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SUMMARY 

Economic factors such as the expense of raw materials, labour and 

power, are compelling manufacturers of polygonal section rod and tube 
to seek new production routes. One such method generating considerable 

industrial interest is the drawing of any regular polygonal tube from 

round stock on a cylindrical plug in a single pass. Although much 

work has been done on the drawing of round tube, no theoretical or 

experimental work has been done on the drawing of a polygonal tube 
directly from round stock on a cylindrical plug. This project studies 
this process experimentally and establishes a general theoretical 

solution based on the principle of least work of deformation. 

The theoretical and experimental investigations shewed the practi- 

cability of the drawing process. The design of the die profile, i.e. 
the curves of the interpenetration between the undrawn circular workpiece 

and the drawn polygonal tube, with the bore remaining circular, was found 

to be critical. A gradual transformation of the external surface of 

the round stock to the final section with minimum energy dissipation 

was found to be essential. 

A semi-analytical method, which was developed to determine the mean 
coefficient of friction in the drawing process, produced values which 
were comparable with those from the direct measurement using the split 
rotating die. 

Upper and lower bound solutions were developed to predict the 

maximum and the minimum values of the draw force. The upper bound 

value over-estimates the actual load to effect the process; the lower 
bound on the other hand is an under-estimate. A computer programme 
was written to enumerate the results for a variety of drawing parameters 
including, for example, the mean coefficient of friction and the geometry 

of the deformation zone. The theoretical results compared well with 
the experimental data. 
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I. GENERAL INTRODUCTION 

The drawing of polygonal tube directly from round stock on a 

cylindrical plug is of great value to industry. For instance, in 

the making of nuts such a process would bring significant savings in 

the cost of raw material, tooling, power and labour, and possibly 

impart improved mechanical properties to the metal. 

An investigation of the mechanics of drawing polygonal tube from 

round on a cylindrical plug would provide information on the forces on 

the tools and an insight into the flow of the deforming metal. Such 

a study would lead to an optimal selection of tool profile, unveil the 

possibility of drawing defects and the limitations to the application 

of the process. An understanding of the mechanics of deformation also 

would lead to an efficient utilisation of material resources and draw- 

benches. A rigorous investigation requires that a wide range of 

experimental data be collected, explained theoretically, thus providing 

a valuable guide to the problems encountered in industry. 

Many theories of axisymmetric tube drawing have been published 

but there is no known attempt to establish the theory on the drawing 

of a polygonal tube from round on a cylindrical plug. The project 

undertakes this subject to study the process experimentally and establish 

a theoretical solution. 

Recently Kariyawasam (1) has investigated the drawing of a regular 

polygonal tube from round tube on a corresponding polygonal plug. His 

work followed that of an earlier research on the drawing of regular 

polygonal bars from round stock by Basily (2). The problems in both 

cases were solved numerically. 

An interesting feature of the work in the theses of Basily,



Kariyawasam and in this thesis is the geometry of the deformation 

zone through which a workpiece of entirely circular cross-section 

transforms wholly or partly to a polygonal section in a single pass. 

A gradual transformation of the round stock to the final section is 

critical. In addition the deforming passage must affect the ease 

of manufacture, the associated drawing defects and the quality of the 

final product and also the power to effect the process with optimum 

efficiency. Therefore, the die has a complex shape. 

Basily investigated die shapes formed by combining conical and 

plane surfaces having different inclinations to the axis. They were 

the pyramidical plane surfaces, elliptical plane/conical surfaces, 

triangular plane/conical surfaces and the inverted parabolic/conical 

surfaces, Since close pass tube drawing can be compared with the 

drawing of a solid section in which the central section is arrested, 

thereby introducing an undeformable frictional interface, similar 

die deforming shapes were investigated for tubing. 

A review of drawing theories has been presented to form the basis 

of the approach finally adopted. Mathematical solutions similar to 

those of axisymmetric drawing are extremely difficult to derive for 

polygonal tube drawing; the flow pattern is too complicated. In this 

thesis two numerical solutions were established for the drawing of a 

regular polygonal tube from round tube on a cylindrical plug. Close 

pass draw was assumed. The first is based on equilibrium of forces 

and predicts the lower bound. The second solution was obtained from 

a velocity field that minimizes the energy required for the process and 

incorporates an apparent strain method which includes Coulomb friction. 

The two loads bound the actual force to effect the deformation for the 

given drawing parameters. The details of the derivation are given in 

Chapter 3. The details of the velocity fields and the computer 

Programmes are discussed in Appendices A-8 and A-13, 

=" ..



To fulfil the objective of the experimental part, two hydraulic 

drawbenches were initially to be used. The author helped to instal 

and carry out the necessary modifications to one of the drawbenches. 

However, owing to the economic conditions the bench was abandoned 

eventually but since the work took a substantial fraction of the period 

intended for research, the details of the installation, design and 

assembly are included in Appendices A-16 and A-17. Equipment which 

was designed to measure the parameters included (i) the load cells at 

the die, tag and the plug ends and (ii) the device for measuring the 

draw speeds, 

Detailed mechanical drawings are given in the appendix A-17. 

Dies for the drawing of regular polygonal tube from round stock 

on a cylindrical plug are discussed in Chapter 4 and in the Appendix A-10 

The mean coefficient of friction was determined by an instrumented 

rotating die. The analysis, in addition, required the measurement of 

the following parameters:- 

(i) the draw force 

(ii) the thrust force at the die 

(iii) the draw speed 

(iv) the plug force 

(v) the rotational speed and 

(vi) the rotational torque 

The analyses of the equipment and the circuit diagrams to measure the 

above parameters are given in Chapter 5 and Appendix A-16. The 

calibration of the instrumentations is given in the Appendix A-7.
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2.1 INTRODUCTION 

Drawing of metal is believed to have been used first by the 

Ancient Egyptians to draw ornamental wires. They cut strips from 

hammered metal sheets, lubricated them with animal fat and pulled them 

through a die, which had been made by abraiding a hole in a pebble, to 

produce a circular section (3). Today, the technique is widely used 

in industry to draw wire, rod,strip, tube, bi-metal tube, section, etc. 

