]. 

 

5.3.1.3 Heating System 

Induction heating sytem is used to heat the workpiece between the die and blank 

holder. It is preffered due to possibility of the heating only the desired location. High 

power densities at induction heating provides high heat generation rate. This enables 

fast heating. Power and heating time control also enables to control heat rate and 

depth of heating. Beyond these advantages it is not very economical compared to the 

furnace heating. 

Induction Heating having 50W power capacity with frequency ranging from 1,7 kHz 

to 12 kHz is used to heat the flange zone of blank, in this study. 

Induction heating system can be seen in Figure 5.12.  

Copper coil which is the part of heating system is fixed in die. The copper pipe, 

primary coil, is wrapped around the die ring in die. The copper pipe is insulated to 

prevent electrical short cut by covering it with soft mica sheet.  
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Figure 5.12: Induction heating system. 

 

5.3.1.4 Punch and load cell 

44 mm diameter hemispherical punch is used with a load cell in deep drawing tests. 

100 tons load cell assembled between the ram and the punch to obtain the punch load 

during deep drawing operation.  

 

 

 

 

Figure 5.13: Ram set. 
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5.3.1.5 Die Components 

Die base plate and the die heater configuration can be seen in Figure 5.14. Guide 

columns are used for centering. In some applications blank holder force has to be 

reduced. To reduce the blank holder force, four helical springs are used. 

 

Figure 5.14: General view of the die assembly. 

5.3.1.6 Measurement devices 

Hydraulic Pressure Transducer: the hydraulic pressure transducer is mounted on the 

cylinder to control pressure on the blank holder. It senses the pressure in cylinder and 

send signal to hydraulic power unit to keep blank holder at a constant pressure value. 

In hydraulic system, there is also a pressure gauge, which can be controlled manually 

to adjust blank holding pressure. 

View of the pressure transducer can be seen in Figure 5.15. 

 

Figure 5.15: Pressure transducer attached on hydraulic cylinder. 
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Displacement Transducer: It is used to monitor the punch motion and connected to 

the data acquisition system to record the displacement data during deep drawing 

operation. Stroke of the punch is 110 mm, so 0-200 mm displacement potentiometer 

is suitable for this test.  

Technical specifications and view of the displacement transducer can be seen in 

Figure 5.16. 

 

Figure 5.16: Displacement transducer mounted on press and technical specifications 

of displacement transducer. 

 

Load cell: The centre-hole type compression load cell was used in the experiments to 

measure the punch load. Press capacity is 80 tons, so 100 tons capacity load cell is 

convenient. Centre-hole type load cells enable stable measurement under eccentric 

load conditions. In addition to this, it can make precise measurements in warm 

conditions. 
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Figure 5.17: Load cell and technical specifications of load cell. 

Data acquisition system: The data acquisition system developed and produced by 

National Instrument (NI USB – 6259 M Series) are used to collect signals sent by the 

load cell connected to punch, the displacement transducer and two infrared 

temperature sensors placed on bottom of die. It has 16 differential or 32 single ended 

analog input channels, total 48 digital I/O channels, and a counter/timer. The signals 

are amplified and fed through an A/D converter. For data transfers, it is equipped 

with USB signal stream, programmed I/O. The other specifications of this board can 

be seen in Figure 5.18.  

All measurement devices including data acquisition unit used in setup are powered 

by DC Batteries to reduce noise level in the measurements. So the quality of 

data/signal streaming is significantly increased. 
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Figure 5.18: Data acquisition system and technical specifications. 

Data processing software (Hera): Hera is the name of a commercial software 

developed by Nell Electronic Company in Turkey. It receives, records, monitors, 

processes data sent from data logger. It is an object oriented programming package, 

the proceeded data can be displayed in different modes of graphical form or tabulated 

form. The collected log files are compatible with the office softwares. An example of 

a workbench data collection screen can be seen in Figure 5.19. 

