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ABSTRACT 

The main objective of this research was to investigate the role of frictional 

forces in large deformation metal forming processes, such as forging and extrusion. 

The research included analysis of deformation in the above processes using both 

the Physical Modehng Technique (PMT) and the Finite Element Method (FEM) 

with the goal of identifying friction effects. 

In this research, aU experiments were conducted by utilizing P M T to simulate 

actual metal forming processes by selecting a model material and die geometry 

tha t resemble the conditions of an actual metal forming process. All physical 

modehng experiments were conducted using plasticine, as model material, and 

plexiglass as the die material. 

A new method was developed to obtain constant strain-rate {a — e) curves 

utilizing the data obtained from a testing machine in which the croshead moves 

with a constant speed. The flow characteristics and the strain-rate sensitivities of 

two types of plasticine were determined from several compression tests. 

Compression test da ta were analyzed by using a statistical method, 2 factorial 

design, in order to identify the effects of deformation speed, lubrication and 

material type on friction and the mechanical behaviors of the materials. A series 

of ring compression tests were conducted to determine the coefficient of friction, p, 

and the corresponding calibration curve for different types of lubricants. A new 

technique, utilizing open-die backward extrusion test, was developed as an 

vi 
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alternative method for evaluating the coefficient of friction by relating the 

percentage of deformation to the extruded height. 

The experimental results showed that two types of plasticine have different 

material properties while being strain-rate dependent at room temperature. It was 

also shown that the extruded height changes according to the friction conditions 

at the interface. 

In the second phase of this study, ABAQUS, a general purpose finite element 

code, was employed for the FE analysis of forming processes. Ring compression 

tests were simulated in order to investigate the effects of material type, 

deformation speed, barrehng, and strain-rate sensitivity on the calibration curves. 

Compression tests were modeled for different aspect ratios. The effect of aspect 

ratios on the normal pressure and friction stress was determined. Open-die 

backward extrusion for different die sizes were also modeled to obtain the normal 

pressures, frictional stresses, and the calibration curves. Contrary to the results 

available in the li terature, the finite element analysis results showed that every 

material posseses a distinctive cahbration curve which is different than that of a 

different material . 

The experimental and numerical results indicate that material properties play 

an important role in the behavior of cahbration curves obtained from the ring 

compression test. The numerical results also show that open-die backward 

extrusion can be used to generate calibration curves for evaluating p . 

Vll 
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C H A P T E R I 

INTRODUCTION 

1.1 Introduction to Metal Forming 

Metal forming is a group of manufacturing processes by which the given shape 

of a workpiece (a sohd body) is converted to another (desired) shape without 

change in the mass or composition of the workpiece. Metal forming processes can 

be divided into five basic categories such as cutting, rolhng, forging, drawing and 

extrusion. In order to analyze forming operations, the metal flow, the friction at 

the die/workpiece interface, and the formabihty of material have to be described 

for a given process. To analyze a given metal forming process, quahtatively and/or 

quantitatively, the basic behavior and the mechanics of the plasticaUy deforming 

material body should be understood. 

1.2 Friction in Metal Forming Processes 

Metal forming processes involve changing the shape of the workpiece by forcing 

it to flow through a die system. This requires immediate contact between the die 

(tool) and the workpiece. In general, the workpiece and the die move relative to 

each other under pressure or deforming force which is normal to the die/workpiece 

interface. As a result of this contact, tangential frictional forces are generated at 

the interface of the die/workpiece to resist this relative movement. 

In the analysis of metal forming processes, a reahstic frictional condition must 

be specified in order to obtain accurate metal flow. Frictional condition could thus 



affect metal flow, total deformation load, final properties of the product, and cause 

energy losses or premature die wear. Friction is, therefore, considered to be a 

major variable in metal forming processes where the workpiece undergoes large 

plastic deformations. Moreover, friction must be precisely controUed in order to 

optimize forming procedures in terms of the quality and economical aspects of the 

product . 

1.3 Analysis of Metal Forming Processes 

A major objective of modeling of metal forming processes is to determine an 

opt imum method of manufacturing a product with superior surface quality, 

internal s tructure and value. The optimization method may vary depending upon 

the product requirements of individual metal forming process. The general 

analysis methods for individual processes have been established for the last 30-40 

years. Metal forming analyses provide detailed information about the mechanics of 

various processes as well as the effects of various parameters on the metal flow 

characteristics, product integrity, and tool wear. 

There are three primary methods for the analysis of metal forming processes, 

namely, analytical, numerical, and physical modeling. However, due to the 

difficulties in solving the analytical equations, analytical methods such as slip-hne 

field, upper or lower bound theories, and slab method, are only apphcable for 

cases involving simple geometries and boundary conditions. Recent developments 

in the computer technology have made significant contributions towards the 
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application of numerical methods, especially the Finite Element Method (FEM), 

for solving complex plasticity equations which are difficult and time-consuming to 

solve by analytical methods and for analyzing the deformation mechanics of 

processes with complex geometries and boundary conditions. 

Successful implementation of analytical and numerical methods requires an 

accurate knowledge of material constitutive equations, process mechanics and 

frictional conditions. Inaccurate information about any of these parameters can 

lead to erroneous results. 

1.4 Physical Modeling Technique 

Physical Modeling Technique (PMT) offers an alternative and relatively 

inexpensive means of simulating metal forming processes such as extrusion, 

forging, rolling, and drawing. The underlying principle behind the P M T is to 

simulate the actual metal forming process by utilizing a model material and 

process geometry tha t closely resemble those in the actual metal forming process. 

Typical modehng materials can be classified in two groups: metaUic and 

non-metaUic. Lead, aluminum, and copper are used as metaUic modeling material . 

Non-metalhc modehng are plasticine, wax, and clay whUe typical materials for 

modehng tool are aluminum, wood, and plexiglass. 

In the simulation of metal forming processes, the relationship between the 

actual metal and model material is expressed by similarity laws. These are: 



1. Physical similarity: geometry. 

2. Mechanical similarity: equivalent or proportional flow stress. 

3. Equivalent friction conditions. 

4. Thermal similarity conditions. 

It is usually not possible to model a material or a set of process conditions that 

can satisfy all of these requirements. Generally, first three similarity conditions 

can be satisfied or at least approximated. However, thermal similarity is almost 

impossible to satisfy because of the fact that there are too many specific material 

properties such as heat transfer coefficient and conductivity. The use of a model 

material whose constituent layers show different flow stresses gives one way of 

approximating thermal gradients. 

Analysis of deformation pat terns , using the weU-established physical modeling 

technique, is normally carried out by prescribing a square or circular grid pat tern 

on the surface of a modehng material. Subsequent analysis of deformed and 

undeformed grids results in information regarding the state of strain and stress in 

the specimen. However, the above methods can only be apphed to plane 

deformations. Another common method of generating grid pat terns , which is, in 

fact, necessary for analyzing three-dimensional problems, is to use alternating 

slabs of modehng material of different color with the same mechanical behavior. 
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The main advantage of the physical modeling approach over analytical and 

numerical methods is its relative simpHcity and ease of implementation. It neither 

requires elaborate facihties or toohng, nor in-depth knowledge of the theory of 

plastic deformation. When the modehng material is deformed in a shaped 

plexiglass die, surface defect formation and propagation can be observed and the 

effects of lubrication upon the deformation of the material can be studied. 

1.5 The Objective of This Research 

As mentioned earlier, the interface friction is an important variable and has 

significant effects on both the workpiece and process variables such as deformation 

load, metal flow, and surface characteristics of the product in metal forming 

processes. Therefore, the friction at the interface has to be controlled. For 

effective friction control, effects of the deformation process variables such as 

deformation speed, material type, and lubrication must be treated together in 

order to investigate interaction effects among these variables. 

In the first phase of this research, two types of plasticine were tested in order 

to determine their strain-rate sensitivities. The stress-strain data obtained 

experimentaUy were used in association with the following equation relating the 

strain, s train-rate, and deformation speed as 

. _ U 

Hoexp{e) 
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In the second phase of this research, the interface friction during metal forming 

processes was investigated. First, the ring compression test was simulated by 

employing ABAQUS finite element code. Cahbration curves for determining the 

coefficient of friction, p, were then generated from the information obtained from 

above simulations. The effect of different factors such as material type, 

deformation speed, strain-rate sensitivity of material, and barrehng on cahbration 

curves were also identified. In the next phase of this study, ring compression 

experiments were conducted to determine the coefficient of friction for plasticine 

using different lubricants and to compare experimental results with the finite 

element results. 

A series of compression experiments were conducted to identify the effect of 

different factors on the mechanical behavior of material and friction such as 

material , lubricant type, and deformation speed by utilizing the statistical 

experimental design method. The use of statistical experimental design strategy 

provides'one to quantify and determine the main factor and the interaction effects 

between main factors. In this study, 2^ factorial design was implemented in the 

analysis due to its effiency in experiments involving two or more factors at two 

levels. Appropria te da ta were collected from the experiments and were analyzed 

by statistical methods resulting m valid, objective and meaningful conclusions. A 

Statist ical Analysis Software package (SAS) was used for statistical analysis using 

the factorial design concept. The compression tests were also modeled by 
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employing ABAQUS finite element program in order to obtain the contact 

pressure and the friction stress at the die/workpiece interface. 

Finally, a series of experiments and finite element simulations of open-die 

backward extrusion were conducted in order to investigate the relation between 

the coefficient of friction and the extruded height. The validity of the open-die 

backward extrusion technique for determining the coefficient of friction during 

metal forming processes was also estabhshed. 
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C H A P T E R II 

L ITERATURE SURVEY 

2.1 Definition of Friction 

The recognition and understanding of friction goes back to da Vinci, 

Amontons, and Coulomb as mentioned by Bowden and Tabor[1950]. Amontons 

was the first person who described the two laws of friction in 1699. Almost a 

century later, his concept of friction, i.e., surface roughness, was strengthened by 

Coulomb. Based upon these earlier works, the coefficient of friction has been 

derived in order to characterize friction quantitatively. The two basic laws of 

friction state tha t 

1. The frictional force is proportional to the normal force. 

2. The frictional force is independent of the contact area between two 

bodies, since both the normal stress and the frictional shear stress act 

upon the same contact area. 

In metal forming processes, the normal force required to deform the workpiece 

generates a stress normal to the die surface while the movement of the workpiece 

relative to the die creates a shear stress referred to as interface frictional shear 

stress. The coefficient of friction can be thus expressed as 

p. r-

r p 

8 
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where Fi is the frictional force, P is the normal force or load, r̂  is the frictional 

shear stress and p is the normal stress. 

Coulomb made a distinction between static friction, the force required to start 

shding; and kinetic friction, the force required to maintain it. The third law of 

friction states tha t kinetic friction is independent of the speed of shding and static 

friction. Coulomb emphasized the importance of surface roughness and concluded 

tha t friction was due to the interlocking of surface asperities while disregarding 

adhesion as a main source of friction. However, developing Desaguhers' work, 

Bowden and Tabor [1964] showed that adhesion was an important part of friction. 

According to the laws of friction, the frictional shear stress r̂ - must increase at 

the same rate as the normal stress for a constant coefficient of friction. This 

relation is not necessarily true for metal forming processes. When frictional shear 

stress reaches the value of shear flow stress k, the material has an option to shear 

inside the body by spending less energy instead of sliding against the die surface 

while the surface remains stable. This is called sticking friction. 

The sticking condition is defined by Schey [1983] as 

Ti=pp>k. (2.2) 

According to von Mises yield criterion, k = 0.577(JO ( 0.50-0 according to Tresca ). 

The coefficient of friction cannot exceed 0.577 ( 0.5 ) when p = ao and 

Ti = k = 0.577cro where CTQ is flow or yield stress of the workpiece. In many metal 

forming processes, the interface pressure p goes beyond uniaxial yield stress CTQ. 
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Since the frictional shear stress, r^, remains constant once it becomes equal to the 

shear yield stress, k, the magnitude of the coefficient of friction calculated from 

Equat ion (1) obviously drops with increasing pressure in sticking. Consequently, 

the coefficient of friction can become very high when the interface pressure drops 

below the yield stress if large tensile stresses are applied to the workpiece as in 

deep drawing, wire drawing or thin strip rolling. The coefficient of friction 

therefore becomes meaningless for sticking friction since there is no relative sliding 

at the interface as explained by Schey. 

The sticking friction leads one to describe the interface frictional shear factor, 

referred to as frictional shear factor, a value that varies from zero {m = 0) for 

frictionless interface to one {m = 1) for sticking friction. It is formulated by 

Ti 
m = -^. (2.3) 

k 

The mathemat ical convenience of using the second definition of friction 

phenomena (m) is that r̂  is defined with the aid of k which is known for each 

material . On the contrary, /x can pose some difficulties since the value of the 

normal stress, p, itself depends on p. 

It has been shown tha t it is difficult to provide very smooth surfaces in 

practice. Even on carefuUy pohshed surfaces, hills (asperities) and valleys which 

are large relative to the size of a molecule of the material are present. When two 

surfaces rest on one another, the peaks of their asperities deform elastically, and 

plastically and regardless of how smooth they are, contact occurs at only a 
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fraction of their apparent area of contact. The load is therefore supported by 

relatively few asperities in contact. In most practical cases for aU types and shapes 

of surface irregularities, the real (true) area of contact wiU be very nearly 

proport ional to the load, i.e., A, = ^ , where pm is the mean yield stress of the 

asperities, Bowden and Tabor [1950]. The biggest discrepancy between the real 

and the apparent area of contact occurs when flat surfaces are placed in contact. 

The apparent area of contact is the area of the surfaces themselves whereas the 

real area of contact provided by plastic flow of the asperities is the total area of aU 

the surface irregularities which are touching each other. 

Bowden and Tabor [1964] developed the modern friction theory using the 

theory of plasticity and assumed adhesion as the main source of friction. This 

theory asserts tha t friction is generated by adhesion at contacting asperity peaks 

and uses the concept of real contact area. It also assumes that surfaces are covered 

with asperities of hemispherical tips of radius /3 and of heights h. They showed 

tha t the pressure at the asperity peaks is equal to the hardness or indentation 

pressure of the softer material and found that p = — = 0.19. They also proved 

the well-known Amontons-Coulomb friction law of the total area of contact, and 

hence, the friction force is proportional to the normal force. Although this law is 

expressed through a constant coefficient of friction used in the analysis of many 

shding mechanical systems in low pressures, it is, however, completely not valid in 
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modehng of friction at the die-workpiece interface in metal forming processes due 

to the high pressures and, hence, bulk plastic deformation of material. 

Greenwood and Rowe [1965] experimentaUy found that the ratio of contact 

area, ot = j ^ , increases by bulk plastic deformation. The flattening of asperities on 

top of each others was investigated by Steffensen and Wanheim [1977]. Using the 

upper-bound method, Sheu and Wilson [1983] tried to fit a mathematical model to 

friction by investigating the workpiece asperity flattening in the presence of bulk 

plane-strain plastic deformation. They found that the effective hardness is related 

to a non-dimensional strain rate, E, defined as the ratio of the bulk strain rate to 

a typical local strain ra te associated with asperity flattening or surface 

indentat ion. It was shown tha t as E was increased the effective hardness of the 

workpiece was reduced. 

The understanding of the interaction between surface asperities and lubricant 

is impor tan t for the improvement of the frictional conditions in metal forming 

problems. Wilson [1979] defined the four different lubrication regimes at the 

die/workpiece interface: thick film, thin film, mixed film, and boundary lubrication 

regimes. In thick, thin, and mixed lubrication regimes, all or part of the load is 

carried by the lubricant film whereas in the boundary lubrication regime it is 

carried by asperity contacts which also generate friction through shearing of 

boundary films. Even in this regime, the Amontons-Coulomb law will break down 

since the high interface pressures result in changes in the effective hardness of the 
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asperities. Later on. Kudo and Azushima [1987] reviewed mechanical interactions 

between the surface microstructure of the die-workpiece and the lubricant. 

2.2 Measurement of Friction 

Several methods are developed to evaluate friction in metal forming processes. 

The most accepted way of characterizing friction quantitatively is to define a 

coefficient of friction at the die/workpiece interface. Of the many techniques, the 

ring compression test technique has gained wide acceptance for the last two 

decades. It was originated by Kunogi [1956] and then improved by Male and 

Cockcroft [1964-65]. This technique relates dimension changes to the coefficient of 

friction. When a flat ring specimen is plastically compressed between two platens, 

increasing friction results in an inward flow of the material whereas decreasing 

friction results in an outward flow of the material. The flow in ring compression 

process is schematically shown in Figure 2.1. 

The measurement of the internal diameter of a compressed ring specimen gives 

a part icular knowledge about the coefficient of friction at the die/workpiece 

interface, since the internal diameter increases when the friction is low and 

decreases if the friction is high. Using this relation, the friction curves are 

generated in terms of the coefficient of friction, p, and the friction shear factor m 

as shown in Figures 2.2 and 2.3. Moreover, the sets of these curves change 

according to each ring geometry. The most common ring geometry used is 6:3:2 

where the first number denotes the external diameter and the second number 



v=XW?«E«5H|!i*a 

14 

Figure 2.1: Metal flow in the ring compression test. 
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Figure 2.2: The calibration curves in terms of p. 
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represents the internal diameter while the last number denotes the thickness of the 

ring specimen. 

The friction curves can be obtained by plotting the percentage reduction in the 

internal diameter against the reduction in the height of the ring specimen. 

Therefore, once the reduction in both the internal diameter and the height of the 

ring are known, p and m can be found from the appropriate plot. 