Cold drawing is a metal forming process which gives a close 

dimensional control, improves the degree of surface finish and may 

also introduce desirable effects on the mechanical properties of the 

metal. The strength of the drawn product limits the amount of deforma- 

which can be achieved in any single stage. Thus any modification to 

improve the drawing process must reduce the tensile stress within the 

drawn product, enabling greater reductions per pass to be achieved. 

There is continued research in metal working establishments to improve 

methods to manufacture a product. A vast amount of literature on both 

the theoretical and experimental aspects of drawing processes has been 

published. The fundamental factors covered in the drawing theories 

include the mechanical properties of the work material, the geometry of 

the deforming passage and the friction at the tool-workviece interface. 

The analysis of plastic flow of metal has received attention by a 

number of investigators. In particular, solutions of axisymmetric 

drawing have been produced by Davis and Dokos (4), Sachs and Hoffman (5), 

Siebel (6), Maclellan (7), Wistriech (8), Yang (9), Johnson and Sowerby 

(10), and Zimmerman and Avitzur (11) and Hill and Tupper (12). The 

plane strain theories have been discussed by Siebel (13), Hill (14), 

Green and Hill (15), and Green (16). 

=



In practice, non-circular sections such as polygonal rods and tubes, 

channels, angles, etc., are commonly drawn. In such cases the flow is 

generally asymmetric and hence the analysis is complicated by comparison 

with the analyses for plane-strain deformation and the circular sections 

with axial symmetry. The symmetric drawing of polygonal rods, i.e. the 

cross-section of the billet and the product are geometrically similar, 

has been studied, theoretically only by Prakash and Juneja (17), and 

Prakash and Khan (18). The drawing of regular polygonal bar from 

round stock has been investigated theoretically and experimentally by 

Basily (2). An experimental and theoretical investigation on the 

drawing of polygonal tube from round stock on a corresponding polygonal 

plug has been reported by Kariyawasam (1). There is no known literature 

on the drawing of regular polygonal tube from round stock on a cylindrical 

plug in spite of the value of this shape of tube which finds uses in 

engineering and as raw material for nut manufacture. Therefore, this 

thesis undertakes this investigation. 

Metal working theories can be grouped broadly under:- 

(i) equilibrium approach 

(ii) slip line field solution 

(iii) upper bound solution 

(iv) energy approach when the total work is decomposed into 

homogeneous, redundant and friction components 

(v) visioplasticity and 

(vi) finite element method. 

However, a comprehensive reyiew is only presented for the equilibrium 

and the upper bound approaches which form the basis of the methods used 

to obtain the solutions for the drawing of a polygonal tube from round 

on a cylindrical plug in Chapter 3. The application of the visioplasti- 

city and the finite element techniques to metal working are discussed



briefly in sections 2.4 and 2.5. In addition, experimental methods 

to determine the mean coefficient of friction and the mean pressure 

are reviewed in section 2.6. 

2.2 EQUILIBRIUM APPROACH IN DRAWING 

The method is based on the equilibrium of forces, without paying 

attention to the internal flow restrictions. The loads determined are 

sometimes in agreement with practical values for some processes. The 

theory, nevertheless, must be applied with caution because under some 

circumstances the load is seriously under-estimated. The error arises 

when the external constraint causes appreciable internal distortion of 

the workpiece beyond that strictly necessary for the shape change. 

2.2.1 Axisymmetric bar drawing 

In 1927 Sachs (19), proposed a theory which proved the most 

important among the early theories on wire drawing. He assumed that 

plane cross-sections of the workpiece remained plane as they passed 

through the die, the stress distribution on such planes was uniform, 

the die surface was one of the principal planes, the yield stress was 

constant, Coulomb friction applied and the friction at the die-workpiece 

interface did not affect the stress distribution. By considering the 

equilibrium of longitudinal forces together with Tresca's yield criterion, 

he derived the following expression for the drawing stress: - 

(2.1) 

  

where, B= cota 

Ap, and A, are the cross-sectional areas at the inlet and exit 

respectively. 

Later, other investigators such as Korber and Eichenger (20), 

Davis and Dokos (4), and Lunt and Maclellan (21) refined and improved 
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on this theory. In particular, Davis and Dokos extended the solution 

to the case where the material work-hardens linearly. However, Atkins 

and Caddell (22) have shown, using the power law, that for practical 

range of parameters the error is about 8% when the mean yield stress 

is used instead of taking into account the strain-hardening relationship 

in the governing force-balance differential equations prior to the inte- 

gration. They have also given a method for incorporating an empirically 

determined redundant work factor into the above equation. Siebel (6), 

added a factor 2/30Y, to the above equation to account for redundant 

work. Johnson and Rowe (23), have given a general expression to account 

for redundant work in drawing of cylindrical stock. 

Comprehensive reviews of the work of other investigators have been 

published by Wistriech (8,24) and Maclellan (7). 

2.2.2. Axisymmetric tube drawing 

The drawing of tubes is based on three fundamental metal working 

processes, viz. sinking, plug and mandrel drawing. In the sinking 

process the tube is drawn without any internal support in the bore with 

a resultant decrease in tube diameter, with ideally no change in wall 

thickness. In the fixed plug and the mandrel drawing processes, the 

major deformation is the reduction of the wall thickness. 

The mandrel drawing process similar to - plug drawing, but 

the difference between the processes lies in the fact that the mandrel 

moves with respect to both the tube and the die. Because of this 

the mechanics of the process are greatly altered by virtue of the 

fact that part of the drawing load is transmitted through the material. 