 

Figure 5.19: Software Package used for data processing. 
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5.3.2 Deep Drawing Test Evaluation 

In deep drawing tests, EN 10268 steel is used with dry and graphite lubrication. 1,5 

mm thick sheet material and 42 mm diameter hemispherical punch are used. 

 

 

Figure 5.20: Punch loads at different blank holder loads for EN 10268 steel with dry 

lubrication. 

    

Two identical test are performed at different blankholder loads and two different 

punch load curves are obtained as shown in Figure 5.20. 

In Eq. 4.4 it was discussed before coefficient of friction for radial drawing zone can 

be calculated with the punch load change   , blank holder load change   , and the 

angle of embrance  . 

  
      

      
                     4.4 

 

In this study calculations are done at four different embrance angles as    ,    ,     

and    . To calculate the punch loads at these angles bulge depth   is necessary. 

Bulge depth equation is also discussed in Eq. 4.5. 

   
 

 
   

          
    

                       4.5 

 

Bulge depth of the deformed workpiece can be calculated as a function of embrace 

angle.   die diameter,   
  die radius,   

  radius of punch and    original thickness of 

the workpice must be known to use Eq. 4.5. 

Parameters used in the deep drawing test are given in Table 5.3. 
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Table 5.3: Deep drawing test parameters 

            
 ,      

 ,      ,     ,    

    45 6 21 1,2 6,63 

    45 6 21 1,2 12,04 

    45 6 21 1,2 13,66 

    45 6 21 1,2 15,21 

 

According to the parameters which can be seen in Table 5.3 punch loads can be 

calculated from punch load-displacement curve. It is clear from the table that, punch 

load at maximum angle can be calculated at 15,21 mm displacement. So, first 15-16 

mm displacement will be satisfactory to calculate the punch loads at selected angles. 

Deep drawing tests are also performed at high temperature as      . 

Graphite based dry lubricant Oraphi Graphene 702 is used to determine the 

lubrication effect. Properties of the lubricant can be seen in Appendix C. It lowers 

the coefficient of friction, protects parts contact corrosion and prevents premature 

wear. Operating temperature of the lubricant is between      to      . In this 

study hot deep drawing tests are performed at     . So, Graphene 702 is suitable at 

room temperature and high temperature.  

Deep drawing test are performed at different lubrication and temperature conditions. 

Blank holder load is another parameter which changes the punch loads. Blank holder 

force can be adjusted by the hydraulic power unit. Pressure in the hydraulic 

cylinders, weight of the blank holder and type of the springs are the parameters to 

calculate the blank holder load.  

 A case study of calculating friction at radial drawing zone: 

Material: EN 10268 (Erdemir 7140) Steel 

Lubrication: Graphite 

Temperature: Room 

Blank holder load; 

                             4.6 

where; 

 : Blank holder load 

   : Hydraulic load 
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    : Weight of the blank holder 

   : Spring load 

To have two different blank holder load, hydraulic power unit set 35 bar and 45 bar. 

            at        hydraulic pressure, 

            at        hydraulic pressure, 

                    

                      ,    spring at                    with spring 

constant        
 

   
 

 

                                         

                                         

                              

 

 

Figure 5.21: Punch load-displacement graph at 26075 N and 13410 N blank holder 

loads. 

Punch loads at different blank holder loads can be calculated by the equations shown 

in Figure 5.21. 
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5.4 STRETCH FORMING TESTS 

9 different stretch forming tests are performed to calculate the coefficient of friction 

in this zone. Strain distributions at different stages are used to determine the 

incremental strains between two stages. Paraffin used as a lubricant to reduce the 

coefficient of friction. Test apparatus used in the experiments will be explained in the 

next section. 

 

5.4.1 Test Apparatus 

Zwick BUP 600 test device and optical measurement system of GOM Aramis 

simultaneously used in the experiments to obtain the strain distributions on the 

deformed workpiece. Recall that the same test device is used for hydraulic bulge test 

experiments which can be seen in Figure 5.22. 
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Figure 5.22: Zwich BUP 600 Test Device and general view of the half sheet 

specimen. 