2.3 Lubrication Regimes 

The mechanism of lubrication at the die/workpiece interface in metal forming 

processes can be characterized in terms of the thickness of the lubricant film. The 

lubrication regimes are described by Wilson [1979] in four distinct regimes 

according to the thickness of the lubricant, namely, thick film, thin film, mixed 

and boundary lubrication regimes. They are illustrated in Figure 2.4 and 

explained below: 

1. Thick Film Lubrication Regimes. In the thick film regime, a film of 

lubricant completely separates the die and the workpiece. The mean 

thickness of this film is greater than ten times the root mean square 

(RMS) roughnesses of the surfaces involved or the molecular size of the 

lubricant. Thick film lubrication regime therefore provides low friction; 

i.e., the coefficient of friction usually varies between 0.05 and 0.1. Since 

the lubricant totaUy separates the surfaces, die wear is almost unlikely. 
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Figure 2.4: Lubrication Regimes, (a) Thick film, (b) Thin film, (c) Mixed film, and 
(d) Boundary lubrication film (Wilson, 1979). 
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The workpiece surface roughness either remains the same or increases to 

certain level which shows tha t operation is taken under thick film regime. 

2. Thin Film Lubrication Regime. It can be said that the system is in the 

thin film lubrication regime when the mean thickness of lubricant film is 

between three and ten times the RMS roughnesses of the surfaces 

involved. In this regime, surface asperities can carry a small amount of 

tota l load which is negligible. During the deformation process, the 

workpiece surface roughening which affects the friction level can occur 

al though it generally maintains constant or sometimes decreases sUghtly 

as well as die wear. Frictional behavior is similar to that of thick film 

lubrication regime. 

3. Mixed Lubrication Regime. This occurs if the mean film thickness is less 

t han three times the RMS roughness of the surfaces involved. In the 

mixed lubrication regime, part of the load is carried by the pressurized 

lubricant film entrapped in pockets of the rough workpiece surface; 

however, the other par t is carried by contacts between asperities. 

Compounds in the lubricant can form a boundary lubricant films and 

prevent direct metal to metal contact, welding and galhng. It is difficult 

to develop a good model for the mixed lubrication regime since the 

completely different types of process active at the asperity valleys in 

which the films are relatively thick whereas the modified thin film 

#^v 
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lubrication theory can be used at the peaks in which the films typicaUy 

have thickness of order of the lubricant molecule size. The workpiece 

surface roughness generally decreases. Due to the breakdown of the thin 

boundary films, workpiece asperities may weld to the tool that causes 

increase in surface roughnesses and significant die wear. In general, the 

coefficient of friction can vary from 0.05 to 0.4 in this regime. 

4. Boundary Lubrication Regime. The system is completely in boundary 

lubrication regime if all the load between the die-workpiece surfaces is 

carried by the asperities in contact. Pure metal to metal contact is 

carried by one or a few molecular layer of thick lubricant film. Boundary 

lubrication depends on the chemical nature of the lubricant as weU as 

tha t of the workpiece. The coefficient of friction ranges from 0.1 under 

ideal conditions to 0.4 or higher values under severe conditions tha t 

disrupt the boundary films. In fact, the use of a constant coefficient of 

friction is only justified under these conditions where the pressures are 

relatively smaU. High level of die wear occurs in the boundary 

lubrication regime and the workpiece surface roughness decreases unless 

the film breaks down. 

The thick and thin lubrication regimes are usuaUy referred to as fuU film 

lubrication because no asperity contact is involved at the die/workpiece interface. 

Both are desirable from the point of view of reducing friction and die wear. 
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Although any of the lubrication regimes may be apphed in metal forming 

processes, mixed lubrication regime occurs the most since it is not always possible 

to maintain full film lubrication under high interface pressures, which is typical of 

bulk metal forming processes as explained by Wilson [1990]. 

2.4 Friction Models 

The understanding of the friction phenomena is important for realizing what 

actually happens at the die/workpiece interface under many different conditions 

and deformation processes. Therefore, a mathematical expression of these different 

conditions are necessary to calculate the deformation patterns, the required forces, 

and stresses for a particular metal forming process. 

Schey [1987] explained tha t the friction models are generally constructed for 

three purposes. The first one is aimed for the calculations of forces and power 

requirements while the second one is for the calculation of the pressure 

distribution. It becomes important when the workpiece is loaded plastically or 

elastic distortion of the workpiece is significant relative to the shape of the 

product . The third one is to calculate the strain distributions within the 

deforming body. 

After the classical theory of adhesive friction developed by Bowden and Tabor, 

a great number of authors have developed new theoretical friction models 

concerning metal forming processes using the same basic idea of Bowden and 

Tabor i.e., asperity contact analysis. McFarlane and Tabor [1950] further 
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developed Bowden and Tabor's model. They showed by taking the friction shear 

stress into account that the friction stress at the die/workpiece interface affected 

the real area of contact when estimating the real area of contact which increased 

with increasing frictional shear stress while the normal stress decreased since the 

yield criteria must be satisfied. Using slip-hne field theory. Green [1954] 

investigated the deformation of the surface asperities of two identical material in 

contact. Furthermore, Edward and Halhng [1968] introduced upper bound method 

to Green's study. They showed that very large values of the coefficient of friction 

were associated with very strong molecular adhesion of the surface asperities. 

The above studies analyzed friction under the low pressures where the 

deformation of each individual asperity was isolated. However, this theory does 

not hold in actual metal forming such as forging, extrusion, and wire drawing, 

since the normal pressure and the real area of contact at the interface are large 

and the deformation of neighboring asperities interacts. Only a few authors have 

a t t empted to develop a friction model for high pressures. Orowan [1943] was the 

first to point out the inconsistency in applying the Amontons-Coulomb law at 

high pressures. He suggested a friction model in which the friction stress increased 

in proport ion to pressure with a constant coefficient of friction until a critical 

value of pressure was reached, which was associated with the real area of contact 

becomdng equal to the apparent area of contact. Above this critical pressure, the 

frictional shear stress was equal to the shear flow stress, k, the yield in pure shear. 
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as shown in Figure 2.5. Shaw et al. [1960] explained with more detail that with 

increasing pressure, the plastic deformation fields around individual asperities 

merged. The ratio of the contact area then increased and approached to unity 

asymptotically. The relation between frictional shear stress and the normal 

pressure is shown in Figure 2.6. This relationship was explained experimentally 

and theoretically using slip-hne field theory by Wanheim [1973]. Childs [1973] 

using slip-hne field theory also obtained similar results. 

A solution based on a slip-line analysis of the plastic deformation of surface 

asperities was developed by Wanheim et al. [1974]. In their study, the frictional 

shear stress was expressed by the product of the friction factor and the real area of 

contact, given by r̂  = mak, where a , the ratio of real area to apparent area was 

expressed in terms of the nominal normal pressure, ^ as shown in Figure 2.7. The 

relation between ^ and ^ is also illustrated in Figure 2.8. They determined 

tha t the Amontons-Coulomb law was only vahd untU ^ = 1.3 regardless of the 

m-value and the exception that for good lubrication, (m < 0.2), 

Amontons-Coulomb law stiU apphed at high pressures. 

Bay and Wanheim [1976a] later proved experimentally Wanheim's theoretical 

solution of expressing a friction model, r̂  = mak, by the product of the friction 

factor and the real area of contact. NeUemann et al. [1977] developed a theory 

expressing the effects of the normal pressure, asperity slope, friction factor, 

lubricant properties, and pressures sensitive bulk modulus on the real area of 
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r = constant = k 

p = constant 

Figure 2.5: Orawan's friction model. 

r ' 

Figure 2.6: Shaw's friction model. 
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Figure 2.7: The real area of contact as a function of the normal pressure (Wanheim 
et a l , 1974). 

2k 

Figure 2.8: The friction shear stress as a function of the normal pressure (Wanheim 

et a l , 1974). 
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contact and friction stress. They experimentally showed that the bulk modulus 

and the normal pressure had more influence than asperity slope and as expected, 

the friction factor had minor effect on the real area of contact but had a strong 

effect on the friction stress. Wanheim and Bay [1978] further investigated friction, 

wear, and lubrication mechanisms which are closely interrelated with the plastic 

deformation of the surface and its asperities. Their study described the influence of 

normal pressure, tangential stress, shding length geometry of interacting surfaces, 

and the properties of t rapped lubricant on frictional shear stress in metal forming 

processes using slip-hne field theory. They verified the results experimentally. 

It is interesting to note that the effective hardness of both the die and the 

workpiece can be used to construct models for friction in metal forming processes. 

In order to unders tand contribution of asperity interaction to friction level, a great 

number of studies have been done. In fact, interactions can involve the workpiece 

or the die asperities or both. Surface asperities are considered as wedge-shaped 

bodies which are plastically deformed when relative motion occurs between the die 

and the workpiece. This plastic interaction produces interfacial forces between the 

surface asperities which represent the total normal and tangential forces in the 

shding surfaces. Adhesion occurred between the asperities and friction could be 

explained by the plastic forming and shearing of junctions. 

The most of the studies mentioned above are hmited to the case of a hard 

smooth tool and a soft rough workpiece surface. Bay and Wanheim [1976b] were 
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the first to est imate the effects of contact area, normal pressure, ^ , and asperity 

slope B in case of static contact between a hard rough tool and a soft smooth 

workpiece at high normal pressures. 

Considering both hydrodynamic lubrication and asperity contact between the 

roller and the workpiece, a mixed lubrication model was developed by Tsao and 

Sargent [1975] for the cold roUing of sheet metal. Their model showed tha t 

constant coefficient of friction was a weak assumption. They derived a weighting 

factor for the contribution of the asperity contact and obtained the inlet lubricant 

film thickness. 

Bay [1987] further developed the analysis to take the roughness, hence, 

asperity slope of the workpiece into consideration and presented the friction model 

analytically for the first time. He verified his results giving some experimental da ta 

concerning simple upsetting, forward bar extrusion, and plate rolhng. Wilson and 

Sheu [1988] developed friction model for cases in which roughness is concentrated 

on either the die or the workpiece to improve Sheu and Wilson's upper-bound 

solution with velocity discontinuities. This analysis without discontinuities in 

velocity field therefore provided bet ter representation of the interaction of the 

local deformation field associated with asperity flattening or surface indentation in 

the bulk plastic deformation processes. It was found that the effective hardness of 

the surface could be reduced by the plastic flow. Theoretical results of the real 

area of contact were verified with the results of roUing experiments. 
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The foldover model was developed by Ettouney [1987]. He used the model to 

es t imate the friction in metal forming. The model enabled one to estimate the 

foldover and the equatorial-axial strain using the workpiece geometry and the 

coefficient of friction. It, therefore, had the advantage of relating the workpiece 

geometry directly to the friction instead of using a separate test such as the ring 

compression test. 

Recently, Wilson [1991] treated boundary lubrication regimes and developed a 

friction model for metal forming processes. His model could treat both steady and 

unsteady conditions by considering the effects of die/workpiece geometry, sliding 

speed, interface pressure, and the workpiece strain-rate on friction. 

Some of the researchers mostly concerned about the analyzing the contact of 

the rough surfaces. Chang et al. [1987] proposed an elastic-plastic model for the 

contact of rough surfaces. In their model, volume conservation of an asperity 

control volume was considered. Chang et al [1988a] also developed an adhesion 

model associated with an elastic-plastic contact model to study adhesion force of 

contacting metalhc rough surfaces. They studied the influence of surface 

roughness and surface energy of adhesion on the adhesion force. Their results 

showed tha t the adhesion force was neghgible compared to the contact load 

(normal load) for contaminated rough surfaces or at the very high external loading 

but for smooth clean surfaces under the external loading over 20 percent of normal 

load. Chang et. al. [1988b] further analyzed the contact of rough surfaces and 

^^ 
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proposed a static friction coefficient model for metalhc rough surfaces by including 

the adhesion forces to the contact load. They claimed tha t the classical 

Amontons-Coulomb frictional model overestimated the static friction coefficient at 

high external force and underest imated it at low external force. 

Whenever two sohd surfaces are in contact and shding occurs with respect to 

each other, a resistance to this motion, so caUed friction arises. A brief historical 

review of friction and a new model was introduced by Rigney and Hirth [1979] for 

the source of friction during steady state sliding of metals focusing on the plastic 

work done in the near-surface region, which was described in terms of strain 

hardening. It was pointed out tha t wear was more complicated than friction and 

they were not related in a simple way. 

A model of asperities for the study of the surface layer of deformation 

developed by Wanheim [1973], described a ridge of the surface suppressed by a fiat 

shding tool. As the tool advanced, the workpiece moved relative to the tool and 

parallel to the normal direction of the interface. This sliding caused plastic 

deformation of the ridge in the workpiece. The power of plastic deformation was 

then calculated by Wanheim et al. using slip-hne field theory. Avitzur et al. [1984] 

also presented a theory of friction to the ridge and sublayer deformations using the 

upper-bound approach during the steady state shding of metals concerning the 

energy consumed by the relative motion of surfaces. The sublayer deformation, 

the coefficient of friction for smaU loads and the constant friction factor for 
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excessive loads were treated together and determined as a function of the nominal 

normal pressure, ^ = ^ , the frictional shear factor, and the wedge angle. An 

advanced friction model was further developed by Avitzur and Zhu [1985] using a 

more advanced three-triangular velocity field instead of a two-triangular velocity 

studied in their previous research. 

A common way of reducing the frictional forces at the interface of the 

die/workpiece is to use the proper lubricant. Therefore, many researchers have 

focused on investigating properties of different lubricants and developed lubricant 

models used in metal forming processes. Butler [1959-60] first showed the 

influence of the lubricant viscosity on contact surfaces. Then, Butler [1960-61] 

found out tha t the presence of a boundary additives in a base-lubricant effectively 

reduced the coefficient of friction when he tested the effects of base-lubricant and 

boundary additives on contact surfaces and friction during metal forming 

processes. Pearsall and Backofen [1963] studied the effects of different lubricant 

behaviors on the stresses and lubrication phenomena under bulk metal forming. 

In metal forming processes, hquid lubricant is trapped between the die and the 

workpiece and this reduces friction. The speed of deformation process and the size 

of the workpiece are some of the factors tha t play important role in trapping 

lubricant. Using the shp-hne field theory for rigid non-hardening materials, the 

role of t rapped lubricant was investigated by Kudo [1965]. This analysis indicated 

t h a t the hydrostat ic pressure in the lubricant took large amount of the contact 
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pressure and yields the low coefficient of friction in metal forming. Moreover, the 

coefficient of friction decreased with increasing bulk modulus of lubricant and 

decreasing yield stress of the workpiece. 

Oyane and Osakada [1969] performed high speed dynamic compression tests to 

analyze the mechanism of lubricant trapping. They calculated the pressure 

distribution and the thickness of the lubricant film theoretically. It was found that 

the deformation speed, viscosity of lubricant, size of the specimen and flow stress 

of the material affected the film thickness. Later, Osakada [1977] developed a new 

mechanism by considering the interaction of elastic deformation of the flat tool 

and the hydrodynamic behavior of the lubricant trapping in slow speed upsetting 

process. He showed that elastic deflection affected the film thickness, and hence, 

the pressure distribution. Analytical results were in good agreement with those of 

computer simulation process. Finally, he determined the thickness of t rapped 

lubricant film as a function of the lubricant viscosity, the elastic modulus of the 

tool, the deformation speed, and the radius of the billet. 

Ramara j and Shaw [1985] proposed a new method using twin disk upsetting 

test to evaluate lubricants used in metal forming. After deformation, the thickness 

rat io of two disks provided the difference in frictional resistance which was used to 

evaluate different lubricant. Sanchez et al. [1985] developed a friction model based 

on upper bound approach to evaluate lubricant used in cold extrusion, as weU as 

Pawelski et al. [1987] for drawing. 
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Lubricant modeling was also developed and its effect was investigated on the 

simulation of metal forming by Jackson et al. [1989]. He paid more attention for 

applying the reahstic friction boundary conditions in the finite element analysis of 

metal forming processes. It was found that a constant friction shear factor can give 

accurate results close to the actual experimental values when a more sophisticated 

t rea tment on the frictional boundary conditions was taken into account. This 

s tudy also showed that when solid lubricants were used at the die-workpiece 

interface rather than liquid lubricants, the results became more precise. 

Renaudin et al. [1990] proposed a new two-step testing method that enables 

one to test the tribological properties of solid lubricants for cold forging operations. 

2.5 Evaluation of the Coefficient of Friction 

It is known tha t interface friction is an important factor in metal forming 

processes because of its effect on deformation load, surface quality, internal 

s t ructure of product , and die wear. So far, in order to express the magnitude of 

friction either the coefficient of friction, p, or the interfacial frictional shear factor, 

m , were used. Although neither of them has universal acceptance for general 

cases, one or the other approach may be useful for a particular case. After Male 

and Cockcroft pubhshed their weU-known paper in which the ring compression 

test was explained and the coefficient of friction was related to the internal 

diameter of the ring, there have been a lot of researches in order to justify its 

vahdity. Avitzur [1964] and Hawkyard and Johnson [1967] analyzed hoUow disk 
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theoretically assuming uniform distortion, i.e., no barreling, no strain hardening 

and important ly a constant interface friction shear factor, m, defined by r̂  = rn-^. 

Male [1966] carried out a study in order to obtain variations in friction 

coefficient of metal during compressive deformation at room temperature. His 

results showed that the coefficient of friction tended to increase with an increasing 

deformation rate for different metal under dry condition and with a solid 

lubricant. Although he could not draw a general conclusion, he pointed out that 

increasing deformation speed for liquid and soft solid gave lubrication efficiency 

and increasing the amount of deformation possible before lubrication film broke 

down. Later, Male [1968] also investigated the apphcabihty of ring compression 

test to a typical metal forming process. In order to justify the ring compression 

test results, he ran both rolhng and drawing tests as weU. It appeared that there 

were reasonable correlations in results under dry conditions and for lubricants, 

solid or liquid, where thick film lubrication was present. For liquid lubricants, the 

ring compression test underestimated the coefficient of friction. 