Sachs, Lubahn and Tracy (25), derived an equation for the drawing of 

thin-walled tubing with a moving mandrel to yield the draw stress:-



B* 

fa 1 + Bk Ra op. = Ya 7-3 2*) 1 -(32) (2.2) 

ne Fe whi Be = 
Paes tana, - tandg 

Uy, Hg are the coefficients of friction at the die/ and the 

mandrel/tube interfaces respectively 

41,02 are the semi-angles of the dies and the mandrel respectively 

hy» h, are the initial and final tube thicknesses respectively. 

The solution was based on the following assumptions:- 

normal stress acting on a transverse section is distributed uniformly 

over the cross-section; the normal pressures on the die and the mandrel 

are equal; the axial stress and the normal pressure are the 

principal stresses. The developed relation thus becomes less exact 

at large tool angles, and especially if the difference between the two 

angles is large. Sachs and Espey (26) later published their experi- 

mental work on tube drawing with a moving mandrel. 

In the case of plug drawing, the direction of the friction forces 

between the plug and the tube is the same as that between 

the tube and the die. The solution is the same as for the mandrel 

drawing except that the parameter B* changes to 

Hite 
Bx = —————_ 

tand, - tandg 

In 1946, Sachs and Baldwin (27) derived a solution to the sinking 

  

of thin walled tubing: 

  1+B Da E oe re »-(3) (2.3) 

where, B " = Q ° ct g



Dy» Da are the mean diameters at the inlet and the exit respectively 

ty = my» is the modified mean yield stress from the von Mises 

yield criterion applied to the complex state of stress occurring 

in tube sinking. The average value of m= 1.1. 

The solution was based on the following assumptions: - 

a shear stress produced by frictional force exists on the interface 

between the die and the tube; transverse sections are free from shear 

stresses; the normal stress acting on the transverse sections is 

uniformly distributed over the cross-section and is a principal stress; 

the wall thickness of the tube is small in comparison to the tube 

diameter; the wall thickness of the tube remains constant throughout 

the process; and the radial pressure on the die is small in comparison 

with the principal longitudinal and circumferential stresses. 

Swift (28) and Chung and Swift (29) have put forward a theory 

which predicts the sinking loads, wall thicknesses and length increments. 

All these theories proposed by Sachs and his collaborators were 

basically for stress determination and include friction and no redundant 

effect. In all cases, the stress distribution across the tube wall was 

assumed to remain constant which only applied to thin-walled tubing. A 

more general method of accounting for the effect of redundancy was pro- 

posed by Blazynski and Cole (30, 31) in their investigations of the 

sinking, mandrel and fixed plug drawing processes. The semi-empirical 

method is a modification of Hill and Tupper's concept of the equivalent 

total mean stress. 

2.3 UPPER BOUND SOLUTION 

In 1951 Prager and Hodge (32) derived the formulae for bounding 

loads for a rigid-perfectly plastic material. These were deduced 
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from work principles published by Hill (14). 

The upper bound theorem for rigid-perfectly plastic solid states 

that among all admissible strain rate solutions the actual one, which 

is also statically admissible, minimizes the power to effect the given 

forming process. Drucker (33) extended the theorem to include the 

velocity Sy eer ets cay With the additional usual assumptions that 

the material obeys von Mises yield criterion and the flow follows the 

Levy-Mises stress/strain relationship the complete upper bound 

expression becomes:- 

ak) 644 £4; AV { tlavjas -\  Tyvyas (2.4) 

v Sp : 

J* 

Ss. 
The lower bound theorem states that among all statically 

admissible stress field S45, the actual one minimizes the expression, 

I= 04 vali jdS (225) 

8, 

A statically admissible field is that one which satisfies the equili- 

brium equation and does not violate the yield criterion. Several 

admissible stress fields can be assumed aiming at getting the maximum 

value of power, I. As the power calculated becomes larger, it is 

presumed that the stress field associated with it is closer to the 

actual stress field.Thatthe equilibrium solution which is in terms of 

a stress distribution is not kinematically admissible is readily 

apparent, unless the actual stress field has been used. The equili- 

brium methods discussed in section (2.2) are lower bound solutions. 

The solutions fail to take account of redundant deformation. For 

example, in drawing the error is proportionally significant for small 

reductions and large die angles. 

Different kinematically admissible velocity fields can be assumed 

to determine the minimum value of J*. For lower values of J*, it is 

presumed that the velocity field that led to it is approaching an 
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actual velocity field. 

The great advantage that kinematically admissible solutions 

have is that they do consider the modes in which it is possible for 

metal to flow, and hence more likely to give the correct results to 

metal working problems. In addition to predicting the loads (e.g. 

extrusion or drawing force), the understanding has led to the optimi- 

sation of the process. The defects such as redundant deformation, 

central fracture and other defects, bulge formation, rough and eccentric 

flow, bar shaving, dead zone formation, etc., have been predicted. 

The elimination of some of these defects has been possible by proper 

choice of variables in the respective processes. As an example, 

Avitzur (34, 35) has applied the study to the central bursting defects 

in extrusion and wire drawing. 

Incorporating friction in the upper bound integral (2.4), poses 

a problem. Coulomb friction could be allowed, when T = up or the 

tangential stress at any point is proportional to the pressure p, 

between the die and the workpiece. However, the pressure p is 

usually unknown. An indirect method i.e the apparent strain method 

has been used to incorporate friction in case of Coulomb friction (2). 

An alternative to this is to assume a constant shear stress T = mk, 

where O<m<1. The factor m takes a constant value for a given die 

and material under constant surface and temperature conditions. It 

is taken to be independent of velocity, also it does suffer from the 

disadvantage that the shear stress at the tools, rarely bears a constant 

relationship to the yield stress in shear of the workpiece. 