Blank holder and punch force capacity is 600 kN of this BUP 600 test device. 

Spherical punch geometry can be seen in Figure 5.23. Technical drawing of the 

spherical punch is also given Appendixes. 

 

Figure 5.23: General view of the hemispherical punch. 

Speed of the punch and blank holder force are adjustable parameters before the test. 

Blank holder force set to        and speed of the punch is         . The gauge 

section is stretched with the spherical punch. EN 10346/ HX380LAD+Z, EN 10346/ 

HX220BD+Z and EN 10346/ DX54D+Z  are the workpiece materials. Die material 

is also GGG70L-heat treated die steel. 

3D optical strain measurement system is used to measure the strain distributions on 

the workpiece during the process. The stochastic painting method is applied on the 

workpice. General view of the painted workpiece can be seen in Figure 5.24. 

Deformation of the workpiece recorded by the GOM system at 10 frames per second. 

Recorded image and strain distributions can be seen in Figure 5.25. 
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Figure 5.24: General view of the stochastic painting. 

 

Figure 5.25: Recorded image and strain distributions obtained from GOM Aramis 

optical measurement system. 

 

5.4.2 Stretch Forming Test Evaluation 

In stretch forming zone, 9 different tests are carried out. Three different materials are 

used with dry and paraffin lubricated conditions. 1,2 mm thick, 250 mm square 

sheets are tested. 

Zwick BUP 600 test device is used with the Gom Aramis optical scanning system 

simultaneously.  

 A case study of calculating friction at stretch forming zone: 

Material: EN 10346/ HX380LAD+Z Steel 

Lubrication: Dry 
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Temperature: Room 

Stages: 130-120 

Geometry of workpieces can be seen in Figure 5.26 at different stages. 

 

Figure 5.26: Workpiece geometry between Stage 120-Stage130. 

According to the Figure 5.26, bulge depths are different between the stages 120 and 

130. It means that the deformations are also different. By the use of the optical 

measurement system Gom Aramis strains can be measured along the deformation 

axis. Assuming the deformation is same on the half of the geometry, in the first 40 

mm strain distributions can be seen in Figure 5.27. 

 

Figure 5.27: Strain distributions between Stage 120-Stage130. 

In Figure 5.27 strain distributions-displacement graph can be seen. However, to 

calculate the coefficient of friction according to the Eq. 4.72 we need to obtain the 

strain distributions-vertical angle,   graph. Geometry relations given in Figure 4.3 



 56 

can be used to convert strain distributions-displacement graph to strain distributions- 

vertical angle,   graph.  

 

Figure 5.28: Strain distributions between Stage 120-Stage130. 

 

Incremental strains can be calculated from Figure 5.28 to calculate  , 

Recall Eq. 4.49. 

   

   
 

 

 
      

 

 
        

 

 
      

 

 
        

                   4.49 

Using the material properties obtain from tensile and bulge tests 
  

  
    stress 

ratio can be calculated. 

For the EN 10346/ DX54D+Z steel material relation between the equivalent strain 

and equivalent stress can be expresses from Figure 5.9; 

                 

Equivalent strains can be calculated from Figure 5.28. For the corresponding values 

equivalent stresses can be found from the relation obtained from Figure 5.9. 

Using Eq. 4.48 which is the equivalent stress equation and the Eq. 4.49 stress ratio 

equations; 

       
         

                 4.48 
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   and    stresses can approximately calculated. If the stresses are known, interfacial 

pressure is also approximately calculated from the above equations. 

  
 

  
                              4.45 

      
 

 
 

     

 
                 4.51 

 

Table 5.3 shows the calculation steps and corresponding values of the interfacial 

pressure.  

 

Table 5.4 Calculation of the interfacial pressure. 