Male and DePierre [1970] then investigated the vahdity of constant interface 

friction shear factor in order to characterize interfacial friction conditions during 

forging operation of the hollow disk. They showed that mathematical analysis of 

hollow disk carried out by Avitzur, and Hawkyard and Johnson based on constant 

interface shear factor could be used for the cahbration of different ring geometries 

since their experimental ring test results for wide variety of material were in 
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excellent agreement with theoretical curves. They also found that Avitzur's 

solution gave inaccurate values on m when the Male and Cockcroft's s tandard ring 

geometry of 6:3:2 was used, in fact, it doubled the true value of m. Initial ring 

geometry of 6:3:0.5 was found to be sufficient under maximum friction. 

Since bo th p and m were often used to characterize the same friction 

phenomenon at the die/workpiece interface, Male et al. [1972] conducted a 

research in order to see which one more realistically defines friction condition in 

metal forming processes. They showed that 7n as a quantitative index for defining 

friction conditions in upset forging operations was more realistic than p which 

underest imated frictional components of the deformation load. It was also found 

tha t the ring compression test is an accurate technique to determine true 

stress-true strain curve in typical metal forming operations and its accuracy was 

shown at high tempera ture and low strain rates. 

Later on, a reliable method was developed by DePierre and Gurney [1974] for 

the ring compression test with or without bulge formation to obtain constant or 

various interface friction shear factor. By this model, they ehminated their 

previous l imitation in ring geometry and interface friction shear factor. They 

showed tha t this model based on upper bound analysis made possible to use 

different ring geometries with constant or varying m for determining stress strain 

values as well as the frictional conditions. Schey [1976] conducted both twist 

compression and ring compression experiments with different lubricants explaining 
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the validity of various friction concepts in deformation processing. He drew a 

conclusion tha t in a meaningful evaluation of friction and lubrication tests, in 

addit ion to die, the workpiece, and lubricant materials, the interface pressure and, 

hence r^, /x, and m should be calculated and given as results among the others. He 

also defined shear strength of lubricant, r^, as more useful descriptor of lubricants 

except in hydrodynamic lubrication. 

Recently, Saiki et al. [1990] proposed new calibration curves based on velocity 

field in order to estimate varying friction coefficients in the ring compression test. 

In their study, aluminum specimen prepared by various finishing technique were 

tested with paraffin oils as lubricants. The results showed a good agreement with 

the result of the conventional ring compression test. 

2.6 The Effects of Different Factors on Friction and Lubrication 

In metal forming processes, friction and lubrication are the main factors which 

affect the required load, workability, die wear, and surface quahty. Recent studies 

showed that the t rapped lubricant between the die and the workpiece supported 

the load especiaUy in mixed and boundary lubrication regimes and kept frictional 

force low in the forming operations. 

Ja in and Bramley [1967-68] investigated the effects of the impact speed of 

forging and the type of lubricant on hot forging at 1120°C for sohd and ring 

shaped specimens. The purpose of their research involved clarifying the influence 
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of these variables on the coefficient of friction, the load, and energy requirements. 

It was found out that as the impact forging speed increased, the coefficient of 

friction at the die/workpiece interface decreased as weU as the maximum load and 

energy requirement. 

The effects of speed, the size and the hardness of specimen on the friction were 

also studied by Osakada and Oyane [1970]. They compressed the ring-shaped 

specimen in a high speed hammer and a hydrauhc testing machine at room 

temperature . The results demonstrated that the coefficient of friction decreased as 

the speed was increased in the unlubricated conditions as weU as in the sohd and 

hquid lubricant case. However, in the hquid lubricant's case, this was due to 

hydrodynamic effect. No relation was found between p and hardness under low 

speed, whereas /x shghtly increased with increasing hardness of material under 

high speed. 

A study conducted by Felder [1977] gave some information about interaction 

between friction lubrication and surface roughnesses in sheet drawing. He 

explained that low friction values at lower speed was due to the t rapped 

lubricants. He also mentioned tha t for higher speeds or harder material, thermal 

effects in the lubricant and shear stress have to be considered in order to analyze 

the process properly. Avitzur [1987] proposed a model in which the friction 

resistance to sliding was characterized as a function of load, speed, viscosity and 

geometry. He showed tha t under high pressures, friction resistance decreased as 
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shding speed was increased and when minimum resistance was reached, 

hydrodynamic lubrication was estabhshed. With a further increase in speed, 

friction resistance and film thickness increased. Avitzur's results were proved by 

Emmens and Montfort [1990] for deep drawing operations. It was shown that 

friction at the boundary lubrication decreased with increasing pressure as well as 

with increasing film thickness. The coefficient of friction increased for higher 

values of surface roughness but not for higher values of surface hardness. 

2.7 Metal Forming and P M T 

For the past 30-40 years, P M T has been widely used as an alternative method 

for the analysis of metal forming processes since the modehng materials are cheap 

and easy to handle and only a small amount of equipment is needed. In this 

technique, using non-metallic modeling material is more common than using 

meta lhc material . Wanheim et al. [1984], in their review paper, pointed out that 

the interest of using non-metalhc modeling materials has increased since beginning 

of the 1950's. They also explained how to design modehng experiments depending 

upon the objectives, the requirements, and some important points to prevent 

erroneous and misleading conclusions about the actual processes. 

Several researchers a t tempted to determine the characteristics of modehng 

materials such as wax and plasticine in order to use them in simulation of cold and 

hot meta l forming processes. Plasticine is available in 16 different colors for 

industr ia l usage such as simulating metal forming processes. Although basic 
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ingredients for various colors of plasticine are simUar, the overaU composition of 

each color is different from that of every other color. Therefore, it is possible that 

the mechanical behavior of plasticine can vary from one color to another. Rasty 

and Sofuoglu [1990] determined the flow characteristics of plasticine for modehng 

of cold forming processes. In their study, 16 types of plasticine (16 different colors 

of plasticine) were tested by conducting a series of compression tests for 

determining strain hardening exponent n, strength coefficient K and Young's 

moduH. The results showed that each plasticine has different flow characteristics. 

On the other hand, Lee and Blazynski [1984] investigated the mechanical 

properties of wax in order to simulate plastic flow of metals. They carried out 

torsional tests and determined the effects of temperature , strain, and strain-rate 

on flow characteristics of wax mixture of modehng material. 

Altan et al. [1970] predicted the required forming loads in extrusion and 

forging processes using plasticine as a modeling material. After determining the 

properties of plasticine, they conducted the experiments and concluded tha t the 

modehng materials such as plasticine and lead can be used for predicting forming 

load in metal forming processes within engineering accuracy. Later on, Kawai and 

Kamishohara [1975] used plasticine to simulate inner stress condition of hot steel 

in forging processes. Wi th the help of the specificaUy designed stress sensor, they 

measured the normal stresses in three coordinates for upsett ing of cylinders 

between flat dies and direct forging or blocking of round or rectangular specimen 
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between flat or V-shaped dies. To satisfy the frictional similarity, the work 

hardening exponent n and the strain-rate sensitivity exponent m were selected 

within the range of values for steels. It was found that the inner stresses along the 

central axis of rectangular specimens responded to the applied load more abruptly 

than the round specimens in direct forging between flat dies. 

The necessary idealizations for the use of a modeling material were discussed 

by Wanheim et al. [1980]. They described the measuring technique to determine 

the flow stresses, strains, and normal pressures in the specimen and stresses and 

strains in tools using wax as a modeling medium. Durham and Brown [1985] 

studied the defect formation in metal forming processes utihzing P M T with 

plasticine in plexiglass dies. In their study, P M T provided Durham and Brown to 

investigate the shear band formations, the effect of lubrication and locahzed 

deformation pa t te rn , which is very difficult to determine in actual processes. 

Modehng material wax was used by Danckert [1985] to analyze plane-strain 

extrusion process. He developed a computer program to calculate the strain-rates 

and equivalent strains from the flow field. 

Tanaka et al. [1987] carried out ring compression tests using plasticine under 

various conditions in order to simulate friction condition in op en-die forging of hot 

steel. They found out tha t the effect of the work hardening exponent of the ring 

mater ia l on the cahbration curves was significant. Thus, an interpolation method 

was developed based on F E M calculation of ring compression test at various n to 
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calculate friction factor using ring compression test at any given n. Erman et al. 

[1987] simulated open-die press forging using plasticine to investigate the effects of 

aspect ratio {h/d), ingot chuck, spreading, indenting and upsetting with dished 

dies on the deformation distribution of the upset forged ingots. They determined 

some opt imum values for the aforementioned factors to improve the quahty and to 

reduce the cost of the forged products by implementing the results of modehng 

experiments in production. 

In addition to the prediction of forming load, the simulation of the flow 

characteristics and stress strain properties, P M T is also used in die designs and 

failure analysis. Avitzur et al. [1987] studied sublayer defects in extrusion process 

using plasticine and actual metal under various conditions. A simple method 

based on the observation of a free material flow of plasticaUy deformed a thin test 

piece in the sticking friction condition was developed by Kivivuori [1987] to design 

extrusion dies. 

P M T is also a useful tool in analysis of three-dimensional metal forming 

processes. Durham et al. [1987] investigated the vahdity of the P M T in 

three-dimensional metal forming processes. In order to provide an internal grid 

pa t te rn , the closed-die forging, ring roUing, and extrusion tests were conducted 

using multi-layered biUets with different colors of plasticine in plexiglass dies. In 

this case, P M T provided the determination of strains within deformed plasticine 

by the distortion of the internal grids and of the history of defect formation. It 
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also allowed to monitor frictional conditions during the course of experiments. On 

the other hand, using multi-colored wax modehng material, Wanheim and 

Ghbbery [1987] developed an experimental method to obtain strain distribution 

pa t t e rn in three-dimensional deformation processes such as extrusion, upsetting, 

and roUing. Lately, three-dimensional extrusion process was studied by Sofuoglu 

and Rasty [1993] using two different colors of plasticine as modeling materials. 

The extrusion experiments were carried out at the three different area reductions 

for three different semi-cone die angles to determine their effects on the plastic 

strain components and on the required forming load. 

Since plasticine is widely used to simulate the various plastic forming 

processes, many comparisonal studies have been done to check its validity with the 

results of actual process in terms of stresses, strains, and required loads. Green 

[1951] used plasticine to simulate the plastic flow of metals for plain-strain cases; 

extrusion through square and wedge-shaped dies, indentation of a plane surface by 

a single and a row of wedges and compression of a narrow wedge by a flat die. He 

conducted the experiments in which copper was used under plane-strain conditions 

and obtained good agreement with those found for using plasticine. 

Chijiiwa et al. [1980] used plasticine in order to estimate stress distribution 

and deformation of steel in hot rolhng and to prevent the generation of internal 

surface crack of slab in continuous casting. They investigated the stress-strain 

relations of plasticine and the effects of the temperature , strain-rate, and friction 
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on the properties of plasticine. It was shown that the properties of the plasticine 

at room tempera ture were similar to those of steel at high temperature , and they 

were good enough to simulate not only the deformation of the steel, but also the 

stress distribution. They obtained the relation between the stress, strain, 

s train-rate, and temperature . An investigation was conducted by Tsukamoto et al. 

[1984] to simulate hot steel in plastic forming processes using plasticine and lead 

as modeling materials. They determined tha t plasticine exhibited work hardening 

phenomena similar to steels. The magnitude of the work hardening exponents n 

for both plasticine and steel were almost equal, especially in large strains (e > 0.1). 

They showed tha t the flow stress of plasticine increased with increasing strain-rate 

similar as for steel. However, the magnitude of the strain-rate sensitivity exponent 

m were smaller than that of steel. They also indicated that the characteristics of 

plasticine can vary with temperature , storage time and purchase lot. 

Ha tamura and Yoneyama [1987] developed a new experimental method for 

stress analysis in rolling using plasticine. In order to measure both surface and 

internal stress distribution, the pressure ceUs were developed. They conducted 

roUing experiments using both plasticine and steel. From the results, they 

concluded tha t force, and hence, stress simulation by plasticine agreed with tha t 

in actual rolhng. The simulation of hot rolling using plasticine was also done by 

Fau et al. [1987] and results were compared those of steel. The flow characteristics 

of plasticine was tested for five different cases. After comparing these results with 
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the those values for steel, they determined the poor agreement between them and 

tha t the results differed according to the type of rolhng. The reason was 

a t t r ibu ted to the poor simulation of rheology, friction or temperature factor. 

2.8 Metal Forming and FEM 

There are two main ingredients necessary to perform a FEM simulation of 

metal forming problems. First is a mathematical formulation that wiU correctly 

represent material behavior and mechanics of the deformation. Second is an 

algori thm which wiU be able to model the variable boundary conditions between 

the specimen being deformed and the tools or dies as well as the frictional 

conditions between them. 

The simulation of metal forming processes requires strain measures used in 

large increments, integration of elastic-plastic constitutive equations, automation 

of contact handling between dies and workpiece, friction modeling, and rezoning 

capabilities. FEM, under assumed frictional conditions, is capable of predicting 

required forming load, flow stress, stress distribution, relative displacement, and 

hence, stress-strain distributions. In order to have a reliable solution by FEM, 

realistic frictional conditions must be used in the analysis of metal forming 

processes . However, in most of the theoretical studies, friction at the 

die/workpiece interface has been considered to be at the hmits, either sticking or 

zero. Assuming friction either sticking or zero has simphfied the analysis but has 
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not simulated actual frictional conditions in forming processes, which directly 

affect the metal flow. 

Lee and Kobayashi [1971] studied the deformation characteristic of 

axisymmetric upsett ing by utilizing the elastic-plastic finite element program 

under the sticking condition. They presented the load-displacement curves and the 

stress-strain distribution at the interface and compared these numerical results 

with those found experimentally. Later, the matr ix method was employed to 

rigid-plastic deformation problems by Lee and Kobayashi [1973]. They applied 

this method to the compression of a circular solid cylinder and investigated the 

effect of different aspect ratios on the stress distributions. 

Most of the F E M used in analyzing friction in metal forming processes require 

prior knowledge of the metal flow direction. For processes such as ring 

compression and in many other forging processes where the direction of flow is 

unknown, F E M may not be very reliable. 

Several a t t empts were made to develop a formulation which did not require 

prior knowledge of metal flow direction. Hartley et al. [1979] described a method 

for introducing friction into FEA in the ring compression test. They included a 

layer of elements with a stiffness modified by a function of the interface shear 

factor (3 = -^^^- It was shown tha t FEM with nodal forces or surface shear stress 

approach were not satisfactory for processes where the direction of material flow is 

unknown. They found a strong agreement between theoretical and experimental 
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results for the change in the internal diameter with friction and the apphed forces. 

Later, Hartley et a l [1980] further extended their solution to analyze the influence 

of interface friction on simple upsetting process for the aspect ratio of - = 1. An 

incremental elastic-plastic FEM was used to predict the deformation force, the 

pressure, strain, and hardness distributions for various level of frictional shear 

factor, m . It was shown that for high friction, higher pressures occurred at the 

center and at the circumference, whereas for cases where low friction was present, 

the pressure distribution was almost uniform. A good agreement was also 

obtained between theoretical and experimental results. The effect of friction on 

the deformation forces was found to be very smaU untU the deformation 

approached 50 percent; further deformation yielded noticeable differences for 

friction above m = 0.4. 

Key et a l [1979] investigated the abihty of FEM on metal forming processes 

concerning various values of m on extrusion, rolhng and sheet stretching. Hirai 

and Ishise [1979] presented the consideration of the frictional conditions with the 

use of Galerkin finite element formulation. This method was used to simulate 

plane strain forward extrusion process. The results with and without friction 

showed distinct difference in the deformation pat tern, the pressure distribution 

and the force. It was noted by Wifi and Yamada [1981] that one of the important 

difficulties, frictional boundary conditions, had to be described properly to 

overcome the problems encountered in the development of a general purpose 
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reliable finite element program for analysis of aU metal forming processes. Oh 

[1982] presented a method based on the rigid viscoplastic FEM of discretizing the 

die boundary conditions for the analysis of metal forming processes employing 

constant friction shear law. This method was capable of predicting the location of 

neutra l point in which frictional stress changed its direction. He tested this method 

by performing the spike forging process with two different frictional conditions. 

The results showed a good agreement with those results found experimentaUy. 

The advancement in the application of the FEM to metal forming problems 

were presented by Kobayashi [1985]. His paper is a thorough survey of the 

developments in the area of metal forming, friction and the residual stresses in the 

meta l forming processes. Wifi and Orady [1985] also presented a review paper on 

the apphcat ion of F E M to metal forming processes covering mainly forming, 

machining, welding, and casting of metals. He summarized unified formulation 

approach and pointed out some of the difficulties and hmitations. 

Employing upda ted Lagrangian formulation in FEM, the influence of interfacial 

friction on the deformation behavior of metals under uniaxial compression was 

analyzed by Carter and Lee [1985]. They also examined specimen geometry, 

different diameter to height ratios and frictional conditions. It was shown that the 

theoretical results were in reasonable agreement with the experimental results 

except for higher | ratios, experimental load versus reduction in height curves, 

which were noticeably higher than the finite element results. When barrehng effect 
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was included to the analysis, the friction calibration curves were somewhat altered 

from tha t of Male and Cockcroft. Carter and Lee [1986] further showed by using 

aluminum metal tha t the calibration curves obtained from the ring compression 

test were dependent of material properties. Using unconventional FEM, a 

dynamic relaxation finite element method, in metal forming problems, Chou and 

Wu [1986] investigated the compression and ring compression of a circular 

cyhnder. Their results were consistent with those found by Lee and Kobayashi. 

Marques and Martins [1990] simulated close die ring forging using a 

two-dimensional finite element program based on a rigid plastic formulation. The 

simulation was performed under several height-to-length ratios of the initial biUet 

which was forged into circular ring at two different frictional conditions. The 

results showed tha t friction influenced the flash formation and consequently the 

final stage of load evolution. Makinouchi et al. [1990] studied tool-workpiece 

contact problem and developed different formulations based on the elementary 

function approach and the meshing approaches. Shih and Yang [1991] developed 

an experimental procedure and a finite element simulation method in which the 

effect of elasticity, viscoplasticity, temperature , and strain ra te was included for 

rate-dependent metal forming processes. They verified their uniaxial compression 

tests results with the finite element solutions. It was found tha t the elastic 

modulus decreased with increasing plastic strain. 
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Because friction is an important factor in metal forming processes, there have 

been many different approaches for solving the contact problems using FEM. 