The upper bound solution concerns the movement of the material 

through the deforming tool. The problem, therefore,is how to deduce 

such admissible velocity fields which conform to external boundaries 

without violating the continuity criterion. In the early development, 
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the deforming zone was sub-divided into rigid regions and a pattern 

of internal velocity discontinuities was found that was compatible 

with imposed velocity boundaries and which gave as low an energy 

dissipation as possible. 

2.3.1 Plane (sheet) drawing 

Hill (36) first illustrated the upper bound technique applied 

to plane-strain by a simple approximation to the slip-line analyses 

for wedge shaped dies. 

Johnson and Mellor (37) have reviewed the application of the 

theorem to plane strain problems. In his original work Johnson (38) 

assumed that the basic deformation zone was built up of triangular 

elements similar to those deduced by slip-line solution. However, 

the material was considered rigid both inside and outside these 

triangles and the energy was dissipated along these discontinuities 

and the boundaries only. 

Kudo (39) developed the concept of unit deforming regions. The 

workpiece is divided into suitable rectangular regions and each of 

these is then sub-divided into rigid triangles. The minimum energy 

dissipated along the discontinuities and the boundaries is calculated 

for a unit region algebraically or by scale drawing for various unit 

dimensions and frictional conditions. The optimal geometry for each 

sub-unit is thus determined for the deforming zone. 

2.3.2 Axisymmetric bar solution 

The solutions of plane strain conditions can be adapted to axial 

symmetry by supposing that the diagrams represent diametral sections 

of the workpiece. 
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In 1959 Alexander (40) when commenting on the plane strain 

upper bound solutions of Johnson (38), extended the method to repre- 

sent the case of axial symmetry. He retained the velocity field 

proposed by Johnson but the deforming zone in this case is a single 

annular region which appears triangular in the plane of symmetry. 

Deformation was considered by shearing at the boundaries in addition 

to the homogeneous deformation within the deforming zones. 

In 1960 Kudo (41) extended his previous solution of plane strain 

to axisymmetric peobiene where the unit rectangular regions were 

cylindrical. These were again sub-divided into sections which were 

triangular in the plane of symmetry. He considered the energy 

expended by deforming the material within the individual zones, as 

well as by shearing at the discontinuities and the boundaries. 

Kobayashi (42) in 1963 proposed the replacement of Kudo's 

rectangular units by curved surfaces of velocity discontinuities. 

However, the difference between his solution and Kudo's was too small 

for critical comparison. 

In 1965 Halling and Mitchell (43), extended Johnson's upper bound 

method by considering additional power dissipated in circumferential 

straining within the plastic zone. They extended this solution to 

incorporate work-hardening characteristics of the material. 

Kobayashi and Thomsen (44) proposed a solution similar to the 

above by considering the velocity field to be composed of a variable 

number of separate triangles and assumed a constant value for the 

slope of the entry discontinuity. The solution was thus dependent 

on the initial choice of the slope. 

Thomsen et al (45) have extensively reviewed the earlier work of 

Kudo in their book. Adie and Alexander (46) have proposed graphical 
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methods for obtaining kinematically admissible velocity fields for 

axisymmetric problems in which solid billets are used. This is an 

extension of the usefulness and applicability of Halling and Mitchell's 

approach. 

An important contribution to the upper bound solution is the 

introduction of the spherical velocity field for the application to 

problems of axial symmetric workpieces. Kinematically admissible 

velocity fields are developed with suitable spherical surfaces of 

velocity discontinuity, dictated by the geometric boundaries such as 

in simple wire drawing, or found by minimising the total energy dissi- 

pation (11). Avitzur (47, 48) derived an upper bound solution in 

which he considered the deforming zone to be bounded by spherical shear 

surfaces with their centres at the virtual apex of the die. The flow 

through the die was thus expressed by, kinematically admissible velocity 

field. The distinctive part of Avitzur's work is that he expresses 

the power of internal deformation as the homogeneous component multiplied 

by a factor greater than unity to account for the relative shearing of 

the material in the deforming zone. A large selection of problems 

has been detailed in his book (49). 

2.3.3 Drawing of section rods 

Juneja and Prakash (17) in 1975 obtained an upper bound solution 

for the symmetric drawing of polygonal sections, i.e. the original and 

the final cross-sections are geometrically similar. They assumed that 

the zone of plastic deformation is enclosed by two cylindrical surfaces 

of velocity discontinuity at entry and exit to the pyramidical portion 

of the die. In their solution they concluded that the draw load for 

the symmetric drawing of section rod is higher than that of the 

corresponding axisymmetric drawing. This draw load decreases rapidly 

to that of the axisymmetric solution by Avitzur (47), as the number 

of sides of the section increases. Prakash and Khan (18) in 1979 
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extended the problem to generalize the shape of the zone of plastic 

deformation and optimised the geometric factor denoting the shear 

surfaces to obtain the lowest upper bound value of the working stress. 

Basily (2, 50) derived a numerical upper bound solution for the 

drawing of regular polygonal bars from round stock in a single pass. 

The material flows through the die where an imitially circular cross- 

section deforms gradually to the required polygonal section at the 

exit. The velocity field was derived from a deformation pattern, 

constructed by conformal mapping with optimised inlet and exit shear 

surfaces. 

2.3.4 Tube drawing 

In 1965, Avitzur (51) extended his wire drawing upper bound 

method of spherical velocity field to tube sinking through a conical 

die and tube expansion over a conical mandrel. 

A general upper bound solution has been constructed for axi- 

symmetric contained plastic flow that occurs in processes like drawing 

and extrusion of tubes and wires by Prakash and Juneja (52). They 

assumed plane velocity discontinuities at the entry and exit to the 

die. As particular examples, the solutions were applied to plastic 

flow through conical dies with plug or mandrel. 