  

(degree) 

  

(radians) 
   

   

(MPa) 

   

(MPa) 

   

(MPa) 

Pressure 

(MPa) 

40 

38 

36 

34 

32 

30 

28 

26 

24 

22 

20 

18 

16 

14 

12 

10 

8 

6 

4 

2 
 

0,69813 

0,66322 

0,62831 

0,59341 

0,55850 

0,52359 

0,48869 

0,45378 

0,41887 

0,38397 

0,34906 

0,31415 

0,27925 

0,24434 

0,20944 

0,17453 

0,13962 

0,10472 

0,06981 

0,03490 
 

0,09534 

0,10941 

0,12417 

0,15033 

0,17924 

0,19504 

0,20289 

0,20709 

0,21150 

0,20832 

0,20593 

0,19878 

0,19592 

0,18913 

0,18719 

0,18096 

0,17404 

0,17208 

0,17397 

0,17624 
 

312,891 

322,287 

331,174 

345,069 

358,369 

364,939 

368,048 

369,671 

371,349 

370,141 
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Figure 5.29: Interfacial pressure between stage 120 and 130 

 

Calculated interfacial pressure graph fit to a second order polynomial curve. 

Constants of this curve, a, b and c can be used in the derived equations to find the 

coefficient of friction dependent on interfacial pressure. 

 

Figure 5.30: Coefficient of friction values using new derived equation (Eq. 4.72). 
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Figure 5.31: Coefficient of friction values using Eq. 4.42 

 

Coefficient of friction values are calculated by using new derived equation and 

existing equation. Due to assumptions equations are not valid when     , at the 

top of the punch. To find the coefficient of friction at the top, calculated values are 

fitted to an exponential curve. µ = 0,3202e
0,0026θ 

is the first equation obtained from 

new derived equation. According to this equation         where      . From 

the Figures 5.30 and 5.31 it is clear that the new method increased the accuracy of 

the result because of the curve interval is decreased. Maximum and minimum values 

of the interval can be seen in Table 5.5. By using the exponential curve fit, COF at 

the pole where     can be found. This technique allows to find COF value 

between the maximum and minumum value of COF. Exponential curve fitting is 

preferred due to range of results. Other methods like linear curve fitting is not 

suitable, because the results are found out of the COF distribution.  

 

Table 5.5 Comparions of the results of Eq. 4.42 and Eq. 4.72. 

 Max value of 

COF 

Min value of 

COF 
Interval 

Extrapolated 

COF  

Eq. 4.72 0,43 0,26 0,16 0,32 

Eq. 4.42 0,54 0,24 0,30 
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CHAPTER 6  

 

 

RESULTS AND DISCUSSION 

 

6.1 RESULTS OBTAINED FROM DEEP DRAWING TESTS 

To find the coefficient of friction in radial drawing zone using Eq. 4.4, two identical 

deep drawing operations are carried. Blank holder load   is altered by an amount of 

   which will lead to a change in punch load   of   . Tests are performed under 

different conditions to investigate the effect of lubrication and temperature. 

Investigation the coefficient of friction under high temperature condition is an 

important improvement for this study.  

High temperature tests are performed at room temperature and at 300 ⁰C. Graphite 

lubricant is used to investigate the lubrication effect. 1,2 mm thick EN 10268 steel is 

used as a workpiece material. The diameter of the hemispherical punch is 42 mm. 

Table 6.1 Deep drawing Test 1. 

Material Temperature Lubrication BH Loads 

EN 10268 Room Dry 22350-14900 N 

 

 
Figure 6.1: Punch loads for deep drawing Test 1. 
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Table 6.2 Deep drawing Test 2. 

Material Temperature Lubrication BH Loads 

EN 10268 Room Dry 29800-22350 N 

 

 

 
Figure 6.2: Punch loads for deep drawing Test 2. 

Table 6.3 Deep drawing Test 3. 

Material Temperature Lubrication BH Loads 

EN 10268 Room Graphite 22350-14900 N 

 

 

 
Figure 6.3: Punch loads for deep drawing Test 3. 
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Table 6.4 Deep drawing Test 4. 