Ihara et al. [1986] investigated friction in an elastic film on a rigid substrate when 

loaded by a rigid cyhndrical indenter. This study showed that friction moved the 

point of maximum shear stress from below the loaded surface when elastic film 

was thin as compared to the width of contact. The magnitude of tensile stress 

increased with increasing friction. However, it was found that friction had 

neghgible effect on the depth of the deformation for given loading condition. The 

effect of process variables on abrasive die wear in upsetting processes using FEM 

was investigated by Vardan et a l [1984]. The data coUected for cold, warm, and 

hot upsett ing indicated that in cold upsetting, velocity at the interface had the 

predominant effect upon abrasive die wear; however, this was not quite distinct in 

warm and hot upsett ing. Later, Hansen and Bay [1990] developed a flexible 

computer based system for prediction of the wear distribution in forming tools. 

This system allowed determination of sliding length, normal pressure and tool 

hardness by analytical and numerical methods. The sliding length was found to be 

the most impor tant parameter and had an important influence on the tempera ture 

distribution through the frictional heat. It was observed that at the beginning of 

simple upsett ing, there were no sticking zone at the center even for high friction. 

The F E M simulation of the die subsurface region was presented by Doege et al. 

[1990]. They showed the validity of adhesion theory for friction and wear 
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phenomenon in hot die forging and that adhesive friction caused fracture in the 

subsurface region. Schedin and Thuvander [1990] presented a FEM model that 

explained the effect of important process variables such as flow stress, bulk strain 

level, surface roughness, work hardening and friction shear stress on the real area 

of contact in sheet metal forming during frictional shding. It was appeared that 

flow stress had more influence on the real area of contact than work hardening rate 

and friction shear stress. Although the exact effect of the bulk strain level was not 

described, the importance of friction testing with a reahstic bulk strain level was 

demonstra ted since the real area of contact was effected by bulk strain level. 

2.9 Theoretical Background 

In this section, the theory behind the compression of solid and hollow disk is 

introduced. Compression of solid disk is shown in Figure 2.9. The pressure and 

average pressure between the platens and the disk were presented. The relation 

between the internal radius of hollow disk and constant friction shear factor was 

given. The relation between the coefficient of friction, p, and the interface friction 

factor, m was also derived. 

2.9.1 Analysis for Upsetting of Sohd Disk 

Consider a small cylindrical element with dimensions r, r -{- dr, and H in polar 

coordinates, shown in Figure 2.10. It is bounded on two sides by two radial planes 

passing through the axis of symmetry and enclosing an angle dB with two radius of 
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Figure 2.9: The compression of solid disk. 

(Trr -F -=—dr 

Figure 2.10: Illustration of the stresses on a cyhndriccd element, 
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cylinder r and r -{- dr. The equilibrium of the forces in radial direction acting on 

the element yields (Thomsen et a l , 1965) 

r\ J f\ 

(T.rHdB - (a-, + -^dr){r + dr)HdB + 2aeHdr sin 2TdrdB = 0. (2.4) 
or 2 

Assuming s in(Y) % y and dividing Equation 2.4 by Hrdr yield 

^ + f L ^ ^ + ^ = 0. (2.5) 
dr r H 

From the axial symmetry dcj. = de^, i.e., cr,. = ag. Consequently, Equation 2.5 

becomes 

5 + 1 - • (̂ -̂ ^ 
Coulomb friction is defined as 

M = - (2-7) 

cr 

From Equat ion 2.7, r = po-^ — p.p. The stress field at the surface of the element is 

0-1 = o-p = o-e, 0-2 = o-e = 0-̂ , 0-3 = 0-;,. Then, von Mises yield criteria gives 

^0 = ^ [ ( ^ 1 - <T2f + (^1 - CT^f + ((72 - ^ 3 ) ' ] ' 

or, 

O-Q = ^r - ^z- ( 2 - 8 ) 

Since p is a positive compressive stress normal to the interface, a^ = -p, Equation 

2.8 yields 

(To = (Tr-{-p. (2.9) 
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Hence, 

do-^ = -dp. (2.10) 

Therefore, Equation 2.6 reduces to 

-l^?:tdT = 0. (2.11) 

p H 

The solution of Equation 2.11 for the case in which sticking does not occur and 

the boundary condition (j,. = 0 at r=R which yields from Equation 2.9 to p = O-Q, 

is given by 

p = aoexp[^{R-r)]. (2.12) 

It can be shown that for the sticking condition, i.e., '?" = "5̂ ? the solution of 

Equation 2.11 becomes 

p = <r„[l + - | ( : ^ ) ] . (2.13) 

When a constant friction factor, m, assumed at the die/workpiece interface, the 

shear stress becomes 

r = m ^ . (2.14) 

When m = 1, the sticking occurs between the platens and the body while m = 0 

represents perfect shding condition. Substituting Equation 2.12 into Equation 2.6 

and solving it accordingly yield 

2m ,R — r,. /^ . x̂ 
P = ^„[l + - / | ( - - ^ ) ] . (2.15) 
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It should be noted tha t when m = 1, Equation 2.15 becomes identical to Equation 

2.13. Furthermore, equating Equations 2.12 and 2.15 yields 

or, 

Schroeder and Webster [1949] analyzed the stress distribution at the 

die/workpiece interface of a circular disk subjected to compression by recognizing 

three special cases: 

1. Relative sliding motion occurred between the die and the workpiece 

surfaces except the geometric center of the workpiece. 

2. Relative sliding motion did not occur, and the fiowing action resulted in 

shear stress on the workpiece surface parallel to the die surface. 

3. The intermediate condition, in which sliding took place in an annular 

zone near the edge and sticking, happened in the central zone. 

The pressure distribution over the workpiece was expressed by the following 

formulas: 

1. Case 1:-^ < ^ ^ 

R r 
^ = exp[2p{^ --)] (2.18) 

O-Q H H 
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where r is the variable radius, and R and H are the radius and height of 

the specimen, respectively. 

2. Case 2:/x > 0.577 

^ = l + 2 ( 0 . 5 7 7 ) ( | - - | ) . (2.19) 

3. Case 3:/x < 0.577 and -2- > MIZ 

Within the critical circular zone with radius r^ the pressure might be 

determined by 

p 0.577 T^ r , 
Vr-V^^H-H^ (2.20) 

where the value of r^ was expressed by 

Tc R 1 , 0.577 
H = H-Yp'''-ir- (2.21) 

For values of r between Vc and R, pressure distribution can be calculated 

using Equation 2.18. 

2.9.2 Analysis for Upsetting of Hollow Disk 

The coefficient of friction using a hollow disk was experimentally determined 

by Male [1962]. The theoretical analysis of the hollow disk forging, shown in 

Figure 2.1, using upper bound approach was first provided by Kunogi [1956] . In 

the s tudy of Male and De Pierre [1970], the mathematical solutions were verified 

for determining friction from the ring compression. Avitzur [1964] provided an 
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explicit expression for the neutral radius of ring which remains unchanged during 

the process. Avitzur, Kunogi and Kudo [1960, 1961] have recognized that the 

position of the neutral radius and, hence, the direction and the rate of flow of the 

inner radius were directly related to the value of friction at the die/workpiece 

interface. In each of their studies, the use of the ring compression test was 

suggested for measurement of friction. Later on, Hawkyard and Johnson [1967] 

verified these results by stress analysis approach. In both methods, upper bound 

and stress analysis, the same assumptions are made: 

1. There is no non-uniform distortion of cylindrical elements due to the 

frictional constraints, i.e., no barreling. 

2. The material is assumed to obey von Mises' stress-strain laws, i.e., no 

strain hardening effect, no elastic deformation, and consequently, no 

volumetric change. 

3. Finally, the frictional shear factor m, between the ring and the die is 

assumed to be constant such that the frictional shear stress, r^, is given by 

n = m - ^ (2.22) 

where CTQ is the yield stress of the ring material. 

T h e theoretical solutions of Avitzur and Hawkyard and Johnson both gave the 

same relations for a compressed ring specimen. 
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1. When Rn< Ri 

^0^ 1 . . '(%y 
m 

^^^a^ .̂Vî 3(t)-̂ - ''"'' 
and for average pressure 

-0 - (i-f)^¥n^^^ -fTo^ n(^) 4 

:7n-^ ™ f f̂  - (l)^J> (2-24) 

wh ere 

(fin.. _ 73 [i-if„r]x^ 

and 

X = {f^expl-m^{l-fj]}\ (2.26) 

2. When Ri < Rn < Ro 

m ^ > \ ln[ ^ ( ^ ^ ' 1 f2 271 
i ^ - 2 ( l - A ) M ^ ^ ^ ^ ^ ^ ^ J . (2.27) 

and for average pressure 

i?„, used in above equations, is called neutral radius. Avitzur and Kohser 

[1978(a)] proposed three new techniques for determining friction during forging 
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process. Having determined the friction value through one of the proposed 

techniques, they also showed how to use force in measuring the flow stress and 

obtaining the stress-strain curves. Avitzur and Kohser [1978(b)] and Kohser and 

Avitzur [1978] then extended their study to the combined phenomena of bulge and 

foldover by presenting a different velocity field and upper-bound analysis. The 

influence of flow stress and friction in upset forging of rings and cyhnders was 

studied by Lee and Altan [1972]. 

Oh et al. [1975] measured the displacement distributions at the die/workpiece 

interface in simple upsett ing of a solid cyhnder and calculated the frictional stress 

distributions by the matr ix method. Bay [1987] used the shp-line analysis to 

express the influence of the surface asperities on friction stress, friction factor, and 

the surface roughness. He also conducted some experiments and estimated the 

die/workpiece interface pressure and friction stress distributions for simple 

upset t ing of cylinders and rings, forward bar extrusion, and plate roUing. 
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C H A P T E R III 

F INITE ELEMENT MODELING 

)rocesses 

:rusion 

3.1 Introduction 

In this chapter, the finite element modehng of the open-die forging pi 

such as compression and ring-compression test and open-die backward exti 

are introduced and explained. ABAQUS, a general purpose finite element code, is 

employed to simulate the mentioned metal forming processes throughout this 

research. This chapter briefly describes the basic finite element method used in 

ABAQUS and explain the modehng procedure and parameters. 

3.2 Finite Element Analysis 

In this section, the finite element formulation used in ABAQUS is introduced. 

More detail can be found in theory manual of ABAQUS [1989a]. 

3.2.1 Basic Mechanics of Deformation 

In the Lagrangian approach, as used in ABAQUS, the initial configuration of 

s t ructure is given and its deformation is sought throughout the history of the 

loading. If a particle is initiaUy located at position X and moves to another 

position x in t ime t, the new location of the particle can be written as 

X = X {X,t). (3.1) 

57 
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The deformation gradient is defined by 

--S- (-) 
Consider now two neighboring particles in the initial configuration located at Â  

and X -f dX in which dX is the infinitesimal gauge length. In the current 

configuration, the following must be held: 

dx^-^-dX or dx = F-dX. (3.3) 
uX 

The initial infinitesimal length is given by 

dL^ = dX^-dX (3.4) 

while the current infinitesimal length is 

dP = dx^-dx. (3.5) 

Hence, the stretch ratio is then defined as 

dl / dx'^ • dx . V 

H^"^ dX^ -dX' ^ • ^ 

When the particle has undergone rigid body motion, i.e., no strain, A becomes 

unity. 
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3.2.2 Strain Measures 

Since, for most of the problems, stretch ratio is an unsatisfactory way of 

measuring deformation, the concept of strain is introduced and defined as a 

function of the stretch ratio of gauge length dX, i.e., 

e = / (A) . (3.7) 

Expanding e in a Taylor series about the unstrained state explains the objective of 

introducing the concept of strain and gives 

^=^(^)+(^-i)|+i(^-^)S+- (̂ -̂^ 

In the above equation for e = 0, / ( I ) must be zero at A = 1. It is also chosen that 

•|^ = 1 to satisfy strain definition for small strains as the change in length per unit 

length. Finally, it is required that | ^ > 0 for every A > 0. Therefore, with these 

requirements, the engineering strain is defined as 

e = A - l (3.9) 

while the t rue strain is given by 

e = lnA. (3.10) 
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3.2.3 Rate of Deformation 

Since the materials are generally path dependent, the constitutive equations 

are usually defined in rate form. The velocity of a particle is given by 

dx 
. = - . (3.11) 

The velocity difference between two neighboring particles in the current 

configuration is defined as 

dv 
dv = 7— • dx = L - dx (3-12) 

ox 

where L = | ^ is the velocity gradient in the current configuration. Substituting 

Equation 3.3 into Equation 3.12 yields 

dv = L-F-dX. (3.13) 

The velocity difference can also be obtained directly by 

dv = -^{F • dX) = F - dX (3.14) 

where F = ^ . From Equations 3.13 and 3.14 it can be deduced that 
dt 

L-F = F. (3.15) 

or 

L = F-F-\ (3.16) 
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Similar to the displacement gradient in small displacement theory, the velocity 

gradient, L, can decompose into a symmetric strain-rate matr ix and 

skew-symmetric rotat ion-rate matr ix as 

Q = \(L-L^). (3.17) 

3.2.4 Stress Measures and Equilibrium 

In mechanics problems, it is required that both force and moment equilibrium 

remain same at all times over any arbitrary volume of the body. Let V be a 

volume of the body and S be its surface bounding this volume. The true (Cauchy) 

stress matr ix at a point of S is defined by 

t^a^-n (3.18) 

where n is the unit normal and t is the surface traction force per unit current unit 

area of the surface S. Let now 6 be the body force per unit current volume. Then, 

force equilibrium is given by 

f tdS + J hdV = 0 (3.19) 

or in terms of stress matr ix 

J a^ -ndS + J bdV = 0. (3.20) 
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From the Gauss ' theorem, a surface integral can be written as volume integral 

I n'' •(f>dS= f {-^)'^ - (/>dV (3.21) 
Js Jv ox 

where (f) is any continuous function which can be scalar, vector and tensor. So 

Using above relation and the fact that when the volume is arbitrary, integrand 

must vanish yield 

( ^ f - ' ^ + 6̂  = 0. (3.23) 

The above equations are usual three equihbrium equations which hold pointwise 

throughout the body. 

3.2.5 Plasticity Model 

In this section, the basic equations of plasticity models, which are either 

rate-dependent or not, are defined in general form. A general assumption of 

elastic-plastic model is tha t the total deformation can be divided into an elastic 

and plastic par t . Therefore, the total deformation gradient can be writ ten as 

F = F^^-F^K (3.24) 

The strain components can also be decomposed as 

e = e ^ ' - f e ^ ' . (3.25) 
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Similarly, s train-rate is also additive. Using elastic energy density potential, the 

t rue stress is defined by 

dU 
a (3.26) 

The yield function, f, which defines the limit to the elastic region, in general, is 

given by 

f{a,B,Ho:)<0 (3.27) 

where B is tempera ture and Ha is a set of hardening parameters. 

Plastic part of the deformation is defined by flow rule as 

de^i = dX^ ^ (3.28) 
da 

where g{o-, B, H^) is the flow potential and dX is a constant. ABAQUS uses the 

power law form: 

^Pi ̂  r){^ _ i)p (3.29) 

where ê ^ is the equivalent plastic strain-rate, a^ is the equivalent stress, CTQ is the 

yield stress, and D and p are the material parameters that may be temperature 

dependent . This formula is used with an isotropic hardening theory. 

3.2.6 Static Analysis 

The user gives a t ime increment, to ta l t ime, and minimum and maximum time 

increments at the da ta card following the ^STATIC option. ABAQUS monitors a 
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converging solution by checking the residuals to see if aU residuals are less than 

than given PTOL starting with the fourth iteration. Assuming Ri is the maximum 

residual at the z*̂  iteration, the following equation is used: 

f^ = f^ = -- = # ^ = a. (3.30) 

The solution is considered is converged when J?(i) < PTOL and a < 1 at iteration 

number n where 

PTOL = Rr, = a^^-'^R^i^ = [AlL]in-i) R^.^ (3.3I) 

anc 

I n ( ^ ) 
n = i + — ^ . (3.32) 

I n ( ^ ) 

3.2.7 Nonlinear Solution Method 

For solving nonlinear equilibrium equations numerically, ABAQUS usually uses 

Newton's method. The equilibrium equation is symbohcaUy written as 

F^{u^) = 0 (3.33) 

where F^ is the force component of the Â ^̂  variable and u^ is the value of the 

M*^ variable. The solution is developed in a series of smaU increments to solve for 

u^. Let now, at iteration i, uf be the solution and cf[^ be the difference between 

this solution and the exact solution to the discrete equihbrium equation. Thus, 

F > f - f c i ^ , ) = 0. (3.34) 
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Expanding the preceeding equation in a Taylor series about the approximate 

solution uf^ gives 

^"("" +1^(^")<^ + a^ ( "" )<^= ' - + • • • = 0- (^•^^) 

The higher terms can be neglected when cf^^ is smaU if uf is a close 

approximation to the solution that leads to 

^ r < i = -F^ (3.36) 

where 

Kr = ^{uf) (3.37) 

is the Jacobian matr ix. The iteration continues using the next approximation to 

the solution as 

^i+1 =^i +Ci+i- (3-38) 

3.2.8 Contact and Friction 

ABAQUS allows the user to model the contact between a deforming body and 

an arbi t rary shaped rigid body using the Coulomb friction model. The interface 

element modehng provides three relative displacements at an integration point 

associated with 63, the surface overclosure, 71, the relative surface sliding in one 

direction in the surface, and 72, the relative surface shding orthogonal to that in 

which 71 is measured. Let P3, Qi and Q2 be surface stresses for interface elements. 
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When the surfaces are in contact, i.e., 63 > 0 and P3 > 0, the Coulomb model can 

then be defined as follows: 

P3 = P3{es). (3.39) 

The stiffness 

^ = E, (3.40) 

may be infinite at 63 = 0. Decomposing the shear strain yields 

^7a = ^^7^'+ ^^7 '̂, a = 1,2 (3.41) 

where d'f^ is the elastic part of shear strain and ^7^^ is the rate of frictional shp. 