2.4 VISIOPLASTICITY 

2.4.1 Introduction 

Visioplasticity is a semi-analytical technique based on the 

examination of a velocity field developed incrementally within the 

deforming body. This method of deriving the instantaneous motion 

of the particles making up the body was developed by Thomsen et al 

(54, 55, 56) and is analogous to photo-elastic techniques for analysing 
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stresses in elastic problems. The study obtains detailed analysis 

of the distribution of stress, strain and strain rates of the forming 

process using experimental flow data together with plastic stress- 

strain relationships. 

The metal flow is observed by sectioning the billet on a meridian 

plane or a plane containing the major deformation. The surfaces are 

ground flat and polished on both sides of the cut; a regular pattern 

of square (or circular) grid is imprinted on one face by either mechani- 

cal or photographic means. The two halves are re-assembled and the 

distortion of the grid is observed with a microscope or an enlarged 

photograph after each incremental deforming step has been given to 

the billet. The displacement and hence the velocity of each element 

are thus determinable. 

The instantaneous velocity at each point can be resolvedinto the 

components u and v in the axial and radial directions respectively 

(see fig. 2.1). A series of graphs showing the variation of u and v 

with the position co-ordinates are plotted (i.e. u versus z, v versus T, U 

versus r and v versus z). The slope of the appropriate velocity/position 

curve gives the strain rate at a particular point. 

bv 
for? z 62? ze Sr * bz m-

 f | 5 a =< " | | (2.6) 

By the use of von Mises flow rules together with the force 

equilibrium of the element, the stress components are derived from the 

computed strain rates. It is apparent that the numerous calculations, 

graphical differentiations and integrations involved are laborious and 

time consuming. An extensive computer facility is therefore desirable. 

Also, to obtain reliable differentials it is necessary to smoothen the 

experimental data in both the axial and radial directions (57). 
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Pigs 2.1 A sketch showing the directions of the instantaneous 

velocity vectors deduced from the distortion of an 

etched grid (axial lines) for a billet subjected to 

75% reduction of area. 
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An alternative method of analysing the resulting distorted grid is 

to fit a flow function $ to the data (58, 59, 60). @ is represented 

as some function of r and z having a number of adjustable parameters. 

For example, in Fig. 2.1, the value of the function os, which is 

constant along the flow line j, can be obtained from the initial 

conditions outside the deformation zone, i.e. 

® = TR 
j J 

  

u | (2.7) 

Where, 

UL is the ram speed (in case of extrusion or UL = Gs Gx x) 

in drawing) and (U, = velocity of extrudate) 

Ry is the radius of the flow line before deformation 

starts. 

The flow function 6 = Le is expressed as a function of r and z from 

the co-ordinates of the observed points along the flow line, i.e. 

@ = a 4, r (2.8) 

At each station (i.e. z = constant) the approximate polynomial (of 

order m) describes the variation of % with r. The changes in the 

polynomial coefficients (a) downstream from one station to the next 

describes the variation of % with z. A numerical routine is devised 

to select these coefficients in such a way as to give the best fit 

with the measured data. 

Once it has been established that the function is reasonably 

accurate the velocity components are evaluated at each point, 
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(2.9) 

The corresponding stress components are obtained by considering the 

equilibrium equation and von Mises flow rules: 
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where, 

Soe) is the axial stress at a reference point 
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The visioplasticity method provides information of the plastic 

flow process during the forming process and is a valuable tool for 

determining the distribution of strain rates and stress directly from 

experiments and plastic flow laws. The solution therefore is exact. 

However, the limitation is the laborious experimental work which must 

be performed first. The technique has only been applied effectively 

to axisymmetric bar and tubular extrusions and plane strain extrusion 

in most of the articles already referenced in this section. The 

method can be used in other metal forming processes for detailed 

investigations and checking the simpler predictive techniques such as 

upper bounds and approximate slip line fields. 

2.5 FINITE ELEMENT ANALYSIS IN PLASTIC DEFORMATION 

2.5.1 Introduction 

In some cases of drawing, fracture of the product occurs at the 

die exit where the effect of elastic deformation is not negligible. 

The elastic spring-back after deformation at the throat could have 

important effects on the residual stress distribution. However, the 

conventional methods such as slip lines and upper bounds are not 

sufficient in such mixed elastic-plastic problems. The finite element 

technique is applied appropriately in such situations where elastic and 

plastic deformations are accounted for in separate régimes and the 

transition between them (using the governing criterion of yielding such 
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« 2 as von Mises criterion, ; oF, oy, =). 

The finite element method was developed extensively as a concept 

in structural mechanics when a loaded part was thought of as a system 

built up of numerous tiny connected structures of elements (61, 62). 

These elements can be put together in any configuration to simulate 

exceedingly complex shapes and boundary conditions. The application 

has recently extended to metalworking processes (63, 64, 65, 66, 67) to 

solve problems with irregular shaped boundaries and elastic-plastic 

conditions. In addition, the technique finds application in non-steady 

flow processes and is readily programmable to include realistic material 

properties such as strain hardening. However, even a relatively simple 

problem requires computer facilities. 

The method can be summarised conveniently in the following steps:- 

(i) The deforming material is divided into a number of finite 

elements 

(ii) The elastic stiffness matrix {x°] or the plastic stiffness 

matrix [k?] is derived for a typical element 

(iii) The nodal forces and the displacement must be compatible 

with those of its neighbours. Therefore, the stiffness 

matrices [«°] and [xP] are assembled to form the 'global' 

stiffness matrix of the whole body. This overall matrix 

(K] relates the nodal load increment {dL} to the nodal 

displacement {dU}, i.e. 

fat} = [kK] {au} (2.12) 

(iv) The solution of the resulting set of simultaneous equations 

is accomplished using a high speed computer. From the 

known nodal forces and the consequential displacements, the 

detailed distribution of stress and strain is developed. 
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The use of elastic-plastic method enables a complete stress 

analysis to be developed revealing the extent of the plastic zone. 