Material Temperature Lubrication BH Loads 

EN 10268 Room Graphite 22350-14900 N 

 

 
Figure 6.4: Punch loads for deep drawing Test 4. 

 

Table 6.5 Deep drawing Test 5. 

Material Temperature Lubrication BH Loads 

EN 10268 300   Dry 22350-14900 N 

 

 
Figure 6.5: Punch loads for deep drawing Test 5 
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Table 6.6 Deep drawing Test 6. 

Material Temperature Lubrication BH Loads 

EN 10268 300   Dry 29800-22350 N 

 

 

Figure 6.6: Punch loads for deep drawing Test 6. 

 

Table 6.7 Deep drawing Test 7. 

Material Temperature Lubrication BH Loads 

EN 10268 300   Graphite 22350-14900 N 

 

 

Figure 6.7: Punch loads for deep drawing Test 7. 
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Table 6.8 Deep drawing Test 8. 

Material Temperature Lubrication BH Loads 

EN 10268 300   Graphite 22350-14900 N 

 

 
Figure 6.8: Punch loads for deep drawing Test 8. 

Results obtained from the deep drawing tests can be seen in Table 6.9. 

Table 6.9: Cof results for the deep drawing tests. 

Material 
Grade  

Lubricant Angle Blankholder Loads (N) Coefficient of friction 

Room temp. 300 ⁰C 

EN 10268 Dry 

15 
30 
35 
40 

22350 
14900 

0,38 
0,32 
0,28 
0,24 

0,30 
0,23 
0,20 
0,20 

EN 10268 Dry 

15 
30 
35 
40 

29800 
22350 

0,35 
0,33 
0,32 
0,30 

0,31 
0,35 
0,29 
0,29 

EN 10268 Graphite 

15 
30 
35 
40 

22350 
14900 

0,11 
0,09 
0,08 
0,07 

0,17 
0,13 
0,14 
0,13 

EN 10268 Graphite 

15 
30 
35 
40 

29800 
22350 

0,15 
0,10 
0,13 
0,07 

0,15 
0,20 
0,15 
0,13 

 

6.2 RESULTS OBTAINED FROM STRETCH FORMING TESTS 

9 different stretch forming test results can be seen in Table 6.19. Coefficient of 

friction values are calculated by using strain distributions at two different stages. 

Bulge depths in Table 6.19 shows the two stages of the test. 
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Table 6.10: Stretch forming Test 1 

Material Temperature Lubrication Bulge depth 

EN 

10346/DX54D+Z 

Room Dry 19,08-21,50 mm 

 

 

Figure 6.9: COF values using  Eq. 4.42  for Test 1 

 

Figure 6.10: COF values using new derived equation Eq. 4.72 for Test 1. 
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Table 6.11 Stretch forming Test 2 

Material Temperature Lubrication Bulge depth 

EN 

10346/DX54D+Z 

Room Dry 25,13-29,69 mm 

 

 

Figure 6.11: COF values using Eq. 4.42 for Test 2 

 

Figure 6.12: COF values using new derived equation Eq. 4.72 for Test 2. 
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Table 6.12 Stretch forming Test 3. 

Material Temperature Lubrication Bulge depth 

EN 

10346/HX380LAD+Z 

Room Dry 14,73-17,11 mm 

 

 

Figure 6.13: COF values using Eq. 4.42 for Test 3. 

 

Figure 6.14: COF values using new derived equation Eq. 4.72 for Test 3. 
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Table 6.13  Stretch forming Test 4. 

Material Temperature Lubrication Bulge depth 

EN 

10346/HX380LAD+Z 

Room Dry 19,47-21,85 mm 

 

 

Figure 6.15: COF values using Eq. 4.42 for Test 4. 

 

Figure 6.16: COF values using new derived equation Eq. 4.72 for Test 4. 
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Table 6.14 Stretch forming Test 5. 