If the above equation is integrated over an increment, it becomes 

A 7 „ = A 7 : ' + A7: ' . (3.42) 

j ^ is treated as linear elastic and 

Qc = Gc^Tf (3-43) 

where G is called the "stiffness in stick" which might be very large constant or 

infinite and 7̂ ^ = ^ ^ 7 a a-fter the surfaces came into contact. 

Slip is then defined by a yield condition: 

f{P3,Qa) = {Qc.Qcf-'-O/ 

Q^' - mm(/xP3,(3°) (3.44) 
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where Q° is a limiting value of aUowable shear stress and p is the coefficient of 

friction. This classical Coulomb friction model with the additional shear stress 

limit Q° is generally used in high contact stress cases. No slip occurs at the 

interface if / < 0 at the end of any increment based on assumption of 

A7^' = Aj2 = 0. When slip occurs, / > 0, dj^'- is in the direction of Q, such that 

the flow rule can be written as 

dYj = drJ^ (3.45) 

where d^^ is the equivalent slip rate. This model is not used in association with 

the plasticity model 

3.3 A Typical FE Analysis Program 

In this section, a typical ABAQUS finite element program was explained. The 

information were obtained from ABAQUS users' manual [1989b]. AU of the 

problems studied here were axisymmetric since the middle surface of the biUet was 

the symmetry plane as shown in Figure 3.1. Four-node quadrUateral elements of 

type CAX4 were used to model the billet and the die was modeled with the 

two-node axisymmetric interface elements of type IRS21A. Interface elements were 

attached to the outer surface of the biUet by the option of *RIGID SURFACE, so 

that the contact occurred only between the die and the interface elements. The 

rigid body reference node by which the deformation rate was specified was also 

defined on the rigid surface. There were two parameters associated with interface 
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s y m m e t r y 
plane 

Figure 3.1: A typical axisymmetric FE model used in the analysis. 



69 

element definition by *INTERFACE card. The first one was the coefficient of 

friction which was defined and used as Coulomb friction in ABAQUS, and the 

other one was the stiffness in stick. The coefficient of friction was varied according 

to process simulated, whereas the stiffness in stick was kept constant after an 

appropriate value was determined. 

3.3.1 Constitutive Model 

ABAQUS has the ability to simulate linear model and both material and 

geometric nonlinearities. In this research, the elastic-plastic material was modeled 

using large displacement theory and isotropic hardening. When necessary, a 

rate-independent model was used. The elastic and plastic material parameters 

such as Young's modulus, Poisson ratio and stress-strain relation in plastic region, 

needed for analysis were first determined experimentally and then substituted in 

the finite element model program. 

3.3.2 Boundary Conditions 

As mentioned earher, the problems studied here were axisymmetric. Therefore, 

symmetry on the axis; i.e., aU nodes at r = 0 have u^ = 0 prescribed, and 

symmetry about 2 = 0; i.e., aU nodes at z = 0 have u^ = 0 prescribed, were 

described. The model was deformed by prescribing the displacement of rigid body 

reference node using velocity boundary conditions whose value was varied for 

consequent processes. Also, its rotat ion and Ur displacement was constrained. 
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3.3.3 Loading and Solution Control 

In the previous two sections, so-caUed model data, in which nodes, elements, 

and mater ial properties were defined, were given for the problem to be analyzed. 

Now, history da ta which defines the model response to the given loading or 

displacement conditions was introduced in order to start analysis process by the 

*STEP card. Wi th this option, several control parameters such as INC which 

specifies the maximum number of iterations in a step, whereas CYCLE specifies 

t ha t of iterations in an increment were introduced. NLGEOM specifies geometric 

nonlinearity while A M P = R A M P ensures that the die ramps down at constant 

velocity and M O N O T O N I C increases convergence where ongoing plastic 

deformation increases. SUBMAX prevents premature subdivision in which contact 

occurs before aU of the iterations allowed on the cycle parameter have been used. 

On the other hand, some other control parameters were needed to ensure that 

the nonlinearity is satisfied. This nonhnearity condition was provided by a force 

tolerance, P T O L . The appropriate values for each process were chosen according 

ABAQUS m a n u a l 

At the end of the program, some outputs were requested for elemental 

variables such as stress and strain, for nodal variables such as displacement, forces, 

and perhaps for some plots. 
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3.4 Finite Element Analysis of Ring Compression Test 

This problem involved finding the cahbration curves of plasticine, a soft 

modehng material . The model used in this finite element modehng was a circular 

ring-shaped disk with the s tandard size of 50.8 mm (2 in.) in outside diamete 

25.4 mm (1 in.) in inside diameter and 16.93 mm (0.667 in.) in height, which 

fact, the same size as specimen used in experiments. 

Due to the symmetry of the problem, one-quarter of the billet was modeled 

utilizing 48 elements and 50 nodes as shown in Figure 3.2. The rigid body 

reference node was defined on the axis of the inside diameter at the interface. The 

procedure for running ABAQUS is described in Appendix A, while a typical input 

file is included in Appendix B. 

3.4.1 The Results of FE Analysis of Ring Compression 
Test 

The calibration curves were generated in order to determine the coefficient of 

friction for plasticine. The method for generating these curves is to use ABAQUS, 

the finite element code. These curves differ somewhat from those of Male and 

Cockcroft. In other words, they do not show completely similar behavior to the 

calibration curves, which are shown in Figure 3.3, developed by Male and 

Cockcroft. Figures 3.4 and 3.5 il lustrate the calibration curves for white-1 and 

black-1 plasticine, respectively. 
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Figure 3.2: The original and deformed FE model of the ring compression specimen. 
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Figures 3.6 through 3.11 illustrate the effect of material properties on frictional 

behavior of material by plotting the calibration curves of both white-1 and black-1 

plasticine at U = 0.2 ipm on the same graph for different coefficients of friction. 

For frictionless case, both curves are ident ical However, when p is bigger than 

zero, the distinction between the curves, for white-1 and black-1 plasticine, 

becomes more clear. 

Since the barrehng is an important factor in upsetting processes, the effect of 

barreling on the calibration curves were also investigated. These effects are shown 

in Figures 3.12 through 3.16 and Figures 3.17 through 3.21 for white-1 and black-1 

plasticine, respectively. It can be concluded from these figures for both types of 

plasticine tha t the mushrooming occurs at the lower coefficient of friction from 

/x = 0 until p, = 0.05, whereas the barreling or increase in internal diameter at the 

middle of the ring takes place with the increasing coefficient of friction. 

The calibration curves for white-1 and black-1 plasticine are also generated at 

two different different deformation speeds; 1/ = 0.2 ipm and V = 0.5 ipm. These 

curves are shown in Figures 3.22 through 3.27 for white-1 plasticine and Figures 

3.28 through 3.33 for black-1 plasticine. These figures clearly show that the 

deformation speed affects the cahbration curves regardless of the value of the 

coefficient of friction. 



77 

E 
o 
i5 
"o 
c 
0) 

c 
(U 
w 
D 

o 
0) 

Q 

0.0 ( 

-10 .0 

- 2 0 . 0 

- 3 0 . 0 

- 40 .0 

- 5 0 . 0 

- f i n n 

} . . . . 

\ 

\ 

\ 

LEGEND \ 

D Black \ 

L White \ 

1 1 1 r 1 1 

0.0 10.0 20.0 30.0 40.0 50.0 
% Deformat ion in Height 

60.0 

Figure 3.6: The effect of the material properties on the calibration curves for p = 0.0 
and y = 0.2 ipm. 



78 

50.0 

40.0 

30.0 

% 
E 
o 

O 
_ 20.0 
o 
c 
k. 
Qi 

c 

0) 
V) 

o 
0) 
u 
Q) 

O 

10.0 

0.0 (î  
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Figure 3.8: The effect of the material properties on the cahbration curves for 
p = 0.03 and V = 0.2 ipm. 

• f t " - ^ 



80 
50.0 

0) 
CO 
D 
Q> 

u 
Qi 

Q 

40.0 

30.0 

Qi 

Qi 

E 
o 

Q 
_ 20.0 
D 
c 
Qi 

C 

10.0 

0.0 {^ 

-10 .0 

- 2 0 . 0 

LEGEND 

D Block 

A White 

-e— 

0.0 10.0 20.0 30.0 40.0 50.0 60.0 
% Deformation in Height 

Figure 3.9: The effect of the material properties on the calibration curves for 
pi = 0.05 and V = 0.2 ipm. 

M f t - - ^ l 



81 

50.0 

40.0 

30.0 

0) 
Q) 

E 
o 
5 
_ 20.0 
o 
c 
k. 
Qi 

c 

to 
o 
Qi 
k-

u 
Qi 

O 

10.0 

0.0 ( 

-10 .0 

- 20 .0 

LEGEND 

D Black 

A White 

- £ P B -

0.0 10.0 20.0 30.0 40.0 50.0 60.0 
% Deformat ion in Height 

Figure 3.10: The effect of the material properties on the calibration curves for 
p = 0.08 and V = 0.2 ipm. 

MnHaMitaaibi 



7 III • • • • • i i i i i i i I I > III I I 

82 

Qi 
U) 
O 
0) 
u 
a; 
O 

50.0 

40.0 

30.0 

Qi 

E 
o 
15 
_ 20.0 
o 
c 
k. 
Q> 

C 

10.0 

O.Ot}^ 

-10 .0 

- 2 0 . 0 

LEGEND 

D Block 

A White 

0.0 10.0 20.0 30.0 40.0 50.0 60.0 
% Deformation in Height 

Figure 3.11: The effect of the material properties on the calibration curves for 
p = 0.1 and V = 0.2 ipm. 

m^--*m 



WJ 

(/) 
O 

u 
Q 

50.0 

40.0 

30.0 
0) 

E 
o 

Q 
"O 20.0 
c 
0) 

-4—' 

c 

10.0 

0.0 t^ 

- 10 .0 

- 2 0 . 0 

83 

LEGEND 

O ot the middle 

A ot the inlerfoce 

-S-

0.0 10.0 20.0 30.0 40.0 50.0 60.0 

% Deformation in Height 

Figure 3.12: The barrehng effect on the calibration curves of white-1 plasticine for 
p, = 0.01 and V = 0.2 ipm. 

•iHMariar^^^n 



84 

50.0 

E o 
b 

0) 

o 
V -

U 
0) 

Q 

40.0 

30.0 

20.0 

10.0 

0.0 {^ 

- 1 0 . 0 

•20.0 

LEGEND 

O ot the middle 

A ot the inlerfoce 

-e-

0.0 10.0 20.0 30.0 40.0 50.0 60.0 

% Defornnotion in Height 

Figure 3.13: The barrehng effect on the calibration curves of white-1 plasticine for 
p, = 0.03 and V = 0.2 ipm. 



7 

85 

E 
o 

Q 

"o 
c 
I -

g 
0) 
(/) 
o 
(U 
V -
U 
<D 

Q 

;3u.u 

40.0 

30.0 

20.0 

10.0 

-

-

LEGEND 

O ot the middle 

A ot the inlerfoce 

0.0 [} 

-10.0 

-20 .0 
0.0 10.0 20.0 30.0 40.0 50.0 60.0 

% Defornnotion in Height 

Figure 3.14: The barreling effect on the calibration curves of white-1 plasticine for 
p, = 0.05 and V = 0.2 ipm. 



7 

E 
o 
Q 
"o 
c 
I -
Q) 

-t—» 

c 

(/) 
o 
Q; 
V -

U 

o 

50.0 

40.0 

30.0 

20.0 

10.0 

0.0 U 

-10 .0 

- 2 0 . 0 

86 

LEGEND 

D ot the middle 

A ot the inlerfoce 

0.0 10.0 20.0 30.0 40.0 50.0 60.0 

% Deformation in Height 

Figure 3.15: The barreling effect on the calibration curves of white-1 plasticine for 
pi = 0.08 and V = 0.2 ipm. 

- • ° • ~ " 



87 

50.0 

cn 
o 

u 
Q 

40.0 

30.0 

E 
o 
b 
o 20.0 
c 
v_ 
0) 
c 

10.0 

0.0 i} 

- 10 .0 

- 2 0 . 0 

LEGEND 

D ot the middle 

A ot the inlerfoce 

0.0 10.0 20.0 30.0 40.0 50.0 60.0 

% Deformation in Height 

Figure 3.16: The barrehng effect on the cahbration curves of white-1 plasticine for 

p, = 0.1 and V = 0.2ipm. 



88 

50.0 

m 
o 

o 
Q 

40.0 

30.0 
v_ 
<D 

.•—' 

Q) 
E 
o 
b 
"5 20.0 
c 
O) 

c 

10.0 

0.0 ii 

-10.0 

-20 .0 

LEGEND 

D ot the middle 

A ot the inlerfoce 

V-Q 

0.0 10.0 20.0 30.0 40.0 50.0 60.0 

% Deformation in Height 

Figure 3.17: The barreling effect on the cahbration curves of black-1 plasticine for 
p, = 0.01 and V = 0.2ipm. 

- - - " • • • ' ' *- -^^m 



89 

0) 

o 

u 
0) 

Q 

50.0 

40.0 

30.0 
(U 

- • - ' 

0) 
E 
o 

Q 
-5 20.0 
c 

C 

LEGEND 

O ot the middle 

A ot the inlerfoce 

10.0 -

0.0 t̂  

- 10 .0 

- 2 0 . 0 

-S-

J . 

0.0 10.0 20.0 30.0 40.0 50.0 

% Deformation in Height 
60.0 

Figure 3.18: The barrehng effect on the calibration curves of black-1 plasticine for 
p, = 0.03 and V = 0.2 ipm. 



90 

50.0 

40.0 

30.0 

E 
o 
b 
-Q 20.0 
c 

c 

m 
o 
0) 
I -u 

Q 

10.0 

0.0 [} 

- 1 0 . 0 

- 2 0 . 0 

LEGEND 

D ot the middle 

A ot the inlerfoce 

-a-

0.0 10.0 20.0 30.0 40.0 50.0 60.0 

% Deformation in Height 

Figure 3.19: The barrehng effect on the cahbration curves of black-1 plasticine for 
pi = 0.05 and V = 0.2ipm. 



91 

50.0 

Q) 

E o 
b 
"o 
c 

c 
<u 
cn 
o 
(U 
\_ u 
<u 

Q 

40.0 -

30.0 

20.0 

10.0 

0.0 \l 

-10.0 

-20 .0 

LEGEND 

D ot the middle 

A ot the inlerfoce 

0.0 10.0 20.0 30.0 40.0 50.0 

% Deformation in Height 
60.0 

Figure 3.20: The barreling effect on the cahbration curves of black-1 plasticine for 
^ = 0.08 and V = 0.2 ipm. 

m^ 



92 

50.0 

s 
E o 
b 
"o 
c 
L-
Q) 

••—' 
C 

o 
u 

Q 

40.0 

30.0 

20.0 

10.0 

0.0 \} 

10.0 

- 2 0 . 0 

LEGEND 

D ot the middle 

A ot the inlerfoce 

-Q-

0.0 10.0 20.0 30.0 40.0 50.0 60.0 

% Deformation In Height 

Figure 3.21: The barreling effect on the cahbration curves of black-1 plasticine for 
p, = 0.1 and V = 0.2 ipm. 

• — ^ • ' - - — ^ ^ ' " 
- - ^ ^ :v i i l^ -



93 

o.oi^ 

-10 .0 

Qi 

i -20.0 
(5 
"o 
c 
k. 
0) 

c 
• - - 3 0 . 0 
Qi 
tn 
o 
Qi 

u 
a; 

Q 
&̂  

- 4 0 . 0 

- 5 0 . 0 

- 6 0 . 0 

LEGEND 

D V=0.2 Ipm 

A V=0.5 ipm 

0.0 10.0 20.0 30.0 40.0 50.0 60.0 
% Deformotion in Height 

Figure 3.22: The effect of the deformation rate on the cahbration curves of white-1 
plasticine for p, = 0.0. 



94 

50.0 

Q> 
(0 
O 
Qi 

U 
Qi 

Q 

40.0 

30.0 

Qi 

Qi 

E 
o 
(5 
- 20.0 
o 
c 
k. 
0) 

c 

10.0 

0.0 ; H - ^ 

-10 .0 

- 20 .0 

LEGEND 

D V=0.2 ipm 

A V=0.5 ipm 

*aii-

A - -

0.0 10.0 20.0 30.0 40.0 50.0 60.0 
% Deformation in Height 

Figure 3.23: The effect of the deformation rate on the cahbration curves of white-1 
plasticine for p = 0.01. 



95 

50.0 

40.0 

30.0 

Q) 

E 
D 

*Q 
>_ 20.0 
O 
c 
k-
Qi 

c 
Qi 
I/) 
O 
0) 
w. 
O 
o; 

Q 

LEGEND 

D V=0.2 ipm 

A V=0.5 ipm 

10.0 

-10 .0 

- 2 0 . 0 

0.0 i}" - •• • C 2 r - , 

- A -

0.0 10.0 20 .0 3 0 . 0 40 .0 5 0 . 0 

% Deformation in Height 
60.0 

Figure 3.24: The effect of the deformation rate on the cahbration curves of white-1 
plasticine for /x = 0.03. 

' — " • - - " • 



96 

50.0 

Qi 
W 
O 
Q) 
i_ 
U 
Qi 

Q 

40.0 

30.0 

a; 

E 
o 
o 
_ 20.0 
O 
c 
Qi 

10.0 

0 .0 I} 

-10 .0 

- 2 0 . 0 

LEGEND 

D V=0.2 ipm 

A V=0.5 ipm 

0.0 10.0 20.0 30.0 40.0 50.0 60.0 
% Deformation in Height 

Figure 3.25: The effect of the deformation rate on the calibration curves of white-1 
plasticine for p = 0.05. 