K. Iwata et al (67) applied the finite element technique to hydrostatic 

extrusion process using triangular elements for plane strain problem 

and ring elements for the axisymmetric case. Hydrostatic extrusion 

is characterised by the boundary condition that the radial support of 

the billet is given by the hydrostatic pressure. Their analysis 

revealed the existence of tensile stress zone on the surface of the 

extruded part behind the exit. The hydrostatically extruded product 

is known to fracture at the die exit, where the effect of the elastic 

deformation cannot be ignored (68). 

The next two sections outline briefly the derivation of the elastic 

and plastic stiffness matrices. 

2.5.2 Derivation of the elastic stiffness matrix {x°] 

For an elastic state of isotropic material the strain-stress 

relationship using Hooke's law is given in tensor notation as, 

a glt 6, q@ - avy) 3 (2.13) 

Where, E is the Young's modulus of elasticity 

G is the modulus of rigidity 

845 is the Kronecker's delta 

v is the Poisson's ratio 

Inverting equation (2.13) gives 

Vv = é oe 2a 55 2G eiy + 845 reo €,5] (2.14) 

which in matrix form becomes, 

{o} = 241 + v) G[D°]{e} (2.15) 
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{v°] is known as the elastic stress-strain matrix, i.e. relates the 

elastic stress {0} to the elastic strain {ce}. 

e 
The stiffness matrix [k ] for the elastic element is given by 

{x®] =\ [B]” [p®) [B] av (2.16) 
v 

where the matrix [3] expresses the strain vector {e} in terms of the 

nodal displacement {0}, le. 

fe} = [p}{u}® (2.17 

2.5.3 Derivation of the plastic stiffness matrix [x?] 

For the yielded element the plastic stress-strain matrix {pP] 

takes the place of the elastic stress-strain matrix {[p°] obtained in 

the last section. The method is based on inverting the complete 

Prandtl-Reuss equations of plasticity (14) in conjunction with von 

Mises yield criterion. The derivation is presented in detail in 

ref. (64); however, the important equations are reproduced below. 

The Prandtl-Reuss equations for the deviatoric strain increment 

dé, . during continued loading are: 
ij 

' 
do j ' 

dE = Gl aX. + =) 
le. 2G (2.18) 

where 

ad = 2 ae? = 3 ea (2.19) 
ga oH 

oO 

Ss ey (2.20) 
and o=(5 5% 5945) 

P 2 acP acP ; See a de le de? , a (2.21) 

1 . a6 a = P 
H' = a (= the slope of the graph of 0 versus | dé") (2.22) 

de 
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The von Mises yield criterion is given by 

' 2 -2 
== 2023 55755 3° ¢ ) 

By inverting equation (2.18), the total stress increment a955 is 

obtained, 

o,', dc, 
Vi, 8.406 S10 f EL eE 

= eae ii 2 ea 2.24 a9, 2G (ae, ; + Epp eave j 3 ) ¢ ) 

2-2 Ht ' ' 
== — = 2.25 where S 3 o (2 + ae) and On Ey Oey ( ) 

Equation (2.24) can be expressed in matrix form or 

{ao} = 2(1 + v)G[D?] {as} (2.26) 

where [p?] is the plastic stress-strain matrix. 

Similarly, the stiffness matrix for the plastic element is 

given by, 

[xP] = \ [8] "[p?} [B]av (2.27) 

v 

2.6 Determination of the mean pressure and the coefficient of friction 

2.6.1 Die rotation method 

When an axisymmetric die is continuously rotated about the axis 

while drawing, the measurement of the torque and the reduction in the 

drawing load can be used to determine the mean coefficient of friction. 

Linicus and Sachs (69) evaluated the mean coefficient of friction 

in wire drawing from the measured reduction in draw load. Nishihara 

et al (70) are reported to have successfully evaluated the mean coeffi- 

cient of friction for wire drawing through curved profile dies by the 

measurement of both the torque and the reduction in the draw load. 

Sansome and Rothman (71) proposed a theory to explain the reduction 
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in load when the die is rotated. They also brought to light the 

difference between the mean coefficient of friction determined from 

the measurement of the rotating torque and from the reduction in the 

drawing force. The method is illustrated briefly in Appendix A-18. 

2.6.2 Split die method 

For drawing round wire or bar the die may be split into two halves 

along its axis and the pieces clamped together. The die separating 

force necessary to hold them together is measured concurrently with the 

drawing force (see Fig. 2.2). The method was proposed by Maclellan (7) 

to determine the mean coefficient of friction and the mean die pressure 

in wire drawing. He reports (72) that his results were unsuccessful 

because the lubricant penetrated between the two halves and gave rise 

to additional hydrostatic pressure of unknown magnitude. Wistreich (24) 

successfully improved on this method. The two halves of the die were 

pressed with a known force which was progressively reduced till they 

just started to separate; at which point the holding force was taken 

equal to the splitting force. Yang (9) reports that he has used the 

method satisfactorily. However, it is a bit laborious. 

Lancaster and Rowe (73) used the plug technique in which two strips, 

separated by a flat bar were drawn simultaneously. This eliminated the 

dependence of the mean coefficient of friction on the die angle. 

One drawback to the technique is that it cannot be used for a 

continuous process. There is also a possibility of the formation of 

fins when the die halves are not in contact. 