Material Temperature Lubrication Bulge depth 

EN 

10346/HX220BD+Z 

Room Dry 18,25-20,64 mm 

 

 

Figure 6.17: COF values using Eq. 4.42 for Test 5. 

 

Figure 6.18: COF values using new derived equation Eq. 4.72 for Test 5. 
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Table 6.15 Stretch forming Test 6. 

Material Temperature Lubrication Bulge depth 

EN 

10346/HX220BD+Z 

Room Dry 23,03-25,44 mm 

 

 

Figure 6.19: COF values using Eq. 4.42 for Test 6. 

 

Figure 6.20: COF values using new derived equation Eq. 4.72 for Test 6. 
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Table 6.16 Stretch forming Test 7. 

Material Temperature Lubrication Bulge depth 

EN 

10346/DX54D+Z 

Room Graphite 22,59-23,76 mm 

 

 

 Figure 6.21: COF values using Eq. 4.42 for Test 7. 

 

Figure 6.22: COF values using new derived equation Eq. 4.72 for Test 7. 
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Table 6.17 Stretch forming Test 8. 

Material Temperature Lubrication Bulge depth 

EN 

10346/HX380LAD+Z 

Room Graphite 12,81-14,62 mm 

 

 

Figure 6.23: COF values using Eq. 4.42 for Test 8. 

 

Figure 6.24: COF values using new derived equation Eq. 4.72 for Test 8. 
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Table 6.18 Stretch forming Test 9. 

Material Temperature Lubrication Bulge depth 

EN 

10346/HX380LAD+Z 

Room Graphite 16,34-17,94 mm 

 

 

Figure 6.25: COF values using Eq. 4.42 for Test 9. 

 

Figure 6.26: COF values using new derived equation Eq. 4.72 for Test 9. 
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Table 6.19: COF results for the stretch forming tests. 

Test 
Material 

Grade 
Lubricant 

Bulge 

depths         

h (mm) 

COF 

obtained 

from Eq. 

4.42 

COF 

obtained 

from new 

derived Eq. 

4.72 

Maximum 

interfacial 

pressure 

(MPa) 

1 

EN 10346/ 

DX54D+Z Dry 

21,50-

19,08 0,19 0,29 21,64 

2 

EN 10346/ 

DX54D+Z Dry 

29,96-

25,13 0,33 0,33 17,67 

3 

EN 10346/ 

HX380LAD+Z Dry 

17,11-

14,73 0,14 0,25 25,45 

4 

EN 10346/ 

HX380LAD+Z Dry 

21,85-

19,47 0,20 0,32 21,87 

5 

EN 10346/ 

HX220BD+Z Dry 

20,64-

18,25 0,24 0,30 22,37 

6 

EN 10346/ 

HX220BD+Z Dry 

25,44-

23,03 0,27 0,33 19,42 

7 

EN 10346/ 

DX54D+Z Paraffin 

23,76-

22,59 0,06 0,08 21,01 

8 

EN 10346/ 

HX380LAD+Z Paraffin 

14,62-

12,81 0,07 0,07 29,01 

9 

EN 10346/ 

HX380LAD+Z Paraffin 

17,94-

16,34 0,13 0,11 25,77 

 

6.3 RESULTS OBTAINED FROM OTHER SOURCES 

Coefficient of friction values obtained from previous studies can be seen in Table 

6.20. Room temperature and high temperature results can be seen to compare the test 

results with the previous studies. 