_&a' .IM 



97 

50.0 

Qi 
U) 
O 
Qi 
i -
U 
0) 

Q 

40.0 

30.0 

Qi 

0) 

E 
o 

b 
_ 20.0 
o 
c 
k. 
Qi 
C 
c 

10.0 

0.0 U 

-10 .0 

- 2 0 . 0 

LEGEND 

D V=0.2 ipm 

A V=0.5 ipm 

0.0 10.0 20.0 30.0 40.0 50.0 60.0 
% Deformation in Height 

Figure 3.26: The effect of the deformation rate on the cahbration curves of white-1 
plasticine for p. = 0.08. 

• J . . . . P » : ^ . . • , ^ . -. - - .. . . t - * : . . 1-^ -^;< . g l ^ 



98 

50.0 

40.0 

30.0 -

a> 
E 
o 
(5 
— 20.0 h 
o 
c 
Qi 

c 

Qi 
«/) 
O 
0) 
k-

u 
Qi 

Q 

10.0 

0.0 (^ 

-10 .0 

- 2 0 . 0 

LEGEND 

• V=0.2 ipm 

A V=0.5 ipm 

0.0 10.0 20.0 30.0 40.0 50.0 60.0 
% Deformat ion in Height 

Figure 3.27: The effect of the deformation rate on the cahbration curves of white-1 
plasticine for // = 0.1. 

• ' • ^ • - - - j - j * - - - . * . - . •-.-• .~.^: ••. ..^..... ^ • . - i t A . V - ^'^m 



99 

o.ot)—-— 

-10 .0 

- 2 0 . 0 

Qi 

% 
E 
o 
15 
"5 
c 
k_ 
Qi 

•- - 3 0 . 0 
a; 
(/) 
o 
Qi 
k-u 
Qi 

Q 
&̂  - 40 .0 

- 5 0 . 0 

- 6 0 . 0 

LEGEND 

D V=0.2 ipm 

A V=0.5 ipm 

0.0 10.0 20.0 30.0 40.0 50.0 60.0 
% Deformotion in Height 

Figure 3.28: The effect of the deformation rate on the calibration curves of black-1 
plasticine for p, = 0.0. 



100 

0) 

% 
E 
o 
i5 
"5 
c 
i_ 
Qi 

_C 

c 
Qi 
(/) 
O 
Qi 
k-

U 
o; 

O 

ii\J.\J 

40.0 

30.0 

20.0 

10.0 

LEGEND 

• V=0.2 ipm 

A V=0.5 ipm 

-

-

0.0 (^ 

-10 .0 

- 2 0 . 0 

• ^ i « T T i - ^ f c , 

- A 

0.0 10.0 20.0 30.0 40.0 50.0 
% Deformat ion in Height 

60.0 

Figure 3.29: The effect of the deformation rate on the calibration curves of black-1 
plasticine for p = 0.01. 

• ' - • * " « • - ' * * • • < * » ^gmgi 



101 

50.0 

Qi 
in 
O 
0) 
k. 
u 
Qi 

o 

40.0 

30.0 

Qi 

E 
o 
b 
_ 20.0 o 
c 
k. 
0) 

_c 
c 

10.0 

0.0 t^ 

-10 .0 

- 2 0 . 0 

LEGEND 

D V=0.2 ipm 

A V=0.5 ipm 

- ^ 

0.0 10.0 20.0 30.0 40.0 50.0 
% Deformation in Height 

60 .0 

Figure 3.30: The effect of the deformation rate on the cahbration curves of black-1 
plasticine for /x = 0.03. 



102 

50.0 

40.0 

30.0 

0) 

Qi 

E 
o 
b 
_ 20.0 
o 
c 
k. 
Qi 

|c 
c 
Qi 
Vi 
O 
Qi 
k. 

u 
Qi 

Q 

10.0 

0.0 (^ 

-10 .0 

- 2 0 . 0 

LEGEND 

D V=0.2 ipm 

A V=0.5 ipm 

-Qsr^r 
~ - A ' 

0.0 10.0 20.0 30.0 40.0 50.0 60.0 
% Deformation in Height 

Figure 3.31: The effect of the deformation rate on the calibration curves of black-1 
plasticine for /x = 0.05. 

«Hiiifa 



103 

50.0 

Qi 

% 
E 
o 
o 
"5 
c 
k. 
Qi 

C. 

c 
Qi 
(/) 
O 
Q) 
k-
O 
Qi 

O 

40.0 

30.0 

20.0 

10.0 

0.0 n 

-10 .0 

- 2 0 . 0 

LEGEND 

D V=0.2 ipm 

A V=0.5 ipm 

0.0 10.0 20.0 30.0 40.0 50.0 60.0 
% Deformation in Height 

Figure 3.32: The effect of the deformation rate on the cahbration curves of black-1 
plasticine for p = 0.08. 

•MiiiiH 



104 

50.0 

40.0 

30.0 

Qi 

Qi 

E 
o 
b 
_ 20.0 
o 
c 
k. 

a> 
^ - » 

_c 
_c 
Qi 
(/) 
O 
0) 
k_ 
o 
a> 

O 

10.0 

-10 .0 

- 2 0 . 0 

LEGEND 

• V=0.2 ipm 

A V=0.5 ipm 

0.0 ( } • • - . . - - - -Q^ 

0.0 10.0 20.0 30.0 40.0 50.0 60.0 
% Deformat ion in Height 

Figure 3.33: The effect of the deformation rate on the calibration curves of black-1 
plasticine for /x = 0.1. 

,. , . . t .^- .rM MidbiiAl 



105 

In the frictionless case, even though both curves coincide at the beginning and 

at the end points, they are not identical. AU curves for both types of plasticine 

follow the same trend for each coefficient of friction. In essence, the cahbration 

curves at both deformation rates are almost the same up to 20 - 30% deformation 

in height. Beyond this deformation point, the cahbration curve of 0.5 ipm has 

more increasing in internal diameter of ring at the lower friction than the 

calibration curve of 0.2 ipm has. 

The above results are obtained using isotropic strain-hardened and rate 

dependent material. More studies have also been done in order to clarify the 

strain-rate effect on calibration curves. As shown in Figures 3.34 through 3.36 for 

white-1 plasticine and Figures 3.37 through 3.39 for black-1 plasticine, the 

strain-rate makes difference in cahbration curves of both black-1 and white-1 

plasticine. When the rate-dependent material properties such as strain-rate 

sensitivity m. and the strength coefficient C are used, the calibration curves are 

more stable and show constant increasing than the curves of non-rate-dependent 

material. Almost every curve for each coefficient of friction show the same pattern. 

3.5 The FE Analysis of Compression Test 

The purpose of the simulating the compression test was to determine the 

distribution of contact pressure and friction stress at the die/workpiece interface. 

A circular solid cyhnder specimen with the size of 25.4 mm (1 in.) in both 

diameter and in height was modeled. Because of the symmetry of the problem. 
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one quarter of the billet was modeled. Both fine mesh m which 675 elements and 

677 nodes were defined and coarse mesh in which 120 elements and 122 nodes were 

defined, were studied. This model is shown in Figure 3.40. Similar to the finite 

element model of ring compression, 4-node quadrilateral elements for billet and 

2-node interface elements for interface were used. A rigid body reference node 

specified at the interface was defined on the symmetry axis. The coefficient of 

friction was taken to be /x = 0.2 and p = 0.577 (sticking) and model was deformed 

up to 20% in order to compare the result with those found in literature. 

3.5.1 The Results of F E Analysis of Compression Test 

The compression test were modeled for aspect ratios of ^ = 1.0, 0.5 and 0.25 

at /x = 0.2, and of ^ = 0.8 at /x = 0.577. Figure 3.41 shows the distribution of 

contact pressures for ^ = 1.0, 0.5 and 0.25. It is shown in this figure that the 

contact pressures for aspect ratios of 0.25 and 0.5 show the friction hill while the 

contact pressure for ^ = 1.0 decreases towards to the center of the cylinder. 

The friction stresses for each aspect ratio are zero at the center as shown in 

Figure 3.42. The friction stress for ^ = 1.0 decreases sharply and then decreases 

gradually whereas tha t of ^ = 0.5 first decreases very sharply and then increases 

gradually towards to the edge of the cylinder. However, the friction stress for 

jr = 0.25 first increases very sharply up to - ^ = 0.25 and decreases again very 

•duiBtei 



113 

u 
MflG. FRCTOR • 
SOLID LINES • 
DflSHED LINES 

+1.0E+00 
DISPLRCED MESH 
- ORIGINAL MESH 

Figure 3.40: The original and deformed FE model of the compression specimen. 



114 

5.0 

Qi 
k-

V) 
(n 
Qi 
k. 

Q. 
"o 
o 

.*-» 
c 
o u 

3.0 ^ 

2.0 ' 

1.0 = 

0.0 

" "'•.•"'. 

LEGEND 

H/D=1.0 

H/D=0.5 

H/D=0.25 

0.0 0.2 0.4 0.6 

r/Ro 
0.8 1,0 1.2 

Figure 3.41: The distribution of the contact pressure in compression test for p 

and fine mesh. 

0.2 



Wf 

115 

tn 
(n 
a> 

c 
'^ o 

0.5 

0.0 

-0.5 

1 ft 

\ 
\ 
1 
t 
1 , - « _ _ 
% ^ " * 

1 

LEGEND 

H/D=10 

H/D=0.5 

H/D=0.25 

1 1 1 1 

0.0 0.2 0.4 0.6 

r/Ro 

0.8 1.0 1.2 

Figure 3.42: The distribution of the friction stress in compression test for p = 0.2 

and fine mesh. 



116 

sharply down to the negative region and then increases gradually towards to the 

edge of the cyhnder. The rate of this increase is greater than that of § = 0 . 5 . 

3.5.2 The Effect of Mesh Sensitivity 

For the aspect ratio of ^ = 0.8, the compression test were simulated using 

sticking condition, i.e., p = 0.577. In this case, the model involving 1680 elements 

and 1682 nodes were studied as fine mesh while the model involving 675 elements 

and 677 nodes were studied as coarse mesh. The contact pressures, shown in 

Figure 3.43, remain constant up to -̂  = 0.6 and then it start increasing towards to 

the edge of the cylinder. It is clear that the contact pressures for ^ = 0.8 at 

p, = 0.577 follow the same pa th and have almost the same values regardless of 

mesh density. Figure 3.44 shows the friction stresses for -̂  = 0.8 at /x = 0.577. 

The friction stresses first decrease very sharply and then decrease gradually 

towards to the edge of of the cylinder. Similar to the contact pressure, mesh 

density does not make big difference in the friction stress. 

The coarse mesh study has also been carried out for ^ = 1.0, 0.5 and 0.25 and 

the results are shown in Figures 3.45 and 3.46 for the contact pressure and the 

friction stress, respectively. These results mostly agree with those of found for 

fine mesh. The first difference is tha t both, the contact pressure and the friction 

stresses, of ^ = 0.25 for coarse mesh have 50% higher values than those of found 
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for fine mesh. The second one is that friction stress first decreases as opposed to 

decreasing. 

3.5.3 The Effect of the Coefficient of Friction 

In order to identify the effect of the coefficient of friction on both contact 

pressure and friction stress, compression tests were modeled using fine mesh for 

aspect ratios of § = 1.0 and 0.5 at /x = 0.577 and p = 0.2. The contact pressure 

plots are shown in Figure 3.47. It can clearly be seen that when the aspect ratio is 

•^ = 1.0, the friction coefficient does not make any difference on the contact 

pressure whereas when the aspect ratio is § = 0.5, although the trend is the same, 

there is 33% increase in the contact pressure for which p = 0.2. However, for the 

case of friction stress, the coefficient of friction does make a difference in both 

aspect ratios. The friction stress increases, in magnitude, with the increasing 

coefficient of friction for both aspect ratios as shown in Figure 3.48. Similar to the 

previous results, the friction stresses first decrease very sharply and then gradually 

decrease for ^ = 1.0, and increase for ^ = 0.5 regardless of p. The contact 

pressures for ^ = 0.5 increase towards to the center of the cylinder whereas those 
D 

of ^ = 1.0 increase towards to the edge of the cylinder. 

3.6 F E Analysis of Open-die Backward Extrusion Test 

This simulation was performed in order to relate the coefficient of friction with 

the extruded height. A solid cyhndrical specimen with the size of 12.7 mm (0.5 
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m.) in both diameter and height was modeled utihzing 1680 elements and 1682 

nodes. This model differs from the compression model only in definition of die. 

The die used in open-die backward extrusion process had a hole at its center. 

Three different sizes of hole, which were 7.3025 mm (0.28750 in.), 4.7625 mm 

(0.18750 m.) , and 2.2225 mm (0.08750 in.) in diameters, were tested. The die then 

made a smooth curve upward in order to aUow the metal flow upward. This model 

tested for the different coefficients of friction and die geometries, and related 

friction with the extruded height. The original and deformed shape of open-die 

backward extrusion finite element model is shown in Figure 3.49. 

3.6.1 The Results of FE Analysis of Open-die Backward 
Extrusion 

The distr ibution of contact pressure and friction stress are shown in Figures 

3.50 and 3.51, respectively. It can be clearly seen from these figures that both the 

contact pressure and friction stress are zero for the region in which there is no 

contact. As soon as die is reached, the contact pressures increase sharply to 

positive zone and again sharply decrease where the curved die and straight die are 

connected. The friction stress remains constant at the interface, especially in lower 

frictions and shows considerable difference for the different frictions. The contact 

pressure, however, oscillates too much and does not change much for the different 

coefficient of friction. 
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In Figure 3.52, percent decrease in extruded height is plotted versus percent 

deformation in height. Although the distinction between curves are not very clear, 

it is noticeable tha t friction controls the extruded height and, hence, the 

calibration curves. Similarly, the die geometry also have control on the extruded 

height. Figure 3.53 shows the cahbration curves obtained for 3 different die holes 

at /x = 0.01. As shown in this figure, when the die hole diameter increases, the in 

extruded height decreases. Therefore, the effect of friction on the extruded height 

increases with the increasing die hole diameter. 
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CHAPTER IV 

EXPERIMENTAL PROCEDURE 

4.1 Introduction 

In this chapter, the experimental studies are explained in detail. The 

coefficient of friction, is determined by conducting both ring compression and 

open-die backward extrusion tests. The flow characteristics of plasticine such as 

t rue stress-true strain curve, the strain-hardening exponent, n, and strength 

coefficient, K, and strain-rate sensitivity exponent m are obtained from a series of 

compression tests. The compression test is also utilized in order to investigate the 

effects of type of material, lubricant types, and deformation rate on friction 

condition during metal forming processes. Plasticine used in experiments are 

provided from two different batches. A number is, therefore, used to differentiate 

two batches, e.g., white-1 and white-2. 

4.2 Procedure for Physical Modeling 

The Physical Modehng Technique is an experimental technique that uses 

geometrically similar models of the actual workpiece that has satisfied similarity 

law, as mentioned earher. Plasticine is the most widely used, soft model, material 

in the physical modehng process. There are usually four steps for preparing 

plasticine model specimen and the following procedure was used: 
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1. Plasticine was first heated in an oven to 50°C for 1 .5 -2 hours in order to 

soften it so that it can be easily formed and mixed. The commerciaUy 

available plasticine contains a considerable amount of air pockets. In 

order to estabhsh a reasonable degree of homogeneity, these air pockets 

should be squeezed out of the material by repeated rolhng and folding 

operations. 

2. The next step was the preparation of specimen for the desired 

experiments. After heating the plasticine to 50°C, it was extruded or 

molded into the desired billet geometry by compressing it in a die, such 

as a PVC or plexiglass tube, with desired cross section by using the 

Instron testing machine in the compression mode. During this 

compression process, both the die and plasticine must be lubricated with 

some lubricants such as talcum powder or Vaseline, to prevent adhesion 

between the specimen and die. 

3. The third step was prescribe a grid pat tern on the surface of the 

modeling material which would be used for analysis of deformation 

pa t te rns after deformation. There are several methods to generate grid 

pa t te rns . In two-dimensional analyses, a square or circular grid pat tern is 

printed on the surface of the specimen, which has already been prepared, 

by using ink and grid stencil. Another common method of generating the 

grid pa t te rn is to use alternating slabs of different colors of modehng 
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material instead of using ink, so tha t alternating slabs of color 

automaticaUy form the grid pat terns . This method of grid generation is 

necessary for three-dimensional analyses. 

4. The last step was to determine of the mechanical characteristics of 

plasticine, i.e., finding the constitutive equations, strain-rate sensitivity 

of plasticine and the coefficient of friction at the die/plasticine interface 

by evaluating the results of experiments. In this research, the results of 

the ring compression and open-die backward extrusion tests were used to 

determine the coefficient of friction while the constitutive equation and 

strain-rate sensitivity of plasticine model material were obtained by 

utilizing the results of the uniaxial compression tests. The details of 

these tests is described in the following sections. 

4.3 Strain-Rate Sensitivity Test of Plasticine 

In this research, since plasticine was used as a modeling material instead of 

real metal . Therefore, the strain-rate sensitivity of plasticine had to be tested in 

order to clarify its validity as a modeling medium. 

The flow stress, a, is a function of strain, strain-rate, and temperature , i.e., 

<j = f{e,e,T). In general, materials are strain-rate sensitive in hot forming 

processes. Thus, tests for characterizing high temperature flow behavior of 

materials must be conducted in such a way that the strain-rate is maintained 
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constant throughout the test. The sensitivity of material to strain-rate can be 

shown using constant (cr - e) curves. When strain-rate increases, the flow stress of 

mater ial usually increases. 