2.6.3 Split rotating die 

In polygonal bar or tube drawing it is not possible to rotate the 

die over the surface of the workpiece. The method reported in (2) was 

developed by Basily and Sansome to determine the mean coefficient of 

friction and the mean pressure in the drawing of polygonal bars from



  

  

  

  

  

  

  

  

    

  

    
  

  
  

Slit exaggerated 

S = splitting force 

Fig. 2.2 Forces in wire drawing (Wistreich) 

Using the above diagrams and the equilibrium of forces 

the following equations are derived: 

P= (A, - so + cota)q, 

s=2( - A_)(cota - yu) 
a SAD a eon 

From equations (2.28) and (2.29), 

ta, 
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and 
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(2.29) 

(2.30) 
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round stock. Fingered die tips enclosed in the deforming metal while 

their external surfaces formed a surface around which a conical die 

rotated. This technique, adopted to determine the same parameters in 

the tube drawing process, is described in details in Chapter 4 and 

Appendix A-12. 

2.6.4 Estimation of redundant work 

The mean coefficient of friction is determined indirectly from 

the experiments and theoretical analysis. The accuracy of the results 

is therefore dependent on the theory. The following method is based 

on the energy approach, where the total work done consists of three 

components:- 

W= Wt WY, (2.31) 

W is the total work done per unit volume of the metal or the draw stress, 

w, is the homogeneous work, XS is the redundant work and We is the 

component to overcome friction on the tool-workpiece interface. The 

measurement of either ¥,, or Me leads directly to the other, provided 

their interdependence is disregarded. 

The redundant work can be determined by superimposing the stress- 

strain curve of the drawn metal onto the master curve of the undrawn 

metal. The area under the master stress-strain curve swept by the 

curve of the drawn material when shifted to line up with it, gives the 

redundant work (74, 75). To avoid likely graphical errors inherent in 

curve fitting, Basily and Sansome (76) expressed the master stress-strain 

curve of the undrawn metal mathematically. The redundant work was 

deduced analytically from the drawing parameters. The method relied 

on the application of the apparent strain (77) and the measured flow 

stress of the drawn bar. The method is described in detail in 

Chapter 4. 
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CHAPTER 3 

THEORY : THE MECHANICS OF DRAWING POLYGONAL TUBE 

DIRECTLY FROM ROUND ON A CYLINDRICAL PLUG



Sod, INTRODUCTION 

The chapter develops the upper and the lower loads for the 

drawing of regular polygonal tube from round on a cylindrical plug. 

The derivations are confined to close pass drawing. 

The object is to calculate the lower bound load, too low a load 

to deform the metal and also an upper bound which is certainly too 

high a load. As pointed out in Chapter 1, the deforming passage of 

the die is complex and therefore in both cases numerical integration 

will be used to obtain the solutions for any given drawing parameters. 

The actual load lies between the two limits; therefore the skill of 

application lies in choosing the deformation pattern for the upper 

bound solution which makes the difference between the two bounding 

loads as small as possible. The prediction of the bounding loads is 

of value in industry when planning and scheduling the work on draw 

benches. The method adopted facilitates the investigation of the 

effect of drawing on the deformation of the drawing process for both 

the forces involved and the deformation occurring within the material. 

The upper bound solution is obtained by equating the external 

rates of doing work to the internal rate of doing work in a deformation 

mode satisfying the displacement boundary conditions. The development 

of the velocity pattern for the upper bound solution is described in 

section 3.2.2. Coulomb friction was incorporated in the upper bound 

expression by an apparent strain method presented in section 3.2\.7., 

The lower bound solution described in section 3.3 is based on 

the equilibrium of forces and Tresca's yield criterion. The solution 

is derived for the elliptical plane/conical surface die shape shown in 

Fig. 4.1 on page 77. 
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The computer programme presented in section 3.4 provides the 

results for both the upper and lower bound solutions for the drawing 

of polygonal tubes from round on a cylindrical plug, and also for the 

corresponding axisymmetric tube drawing for the purpose of comparison. 

3.2 Upper bound solution for the drawing of polygonal tube from 

round on a cylindrical plug 

In the upper bound solution the minimum energy required to deform 

the metal is calculated. The material is assumed to shear as it 

crosses the shear surfaces at the inlet and outlet regions of the 

deforming zone. Further relative shearing of the material elements 

in the deforming zone is considered in addition to the homogeneous 

deformation. The friction between the deforming metal and the tools 

is accounted for using Coulomb's relationship. 

If a velocity field is assumed and the deforming material obeys 

von Mises yield criterion and the Levy-Mises flow rule, the upper bound 

solution, discussed in Chapter 2.3, indicates that the actual strain 

gen ee 
rate field fi; is the one that minimizes the expression, 

fe ge ‘ Te =f, Ye e4584y Vt t |Av| as Tyv,dS (3.1) 

v T 8, 

The first term on the right represents the power to deform the material 

in the deformation zone, the second term calculates the rate of energy 

dissipation over the surfaces of velocity discontinuity including the 

tools/tube interfaces, and the last term covers the power to the pre- 

determined body tractions such as the back tension in wire drawing and 

front tension in extrusion. 

The die passage through which an entirely circular tube transforms 
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to a regular polygonal tube with the bore unchanged, has a complex 

shape (e.g. Fig. 3.1). The associated flow is irregular and therefore 

a velocity field is derived from a conformally mapped deformation 

pattern. The circular section of the undrawn tube at entry is 

divided into triangular elements. As the tube is drawn through the 

deformation passage, the elements are assumed to be entirely transformed 

into triangular elements at the die exit plane. A constant reduction 

of area is maintained at each plane between the entry and the exit. 

A velocity pattern is thereby obtained and the value of J*, the power 

to effect the process, is minimized for the given set of drawing 

parameters. 

3.2.1 Deformation pattern for the drawing of a regular polygonal 

tube from round on a cylindrical plug 

The method developed for obtaining the deformation pattern is 

based on conformally mapping each element in the inlet plane to the 

corresponding element at the exit plane. See Fig. 3.2. 