Table 6.20: Results Obtained From Other Sources 

Type of test Lubricant Material COF Source 

Strip Drawing 
HBO 947/11 

Mineral oil 
AI99.5 0,15-0,32 [33] 

Bending Tension Oil DP 600 0,14-0,16 [38] 

Strip drawing Mineral oil A1100 0,2-0,23 [21] 

Draw bead Stamping oil DP 600 0,12-0,16 [20] 

Strip tension Dry AA 1050 0,29 [27] 

Draw bead Oil 
AKDQ 

steel 
0,08-0,17 [25] 

Flat drawing Dry 
SPHC 

steel 

0,45 (600⁰C) 

0,44 (700⁰C) 

0,48 (800⁰C) 

[11] 

Hot stamping 
Waterbase 

Lubricant 

SPHC 

steel 

0,12 (600⁰C) 

0,14 (700⁰C) 

0,13 (800⁰C) 

[11] 
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6.4 DISCUSSION OF RESULTS 

Coefficient of friction in deep drawing operations are investigated for two contact 

regions, radial drawing zone and stretch forming zones. Previous studies as shown in 

Table 6.20, were performed using simulative test conditions such as strip drawing 

and bending under tension. However, this study was performed in a real deep 

drawing/stretch forming process.  

Results obtained for the stretch forming tests as shown in Table 6.19 for dry 

conditions indicate a slight increase in coefficient of friction as a function of the 

bulge depth. It is seen that the use of paraffin as a lubricant is very effective and 

reduces the coefficient of friction drastically. If the strain data can be obtained at the 

higher temperatures, the method allows the calculation of coefficient of friction at 

such temperatures. 

In the radial drawing region, for dry and graphite lubricated conditions at room 

temperatures, coefficient of friction slightly decreases as deformation progresses. 

This is a result of the flatting of the peaks during the process. Similar, but less 

pronounced behavior is also observed at      . There is also a reduction in 

coefficient of friction at       under dry conditions. Graphite lubrication 

significantly lowers the coefficient of friction both in cold and hot conditions.  

Coefficients of friction obtained in radial drawing zone and stretch forming zone 

regions fall in the same ranges. The values for the coefficient of friction found in the 

literature fall in similar ranges with bigger variations as shown in Table 6.20. Since 

they are obtained in other simulative tests, such variations can be expected.  

Results obtained from deep drawing and stretch forming tests can be used in finite 

element simulations to validate the efficiency of the results. Punch load curves and 

strain distributions can be used to compare the simulations and the test results. 
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CHAPTER 7  

 

 

CONCLUSION AND SUGGESTIONS FOR FUTURE WORK 

 

Two methods are developed to evaluate coefficient of friction in radial drawing and 

stretch forming regions. It is found that for the stretch forming processes new 

developed equation gives more accurate results to obtain coefficient of friction. 

According to the experimental results, maximum and minimum values for the 

coefficient of friction closed together with the new equation. To calculate the 

coefficient of friction at the pole where    , values of the coefficient of friction are 

extrapolated. Contraction of data range allows to reach more precise coeffcient of 

friction values for the pole region. 

It is concluded that for the stretch forming operations; 

• Interfacial pressure decreases with the increase of bulge depths. Coefficient of 

friction values at different bulge depths were discusses in Table 6.19. While the 

bulge depths ranges are 19,08-21,50 to 25,13-29,96 mm for the test 1 and test 2, 

coefficient of friction values increased from 0,294 to 0,338. Other tests results 

validates this observation. 

• Coefficient of friction values decrease with the increasing interfacial pressure. 

For the same material with paraffin lubricated condition at test 8 and 9 maximum 

interfacial pressures are 29,01 and 25,77 MPa. From these tests results coefficient of 

friction values are increse from 0,074 to 0,111. Except test 5 and 6 all other test 

results validate this conclusion. 

• Results obtained in dry and lubricated conditions agree with those found in the 

literature. It is seen that paraffin lubrication in stretch forming and graphite in radial 

drawing are very effective. 

From the deep drawing tests following conclusions are obtained; 
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• It is seen that using graphite lubrication in radial drawing are very effective to 

decrease coefficient of friction both room and high temperature conditions. 

• Coefficient of friction values decreases with the increasing embrance angle  . 

When embrance angle has risen from     to    , calculated coefficient of friction 

values are decreased from 0,381 to 0,245 for test 1. All other tests results in Table 

6.9 validates the conclusion. 

• New derived equation is dependent on interfacial pressure. Taking the pressure 

into account increased the accuracy of the results. 