From compression test, the t rue strain can be written as 

, H 
e = l n - . (4.1) 

Denoting the instantaneous deformation velocity by V = ^ , the strain-rate is 

given by 

. de d^^ H, dH 

'^Jt-jt^'-ir^ = iidf (^-2) 

Subst i tut ing for V into Equation 4.2 yields 

. V 
'=H^ (4-3) 

but from Equation 4.1, 

H = Hoexp{e) . (4.4) 

Then, subst i tut ing Equat ion 4.4 into Equation 4.3 gives 

noexp[e) 

Equat ion 4.5 indicates tha t the strain-rate, during constant deformation speeds 

of compression test , changes throughout the experiment. In order to achieve 

constant s train-rate, the speed of crosshead (deformation speed) must change 

exponentially. This can be achieved by employing an open-loop control system 

where the speed of crosshead of machine is continuously adjusted. So far. 
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researchers used this method if they have an open-loop controlled machine which 

is computer controlled, and hence, expensive. 

The tensile/compression testing machine used in this study was a displacement 

controUed screw-driven machine in which the crosshead moves with a 

predetermined constant velocity. Due to the lack of an open-loop controUed 

machine, an alternative technique was developed in order to obtain constant 

s train-rate da ta from a constant speed testing machine. The new technique 

requires performing more experiments at different deformation speeds. The 

strain-rate can then be calculated using compression test data in association with 

Equat ion 4.5. 

In order to obtain t rue stress-true strain curves (cr — e) for different strain-rates 

e, the simple compression tests were conducted at 1/ = 0.1 ipm and V = 0.2 ipm 

for black-1 plasticine and at V̂  = 0.2 ipm and 1/ = 0.5 ipm for white-1 plasticine. 

Then, (cr — e) curves for two deformation speeds were plotted on the same graph. 

Therefore, for a given deformation speed, true stresses, cr, and true strains, e, were 

determined. The t rue strain-rates can then be calculated for any given e and both 

deformation speeds using Equation 4.5. After tha t , the matching strain-rates were 

determined for the given e at two deformation speeds, Vi and T -̂ For the 

matching e 's , e 's were different at both deformation speeds. These true-strains 

were determined using Equation 4.5. For example, ei at Vi was determined by 

subst i tu t ing a matching strain-rate, e, which is common for both V 's, into 
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Equat ion 4.5. Consequently, for same e 's , different e's were calculated for both 

Vs. FmaUy, since corresponding true stresses, o-'s, were known from power law 

equation a = Ke^, {cr - e) curves for the constant true strain-rates were easUy 

generated. 

4.3.1 Effect of Strain-Rate on Plasticine 

In order to obtain the strain-rate sensitivity of plasticine, a number of 

compression tests were carried out as explained earher using white-1 and black-1 

plasticine. Figure 4.1 shows the true stress-true strain behavior of white-1 

plasticine under deformation speed of 0.2 ipm and 0.5 ipm, while Figure 4.2 shows 

tha t of black-1 plasticine at 0.1 ipm and 0.2 ipm deformation speeds. As it can 

clearly be seen from these two figures, the increasing deformation speed increases 

the flow stresses of both types of plasticine as it could be in the case of actual 

metals . 

After following the procedure explained in previous section, the true 

strain-rates for a given true strain were calculated from Equation 4.5 and 

tabula ted in Table 4.1. This table shows that the strain-rates, which match for 

both deformation speeds, range 0.2 s~^ to 0.31 s~'^ for black-1 plasticine and 

0.5 s~^ to 0.625 s~'^ for white-1 plasticine. The true stress-true strain curves for 

constant t rue strain-rates are shown in Figures 4.3 and 4.4 for white-1 and black-1 

plasticine, respectively, {a — e) curves for white-1 plasticine were plotted at t rue 
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Table 4.1: The calculated true strain-rates for given true strains at different defor
mation rates. 

True 
Strain 

e 

0.0 

0.0253 

0.0513 

0.0779 

0.1054 

0.1335 

0.1625 

0.1924 

0.2231 

0.3567 

0.5108 

0.6931 

0.7181 

0.7701 

0.8283 

0.8841 

0.9163 

0.9419 

0.9932 

1.0491 

1.1394 

Strain 
Rate at 

V=0.1 ipm 

0.1 

0.103 

0.105 

0.108 

0.111 

0.114 

0.118 

0.121 

0.125 

0.143 

0.167 

0.200 

0.205 

0.216 

0.229 

0.247 

0.250 

0.257 

0.270 

0.286 

0.313 

Strain 
Rate at 

V=0.2 ipm 

0.2 

0.205 

0.210 

0.216 

0.222 

0.229 

0.235 

0.242 

0.250 

0.286 

0.333 

0.400 

0.410 

0.432 

0.458 

0.484 

0.500 

0.513 

0.540 

0.571 

0.625 

Strain 
Rate at 

V=0.5 ipm 

0.5 

0.513 

0.526 

0.540 

0.556 

0.571 

0.588 

0.606 

0.625 

0.714 

0.833 

1.000 

1.025 

1.080 

1.144 

1.210 

1.250 

1.282 

1.350 

1.427 

1.562 
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strain-rates of 0.513 s-\ 0.540 s-\ 0.571 5"^ and 0.625 s'^ while 0.205 s-\ 

0.216 s~ , 0.229 s~ and 0.242 s~^ t rue strain-rates were used in (cr — e) curves of 

black-1 plasticine. It can be easily concluded from these flgures that the flow 

stresses of white-1 and black-1 plasticine are sensitive to true strain-rate and 

increase with increasing constant true strain-rate. 

4.4 Compression Test 

Compression tests, as mentioned earlier, were performed in order to accomplish 

two goals. The first objective and its results were given and discussed in previous 

section. The second purpose is to investigate the effects of different factors such as 

material and lubricant types and deformation speed on friction encountered in 

metal forming processes as well as the mechanical behavior of the material using a 

statistical method. The use of statistical experimental design strategy provides 

one to quantify the main factor and the most importantly to determine interaction 

effects between the main factors. In a statistical experimental design, changes are 

made to the input variables of the experimental process such that the reasons for 

changes in the output response could be observed and identified. Most of the 

researchers employed classical one-factor at a time experimental approaches by 

simply varying one factor while keeping the rest constant. This procedure is 

t ime-consuming and expensive since it requires so many experiments to be 

conducted in order to characterize mechanical response of material. 
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In order to accomphsh the second goal, 2^ factorial design was chosen to 

analyze the compression test data since it was the most efficient method for 

experiments which involve two or more factors each at two levels. There were 

2 = 8 different t reatment combinations in this design method. Two rephcates 

were used for each t reatment . In each complete rephcation of the experiment, aU 

possible combinations of the levels of factors were investigated so that the main 

effects and interactions between the factors were determined. 

4.4.1 Specimen Preparation 

First , slabs of plasticine were heated to 50°C in order to make them softer and 

easier to handle. Having removed the air pockets by working the material through 

repeated rolling and folding operations, the material was shaped into cylindrical 

specimens 76.2 mm (3 in.) in diameter and 25.4 mm (1 in.) in height by 

compressing the material into a PVC tube of 25.4 mm (1 in.) in diameter and 76.2 

m m (3 in.) in length. Once the entire tube was fiUed, the modehng material was 

pushed out and then divided into three 25.4 mm (1 in.) segments. Prior to fiUing 

the PVC tube with the modeling material, the inner surface of the tube was 

dusted with ta lcum powder to prevent the modeling material from sticking to the 

tube . The two end segments were discarded while the middle segment, which was 

25.4 m m (1 in.) in both diameter and height, was used in subsequent compression 

tests . This discarding procedure was necessary in order to minimize the end effects 
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and to obtain a completely cyhndrical specimen. The preparation procedure for 

compression test specimen is shown in Figure 4.5. 

4.4.2 Test Procedure 

After preparing the plasticine compression test specimen, shown in Figure 4.6, 

it was placed between two plexiglass platens. Then, they were placed on to 

Instron tension/compression testing machine, which provided the required load to 

deform the specimen, as shown in Figure 4.7. In this uniaxial compression 

experiment, different types of material such as black and white plasticine, and 

lubricants such as talcum powder and Vasehne were used. During the test, data 

were taken in the form of compression load against the deformation of specimen. 

The ra te of deformation was varied throughout the tests. 

4.4.3 Compression Test Results 

In this section, the statistical results were presented along with the flow 

behavior of the different types of plasticine. The compression tests specimen, 

before and after deformation, is shown in Figure 4.8. Figures 4.9 and 4.10 show 

flow behavior of white-1 plasticine at 0.2ipm and 0.5ipm deformation speeds using 

ta lcum powder and vaseline as lubricants, respectively, while Figures 4.11 and 4.12 

show tha t of black-1 plasticine for the same parameters. In these figures, markers 

denote the experimental data while the lines show fitted values for these 

experimental data. These figures clearly show that material and lubricant types 

t»™ii 
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Figure 4.5: The preparation procedure for the compression test specimen. 
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Figure 4.6: Compression test specimens. 
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Figure 4.7: lUustration of compression test being conducted. 
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Figure 4.8: The compression test specimen before and after compression. 
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and deformation speed make considerable difference on the flow behavior of 

material . Later on, in order to clarify how these factors affect material behavior, 

the statistical analysis was carried out. For each run, data needed for statistical 

analysis were taken as the compression load from the 50% deformed specimen and 

they are tabula ted in Table 4.2. They were then analyzed by the SAS package 

program using Analysis of Variance (ANOVA) method. The results of this 

statistical analysis is given in Table 4.3, known as ANOVA table. 

It can be easily seen from ANOVA table that the main factor effects, namely, 

material and lubricant types and deformation speed, are important in determining 

the deformation load of plasticine. All of the main factors, material type, lubricant 

type and deformation speed are significant at 0.1 percent level. AU three variables 

have positive main effects, i.e., moving from low level to high level in factors 

increases the deformation load. These main factor effects are plotted in Figure 

4.13. 

The two-factor interactions, material-lubricant types and deformation 

speed-lubricant type are also significant at 1 percent level as seen in ANOVA table 

whUe there is 5 percent level interaction between material type and deformation 

speed. Figure 4.14 shows the two-factor interaction effects. 

In order to show that the effect of batch factor on mechanical properties of 

plasticine, several compression experiments were also conducted using black-2 

plasticine and white-2 plasticine with "2" indicating the second batch. It can be 
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Table 4.2: The compression test results for different materials. 

Material 

white-1 

black-1 

Deformation 
speed 

0.2 

0.5 

0.2 

0.5 

Vasehne 

34.125 

36.0 

24.75 

26.25 

Talcum 
Powder 

30.0 

39.0 

29.875 

33.75 

Table 4.3: ANOVA table. 

Source 

Material 

Def. Speed 

Mat*Speed 

Lubricant 

Mat*Lub 

Speed*Lub 

Mat*Sp*Lub 

Model 

Error 

Corr. Total 

DF 

1 

1 

1 

1 

1 

1 

1 

7 

8 

15 

Sum of 
Squares 

150.0625 

66.0156 

7.5625 

33.0625 

47.2656 

22.5625 

5.6406 

332.1718 

8.3047 

340.4765 

Mean 
Squares 

150.0625 

66.0156 

7.5625 

33.0625 

47.2656 

22.5625 

5.6406 

47.4531 

1.0381 

F Value 

144.56 

63.59 

7.29 

31.85 

45.53 

21.73 

5.43 

45.71 

Pr>F 

0.0001 

0.0001 

0.0271 

0.0005 

0.0001 

0.0016 

0.0481 

0.0001 
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seen from Figures 4.15 through 4.18 tha t although both white-2 and black-2 

plasticine are not very sensitive to deformation rate, different lubrication types 

make major changes in their flow stresses. When Figures 4.15 through 4.18 are 

compared with Figures 4.9 through 4.12, it is found that the mechanical properties 

of plasticine change from batch to batch. 

4.5 Ring Compression Test 

One method used in this research to determine the coefficient of friction was 

the ring compression test. This method involves a simple compression operation 

carried out on a flat ring-shaped specimen with the standard size of 1 unit in 

outside diameter, | unit in inside diameter and | unit in height. A typical ring 

compression test specimen is shown in Figure 4.19. The coefficient of friction is 

related to the change in internal diameter produced by a given amount of 

compression load. If p is small, the internal diameter of the ring increases, 

whereas, when p becomes larger, the internal diameter of ring decreases, 

accordingly. When ^ = 0 or relatively smaU, ring specimen deforms by flowing 

outward, and hence, the internal diameter increases since there is no frictional 

force to resist metal flow at the interface. However, as p increases, the frictional 

force in inward direction also increases to resist the metal flow. Therefore, at some 

point , which is caUed neutral radius, some material starts flowing inward, and 

hence, decreasing the internal diameter of ring by spending less energy as opposed 

to flowing outward. 
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Figure 4.16: The effect of the deformation rate on the flow behavior of white-2 
plasticine using Vaseline as a lubricant. 
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Figure 4.18: The effect of the deformation rate on the flow behavior of black-2 
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Figure 4.19: A typical ring compression test specimen. 
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4.5.1 Specimen Preparat ion and Test Procedure 

Plasticine test specimens for the ring compression test are difficult to make 

because of the complex geometry and the nature of the plasticine. A plasticine 

disk was first made without a hole by pushing a "cookie cutter" through a slab of 

plasticine tha t was thicker than the desired height of the specimen. It was then 

placed in an aluminum disk with correct size requirements. A sharp thin knife was 

used to cut off the excess material on the top and bot tom of the aluminum disk. 

To make a hole at the center of the specimen, the template made of plexiglass, 

which ensured that the hole was at the center of the specimen, and another 

smaller "cookie cutter" were used. The equipment for the preparing ring 

compression specimen is illustrated at Figure 4.20. The size of the specimen used 

in this s tudy was 50.8 mm (2 in.) in outside diameter, 25.4 mm (1 in.) in inside 

diameter and 16.93 mm ( | in.) in height. 

After finishing the preparation of the ring compression test specimen, it was 

placed between two plexiglass platens in which a smaU hole was drilled in the top 

platen to allow t rapped air to escape in order to maintain constant pressure on the 

inside and outside of the specimen. The load required to compress the specimen 

was provided by the Instron testing machine at 5.1 mm/min . (0.2 ipm) constant 

ra te of deformation. During the tests, talcum powder. Teflon and Vasehne were 

used as lubricant while the no-lubricant case was also tested. Plasticine ring 
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Figure 4.20: lUustration of the ring compression test equipment. 
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compression test specimens, before and after deformation, are shown in Figure 

4.21. 

4.5.2 Experimental Ring Compression Test Results 

Figure 4.22 shows the cahbration curves of black-1 type plasticine for different 

lubrications, namely, Vaseline, Teflon, talcum powder and no lubricant. This 

figure clearly shows that vasehne gives the least friction while Teflon foUows it. 

However, when talcum powder is used as lubricant, frictional forces are significant 

at the die/workpiece interface and close to the no-lubricant case. In fact, after 

45% deformation in height, it gives higher friction than no-lubricant case does. 

4.6 Open-Die Backward Extrusion Test 

It is difficult to prepare the ring compression test specimen as explained in the 

previous section. Moreover, when P M T , which uses soft material, is utilized in 

experiment, the preparat ion procedure become more difficult. However, preparing 

solid compression specimen is easy. Consequently, an alternative method is needed 

in order to determine p. Therefore, the new technique, open-die backward 

extrusion test , is developed as an alternative method. In the new technique, a sohd 

compression specimen is deformed between two platens. Instead of making hole in 

the specimen, the hole is made in the top die platen. As the top die moves down 

with the constant speed, par t of the material flow into the hole and generates the 

ext ruded height. The height of extruded product is sensitive to the magnitude of p 
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Figure 4.21: Ring compression test specimen before and after deformation. 
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tha t is present at the die/workpiece interface. Using this sensitivity, the extruded 

height is related to the magnitude of p. When p is smaU, the extruded height is in 

maximum length. As p becomes larger, the extruded height decreases, accordingly. 

The specimen used in this test was 25.4 mm (1 inch) in both diameter and 

height which is the same as the compression test specimen. The specimen 

preparation procedure, therefore, is the same as that of compression test specimen. 

4.6.1 Test Procedure and Results 

After the preparat ion of the open-die backward extrusion test specimen was 

flnished, it was placed between two plexiglass platens in which a 12.7 mm (0.5 

inch) hole was drilled at the middle of the top platen. This hole goes right on top 

and middle of the specimen. Figure 4.23 shows the plexiglass platens and the 

specimen used in the open-die backward extrusion test. Then, by moving top 

cross-head of the Instron machine with the rate of 5.1 mm/min . (0.2 ipm) 

throughout the tests, the specimen was compressed. During this process, part of 

the material flowed into the hole and generated an extruded height. This test was 

repeated for different friction conditions. Figure 4.24 shows the open-die backward 

extrusion specimens for the different friction conditions after deformation. It is 

clear from the figure tha t the friction condition affects the extruded height of the 

specimen. Moreover, in this figure, the specimen on the right for which p = 0.01 

shows the longer extruded height than the specimen on the left for which p = 0.2. 
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Figure 4.23: Illustration of the open-die extrusion equipments. 

Figure 4.24: lUustration of the open-die extrusion specimen for different p's after 
deformation. 

- t i f f? HWW(l«MiBV;^a9IJJ.iI l.l<«« 



f 

170 

Therefore, the experiments also prove that the increasing p decreases the extruded 

height in op en-die backward extrusion test. 



C H A P T E R V 

COMPARISON AND DISCUSSION 

Since different colors of plasticine, the soft modeling material, are 

manufactured by adding various agents to a base material, they are different in 

composition, mechanical properties and in their response to the deformation loads. 

Therefore, throughout this dissertation, black-1 and white-1 color plasticine are 

referred to and used in experiments as different materials. Much research has been 

done in order to determine flow characteristics of plasticine. More information 

about the characteristics of plasticine can be found in the studies of Chijiiwa et al. 

[1980], Tsukamato et al. [1984], and Rasty and Sofuoglu [1990] cited throughout 

the l i terature survey of this dissertation. 

It should be noted here tha t since plasticine is a soft material and has low flow-

stress, smaU range of strains and strain-rates are used during the course of this 

research. Therefore, smaU discrepancies in curves, especially in Figures 4.3 and 4.4, 

the plots of the effect of strain-rate on the cahbration curves, cannot be ignored. 

In fact, in the t rue stress-true strain graphics of white-1 and black-1 plasticine, the 

difference can clearly be observed. Based on these curves, it can be concluded that 

bo th types of plasticine are strain-rate dependent at room temperature. 

The interface friction is an important factor in metal forming processes. 

Therefore, most of the time, type of lubrication and the amount of friction used in 

these processes are important to know. The ring compression test, which relates 
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the geometrical shape of specimen to the coefficient of friction, provided an easy 

and practical solution for quantifying the coefficient of friction, and it has been 

widely used in research studies. Using the ring compression results, the cahbration 

curves were flrst generated by Male and Cockcroft. In the process of developing 

these curves, some assumptions, namely, no barrehng and no strain hardening 

effect, have been made. Moreover, it was stated that the cahbration curves do not 

depend on the material properties and, hence, they could be used for every types 

of material . It was, therefore, not necessary to generate cahbration curves for 

every type of material . However, this research showed that barreling, strain 

hardening, strain-rate sensitivity, and properties of material are important factors 

in developing the calibration curves. 

The calibration curves are generated for two, white-1 and black-1, types of 

plasticine which were shown in Figures 3.3 through 3.10 in order to determine the 

effect of material properties on these curves. The results show without any doubt 

tha t the calibration curves do change from material to material. Therefore, the 

calibration curves must be genarated for every material independently to 

determine p. The cahbration curves generated in this research show some 

differences than those of Male and Cockcroft. For example, only cases where the 

internal diameter of ring increases are obtained for /x = 0, i.e., frictionless case and 

^ = 0.01. The internal diameter first increased up to 50% deformation and then 

decreased for values of p up to 0.05. For the other p 's, the internal diameter of 
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ring decreased. However, in calibration curves developed by Male and Cockcroft, 

the internal diameter of ring increased until p reached to value of 0.055. After 

obtaining this value, the internal diameter of ring started decreasing as shown in 

Figure 3.2. 

Figures 3.11 through 3.20 clearly showed the importance of barrehng effect in 

generating cahbration curves for both types of plasticine. Precisely, barreling 

increased with the increasing deformation rate and the increasing coefficient of 

friction. Therefore, the difference between barreled and unbarreled curves 

increased with the increasing both deformation rate and the coefficient of friction. 

Most material are strain-rate sensitive. In this research, both types of 

plasticine were proven to be strain-rate dependent at room temperature. The 

effects of deformation speed on plasticine shown in Figures 3.21 through 3.32 

clearly iUustrated tha t the deformation speed and, hence, the strain-rate was an 

impor tant factor in metal forming processes and it affects the nature of the 

cahbrat ion curves. The dependency of the cahbration curves on strain-rate was 

also shown in Figures 3.33 through 3.38. 

This research also proved tha t friction was the main reason for material to 

deforme non-homogeneously. When no friction was defined at the die/workpiece 

interface (frictionless case), ring compression specimen showed homogeneous 

deformation and deformed as a sohd disk, as mentioned in hterature. A 

compression test was also showed the homogeneous deformation for frictionless 
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case. Figures 5.1 and 5.2 show the deformation of ring compression model and 

compression model at no-friction, respectively. 

Finally, it can be concluded from the previous discussion that the cahbration 

curves do depend on material properties such as flow stress, strain hardening and 

strain-rate sensitivity and friction related phenomena such as barrehng. Therefore, 

the cahbrat ion curves developed by Male and Cockcroft are not universal, so they 

cannot be used for every material in order to obtain the coefficient of friction. 

Consequently, every material has its own specific cahbration curves. 

The dependency of the calibration curves on material properties as shown in 

Figure 5.3 was also proven by Carter and Lee [1986]. They simulated the ring 

compression test by employing ADINA finite element code. They generated the 

calibration curves for 6061 T6 aluminum and second different material and found 

disagreement with the cahbration curves obtained by Male and Cockcroft. This 

disagreement or inconsistent was atributed to assumptions of no barreling of the 

deforming specimen and a constant friction coefficient accross the interface. 

The results obtained from the compression tests were compared with those 

found by Lee and Kobayashi as well as Chou and Wu, and are shown in Figures 

5.4 through 5.6. It can be concluded from these figures tha t the contact pressure 

results for aspect ratios of ^ = 1.0, 0.5 and 0.25 for both studies showed the same 

t rend, except some difference in magnitude. This can be at t r ibuted to the different 

parameters such as element type and number used in both studies. The 
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parameters used in their studies and in this research were compared and are 

t abu la ted in Table 5.1. The contact pressure and friction stress for sticking 

condition {pi) and aspect ratio of ^ = 0.8 also show the good agreement with 

those of Lee and Kobayashi as shown in Figures 5.7 and 5.8, respectively. 

The experimental and F E results of open-die backward extrusion test were also 

compared. Figure 5.9a shows the F E simulation of open-die backward extrusion 

test specimen for p = 0.01 before and after deformation while Figure 5.9b shows 

the experimentally deformed specimen for the same coefficient of friction. The 

mushrooming of specimen are observed for both figures. Figure 5.10 shows the 

barreling of specimen both experimentally and numerically ioi p = 0.1. It is clear 

from these figures tha t numerical and experimental results are in excellent 

agreement. 
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Table 5.1: Comparison of the parameters used in current and previous studies. 

Geometry 

Lee and Kobayashi 

^ = 0.8 

10, 20, 33 % def. 

124 5-node 

quad, element 

^ =0.25,0 .5 ,1 .0 

20 % def. 

Chou and Wu 

^ = 0.25 

20 % def. 

100 trian. element 

Current Study 

^ = 0.25,0.5,1.0 

20 % def. 

675 quad, element 

^ = 0.8 

20 % def. 

675 quad, element 

Contact 
Condition 

sticking 

{pi = 0.577) 

(m = 1.0) 

•T) =0 -2 

m = 0.347 

m = 0.2 

PL = 0.2 

/.i = 0.577 

Material 
Properties 

E=10. E+7 psi 

u = 0.33 

H' = 20.E + 3 psi 

Co = 13..E^ + 3 psi 

Al-llOOF 

/? = 0.85 

ao = 15..E + 3 psi 

(To = U.E + 3 psi 

K = 11.9E + 6psi 

G = 4.E + 6 psi 

0- = 20.793e"-^^" 

C = 36.288 psi 

m = 0.617 

£r = 20.793e^-^^' 

C = 36.288 psi 

m = 0.617 

Stress-Strain 
Relation 

elastic-plastic 

perfectly plastic 

elastic- perfectly 

plastic 

elastic plastic 

elastic plastic 
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C H A P T E R VI 

CONCLUSION AND RECOMMENDATION 

6.1 Conclusion 

In the Physical Modehng Technique, certain conditions must be controUed to 

ensure the simUarity of plasticine behavior to that of metal used in the actual 

metal forming process. One of the most important and frequently ignored factors 

is friction conditions. The main purpose of this research was to identify friction 

effects in metal forming processes involving large deformations. In order to achieve 

this goal, first of all, the method used to determine friction at the die/workpiece 

interface had to be checked for its vahdity. Secondly, the true characteristics of 

material used in experiments and simulations should also be identified very weU. 

In this research, two new techniques were developed in order to obtain 

constant (cr — e) curves and to determine p at the interface. Also, the efi"ects of 

some factors such as material type, deformation speed, barreling, and strain-rate 

sensitivity on the cahbration curves obtained from the ring compression test were 

clearly identified. The followings are the results obtained from this research. 

1. So far, the calibration curves originated by Male and Cockcroft from the 

ring compression tests were used for aU metals in order to determine the 

coefficient of friction regardless of material properties. However, this 

research showed, both numericaUy and experimentally, that the 

cahbration curves cannot be used for every type of material since 
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material properties such as strain hardening and strain-rate sensitivity, 

and experimental conditions such as deformation rate affect these curves. 

Therefore, it was concluded that every material has its own cahbration 

curves. 

2. The experimentally obtained cahbration curves showed that talcum 

powder provided high values of friction when compared to Vasehne and 

Teflon. The coefficient of friction was 0.2 when talcum powder was used, 

whUe Vasehne and Teflon provided p = 0.01 and p = 0.03, respectively. 

Since typical friction coefficients encountered in metal forming operations 

range from 0.01 to 0.08, Vaseline and Teflon can, therefore, be used as 

lubricant in physical modehng experiments. 

3. A new method was developed to obtain constant strain-rate true 

stress-true strain curves. This method is relatively cheap because it does 

not require computer controlled expensive equipment. Although it 

requires more time to conduct the experiments, it is a simple and an 

efficient method. 

4. A new technique, open-die backward extrusion test, was also developed 

as an alternative method to generate the calibration curves to determine 

the coefficient of friction by relating the deformation in height with the 

extruded height. It was found that the extruded height was controlled by 

•K:.' !£:£;l 
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friction. The extruded height reached its maximum magnitude when 

p = 0.0 and it decreased as p, increased. 

5. It was also obtained tha t the extruded height was controUed by the die 

geometry. When the diameter of die hole was maximum, the extruded 

height became maximum in length and decreased as the diameter of die 

hole decreased for the same coefficient of friction. 

6. In hot forming processes, metals show strain-rate sensitivity; i.e., 

cr = f{e,T). Compression tests showed that plasticine was strain-rate 

dependent material at room temperature. 

7. Compression tests also indicated that plasticine had a low flow stress 

which was very appropriate to simulate the metal forming processes with 

simple and inexpensive tooling. 

8. In most of the metal forming processes, since friction is undesired factor 

which has to be reduced as much as possible in order to have reahstic 

material flow, low deformation load as weU as the better product quahty, 

the main and interaction effects have to be taken into consideration m 

the analysis of friction. Statistically designed compression tests showed 

tha t the mater ial and lubricant types, and deformation rate made a 

difference in deformation load of plasticine. There were also significant 

interactions between aU main factors, namely, material type, lubricant 

type, and deformation speed. 
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9. The flow characteristics of plasticine changed from batch to batch. 

However, it should be noted that only two batches were tested in this 

study. In order to make a t rue conclusion about the behavior of flow 

characteristics of plasticine from batch to batch, more batches have to be 

studied. On the other hand, the specimen preparation procedure has to 

be taken into consideration since plasticine is very sensitive material and 

its properties are dependent on preparation procedure when determining 

batch effect on its flow properties. 

10. A theoretical relation between the coefficient of friction, p, and the 

interface friction factor, m, was determined. 

6.2 Recommendation 

The foUowing is the hst of recommendations for future work on friction 

analysis. 

1. Aspect ratio of ring compression test specimen can be examined and its 

effects on calibration curves can be investigated. In this research, only 

one s tandard aspect ratio (outer diameter: internal diameter: height), 

6 : 3 : 2 , was tested. 

2. In order to investigate tempera ture effects, upsetting process at different 

temperatures (hot forging) can be simulated using the finite element 

method. 
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3. In order to clarify the effects of some factors on friction and mechanical 

behavior of plasticine, the number of material and lubricant types and 

deformation speed can be increased. For example, 3^ experimental design 

can be used and the number of replicate can be increased. 

4. Different die geometries can be examined in order to find the most 

suitable die geometry for open-die backward extrusion process. 

5. Two or more different plasticine can be used in modeling of ring 

compression, uniaxial compression and open-die backward extrusion 

processes in order to investigate composite material behavior in these 

processes. 
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APPENDIX A 

THE RUNNING PROCEDURE OF ABAOUS 

An input deck used in this research for ABAQUS contained the model input 

and the history input , the model input in which nodes, elements, and material 

properties were defined was usually started by defining the model coordinates with 

nodes, elements and the element types. Die, which was at the contact with the 

model at all times, was defined as rigid surface. Since all of the processes analyzed 

here were contact problems, the interface elements were defined between the die 

and the model. Moreover, the contact elements were also defined at the outer 

durface of the model because as the process proceeds, the outer surface may end 

up at the die/model interface. 

In the last step of the model input , the elastic and plastic properties of the 

material such as Young's modulus, Poisson ratio, and the stress-strain relations. 

Finally, the coefficient of friction, stiffness in stick parameters, and boundary 

conditions were defined. 

The history input which initiated the analysis process started with the ""STEP 

card. In this input deck, there were several control parameters such as INC and 

CYCLE. In order to ensure that the nonhnearity was satisfied force tolerance, 

P T O L , was used. The initial t ime step and total time were also given in the 

history input. Then, some data outputs and analysis plots were requested. 

Figure A.l shows the flow chart of ABAQUS input program. 
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ABAQUS 

MODEL INPUT 

NODE DEF. ELEMENT DEF. 

MATERIAL DEF. 

CONTROL 
PARAMETER 

INTERFACE COND. 

BOUNDARY COND. 

HISTORY INPUT 

TIME 
STEP 

OUTPUT 

PLOT 

LOADING 

Figure A.l: Flow chart of ABAQUS input program. 
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APPENDIX B 

ABAQUS FINITE ELEMENT PROGRAM FOR THE 

ANALYSIS OF RING COMPRESSION TEST 

* Sex A 

>: sc >< >< 

*HEADING 

UPSETTING OF RING COMPRESSION SPECIMEN, V=0.2 ipm, 60 

*RESTART,WRITE,FREQ=50 

**** Model Input 

Define Nodes & Elements 

4-node quadrilateral element (CAX4) 

*NODE,NSET=RSNODE 

999,0.0,0.3333 

*NODE 

1,0.5,0.0 

7,1.0,0.0 

601,0.5,0.3333 

607,1.0,0.3333 

*NGEN,NSET=MIDDLE 

I J 

*NGEN,NSET=TOP 

601,607 

*NFILL 

MIDDLE,TOP,6,100 

*NSET,NSET=AXIS,GENERATE 

1,601,100 
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*ELEMENT,TYPE=CAX4,ELSET=METAL 

1,1,2,102,101 

*ELGEN,ELSET=METAL 

1,6,1,1,6,100,100 

***** Define Rigid Die & Contact Surfaces 

***** 2-node axisymetric interface element (IRS21A) 

*ELEMENT,TYPE=IRS21A 

890,501,601,999 

990,507,607,999 

1000,601,602,999 

*ELGEN,ELSET=CONTACT 

890,6,-100,1 

990,6,-100,1 

1000,6,1,1 

*RIGID SURFACE,ELSET=CONTACT,TYPE=SEGMENTS 

START,2.0,0.3333 

LINE,-0.1,0.3333 
* = i c = | c * * * * * * * * * = i ^ * * * * * * * * * * * * * * * *=}c>^*:ic*:^H<***=r=>}=*=TC = * = * * * 

**** Define Material Properties 

**** Contact Conditions, {p, G) 

^ * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

*SOLID SECTION,ELSET=METAL,MATERIAL=EL 

*MATERIAL,NAME=EL 

**black plasticine, V=0.2ipm 
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*ELASTIC 

352.645,0.45 

*PLASTIC 

18.5842,0.0 

20.4162,0.0513 

22.4681,0.1054 

23.1856,0.1335 

23.7997,0.1625 

24.3404,0.1924 

24.8244,0.2231 

26.4232,0.3567 

27.7157,0.5108 

28.8638,0.6931 

*RATE DEPENDENT 

0.4182,2.4875 

*INTERFACE,ELSET=CONTACT 

*FRICTION 

0.0,1.0E+7 

*BOUNDARY 

MIDDLE,2 

^;J;:i:;S;^>}c:ic:jt;!c;l;^:f;;t;;ic>|;;)c:J;;j<^;f;:ic;5c:f:;l;%>4:H<***********************;jc*:5:^:4^ 

**** Request for Mesh Plots 

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * : i c 5 } ; 

*PLOT 

MESH PLOT OF RING SPECIMEN, V=0.2 ipm 

8.0,10.5,7.,4.67,1.,3.0,0.65,1.5 

0.16,0.25,10.,4.,0.5,2.,0.05 
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*DRAW 

*DRAW,NODENUM 

*DRAW,ELNUM 

*DRAW,ELNUM,NODENUM 

¥¥** History Input 

* * = i : >i= :i< H e * * * * * * * * * * * * * * H^>^:J:* He >i<>l:=ic:^^>i= :1c* :i:>ic:ic H e * * * * * * * * * * * * * * * : i . : i < = i : > i c H = * * * * * * * * 

*STEP,INC=20,CYCLE=10,SUBMAX,AMP=RAMP,NLGEOM,MONOTONIC 

*STATIC,PTOL=1.0 

0.2,60.0,5.E-8,5.0 

*BOUNDARY 

RSN0DE,1 

RSN0DE,6, 

RSNODE,2,,-0.2 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * H c * * * * * * * * * * * * * * * * * * * * * * * * * H c * * * * * * 

* Request for Output 

& 

Analysis Plots 

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

*EL PRINT, ELSET=]METAL,FREQUENCY=1 

S,MISES 

E,PEEQ 

*PRINT,CONTACT=YES 

*EL PRINT, ELSET=C0NTACT,FREQUENCY=1 

S,E 

*NODE PRINT, FREQUENCY=1 

* * * * 

Sc > c s ; X 

X Sc Sc X 

i 1 i I y •• > 111> 1 1111 
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U,RF 

*NODE FILE,NSET=RSN0DE,FREQUENCY=1 

RF 

*PLOT, FREQUENCY=50 

UPSETTING OF RING SPECIMEN, V=0.2 ipm 

**8.0,10.5,7.,3.5,1.,3.0,0.65,1.5 

**0.16,0.25,10.,4.,0.5,2.,0.05 

*DISPLACED 

U,l. 

*PLOT, FREQUENCY=50 

PLASTIC STRAIN OF RING SPECIMEN, V=0.2 ipm 

8.0,10.5,7.,3.5,1.,3.0,0.65,1.5 

0.16,0.25,10.,4.,0.5,2.,0.05 

*DETAIL,ELSET=METAL 

*CONTOUR 

PEEQ 

*END STEP 