• Increasing blank holder load increases the coefficient of friction values both 

room and high temperature conditions. When blank holder force ranges has risen 

from 14900-22350 N to 22350-29800 N, average coefficient of friction values 

increased from 0,308 to 0,331. 

• At the non-lubricated dry condition coefficient of friction values decreased with 

the increase of the temperature. From Table 6.9 it can be seen that average 

coefficient of frictions has decreased from 0,308 to 0,216 and 0,331 to 0,316. 

However, for the graphite lubricated condition, it is concluded that the coefficient of 

friction increased with the increase of temperature from room temperature to       . 

From Table 6.9 average coefficient of friction values for the lubricated condition 

increased 0,092 to 0,147 and 0,113 to 0,165. This increase can be explained by the 

bad lubrication performance at high temperatures. 

Methods for calculating the coefficient of friction used in this study can be used to 

evaluate the lubrication performance for the future studies. On the other hand deep 

drawing and stretch forming tests can be performed at different temperature ranges to 

investigate the effect of temperature on coefficient of friction.  

New derived coefficient of friction equation for stretch forming zone is very long and 

contains many parameters. A computer program can be developed to decrease the 

long calculation time. Thus will cause to increase the efficiency and accuracy of the 

results. In this study coefficient of friction values are shown depend on angle. 

However, as a future study result can be shown related to several variables by using 

surface response method. 

As it is concluded that this study aims to obtain coefficient of friction values for the 

FE simulations. The obtained results can be validated by using the proper FE 

simulation softwares. Strain distributions and the punch load curves comparisons will 

be effective to compare the test and simulation results.  
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APPENDICES 

 

 

APPENDIX A 

 

STRAIN DISTRIBUTION AND PRESSURE DISTRIBUTION GRAPHS FOR 

STRETCH FORMING 

TEST 1: 

 

 

Figure A.1: Test 1 Strain distributions-displacement 
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Figure A.2: Test 1 Strain distributions-angle,   

 

 

Figure A.3: Test 1 Pressure distributions 
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TEST 2: 

 

Figure A.4: Test 2 Strain distributions-displacement 

 

Figure A.5: Test 1 Strain distributions-angle, θ 
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Figure A.6: Test 2 Pressure distributions 

TEST 3: 

 

Figure A.7: Test 3 Strain distributions-displacement 
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Figure A.8: Test 3 Strain distributions-angle,   

 

 

Figure A.9: Test 3 Pressure distributions 
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TEST 4: 

 

Figure A.10: Test 4 Strain distributions-displacement 

 

Figure A.11: Test 4 Strain distributions-angle,   
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Figure A.12: Test 4 Pressure distributions 

TEST 5: 

 

Figure A.13: Test 5 Strain distributions-displacement 
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Figure A.14: Test 5 Strain distributions-angle,   

 

Figure A.15: Test 5 Pressure distributions 
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TEST 6: 

 

 

Figure A.16: Test 6 Strain distributions-displacement 

 

Figure A.17: Test 6 Strain distributions-angle,   
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Figure A.18: Test 6 Pressure distributions 

TEST 7: 

 

Figure A.19: Test 7 Strain distributions-displacement 
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Figure A.20: Test 7 Strain distributions-angle,   

 

 

 

Figure A.21: Test 7 Pressure distributions 
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TEST 8: 

 

Figure A.22: Test 8 Strain distributions-displacement 

 

Figure A.23: Test 8 Strain distributions-angle,   
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Figure A.24: Test 8 Pressure distributions 

TEST 9: 

 

Figure A.25: Test 9 Strain distributions-displacement 
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Figure A.26: Test 9 Strain distributions-angle,   

 

 

Figure A.27: Test 9 Pressure distributions 
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APPENDIX B 

 

 

SURFACE ROUGHNESS MEASUREMENTS  

Deep drawing die: 
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Sheet material: 
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APPENDIX C 

 

 

LUBRICANT PROPERTIES 
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