At the exit plane (Fig. 3.2(a)), the cross-sectional area of the 

polygonal tube is banded by (N-2) hyperbolae, in each of which the 

focal distance ay is adjusted to suit the asymptotes and such that the 

hyperbola corresponding to the outer surface is almost coincident with 

the flat surface of the polygonal tube. The innermost curve remains 

circular corresponding to the surface of the plug. The area between 

consecutive curves is calculated. Making the assumption of a constant 

reduction of area, the corresponding cross-sectional area at the inlet 

plane is determined and hence the radii bounding it. (See Fig. 3.2(b)). 

The banded area at the inlet cross section of the tube is divided 

into (M-1) equal sectors. Each sector, say ABCD, is further 
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divided into two triangles, the large triangle ADC and the small 

triangle ACB. The area of each triangle can be determined and, from 

the known co-ordinates of the vertices, the centroid is located. 

Assuming a constant reduction of area of the large triangle ADC 

on the inlet plane, the corresponding area of the large triangle A'D'C' 

on the exit plane can be determined. At the exit plane, let this 

triangle be defined by the co-ordinates (%5¥)), (X14 ¥o) and (83,Y3) 

x F 
(or ay? ¢ wad +1,j and Dy +1, + p> of which 

(3, ¥3) lies on the hyperbola i + 1. By starting with known vertices 

@ and ©) or (X,¥) and (Ky r¥o)s the third unknown vertex can be 

found by solving the equation of the triangle in which (Ys (%¥5) 

and the area are known and the third point satisfies the hyperbola 

et 2, Having determined the third vertex (%3,¥3) (or Cia ) +i, J 

the point is then substituted for (X19) of the next triangle A'C'B', 

and the third point for this new triangle can be found in a similar 

manner. The procedure continues until the whole exit section is 

mapped into triangles. The centroids of the large and small triangles 

can now be located. The details of the mapping are given in the 

Appendices A-8.1, A-8.2 and A-8.3. 

3.2.2 Velocity Field 

Before meeting the die, a particle of the metal can be assumed to 

travel parallel to the tube axis and towards the die entry. Within 

the die the velocity of the particle is expressed 3-dimensionally by 

the spherical system of co-ordinates, U = ve, Up, U,) and changes 

as the deformation proceeds. At the exit plane the deformed particle 

again travels parallel to the tube axis without deformation. A 

boundary exists which separates the undeformed metal from the zone 

where relative deformation occurs. The material shears at this 

surface and changes direction. A similar distortion exists at the 
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Fig. 3.2. 

Entry plane (b) Exit plane (a) 

Determination of the deformation pattern by conformal mapping of the elemental areas



exit, except that the streamlines pass through the boundary from 

the deformation zone into a region subject to an elastic distortion 

only. 

There is generally no means for determining the shape or exact 

position of these boundaries. The surfaces normally assumed, are 

plane, spherical or conical (78). However, since the deformation 

mode of the problem is complex, a streamline on entry to the deforma- 

tion zone is assumed to shear at a surface inclined at an angle t9 to 

the draw axis. The position of the particle is defined on the 

spherical surface (P,» 8, >) (see Fig. 3.3). The parameter t, where 

-1 < t <1, is used to optimise the shear surface by minimising the 

shear work. Similarly, a general pyramidical shear surface is 

defined at the exit of the deformation zone and the parameter t is 

used to optimise the geometry of the surface. 

An'entry' plane oc Y)) may be defined as the plane normal to 

the die axis through the point where the outermost tube elements (r = R) 

first contact the die and start to deform. Similarly, the 'exit' plane 

(hos Y.) may be said to be the plane normal to the draw axis through 

the point where the outermost material starts to flow parallel to the 

draw axis and deformation ceases. 

Once a shear surface has been defined, a plane parallel to the 

‘exit' or 'entry' planes and passing through the centroid of the 

particle on the respective shear surfaces can be drawn. Such planes 

are denoted by oa ee) and ' ¥,9) for the exit and inlet shear 

surfaces respectively. By joining the centroids of the corresponding 

triangular elements, the drawn vector defines the path travelled by the 

element and also the direction of flow. 

Pao
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3.3 Flow path of an elemental particle through the die for 
drawing polygonal tube from round stock on a cylindrical 
plug.



The values of the angular deflections n and W and the length of 

the flow path of a particle in the deformation zone a5 are calculated 

by the method shown in Appendices A-8.4 and A-8.5, and Fig. A-8.6 on 

page A93. 

From the calculated angles and the flow path, the velocity field 

  

5 Uy) is established and therefore the strain rates. 

ae 
is the velocity immediately after shear, then for continuity of flow 

If u is the velocity of an element before shear and U = BU ) 

of the material, the component of velocity normal to the shear surface 

must be the same on each side, i.e. U,costé = U cosn cos) cos(1-t)8 

cost8 
* cosn cost) cos(1-t)8 &3-2) 

  

Assuming a linear convergence of the die passage with an equivalent 

die semi-cone angle oor then the virtual apex is the centre of the 

spherical system of co-ordinates 0, 9, 6. (The equivalent semi-cone 

angle is discussed in Appendix A-10.) The cross-sectional area of the 

material at any radius 9 is given by, 

A= 7 s 20 i 
(psina,) o (3.3) 

For a linear convergent die passage the velocity of an element at 

any radius 90 is given by:- 

  

2 
« ae Oe era BD costO 

m(psina,)? b A cosn cos cos(1-t)8 

(3.4) 
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where, 

  

ee al 

(3.5) 
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The velocity U can be resolved into three components, namely Up, 

  

Ug and te From the geometry of Fig. 3.3 and Fig. A-8.7 (on page A96). 

= 
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v aids nt cost8 

9 b p cos(1-t)6 

Uy = U cosn sin 

at \2 
= b costé 
Ss = eeaetoue o228) 

U, = U sin o n 

PUN =U b costd ._tann 
b p' cos(1-t)8 . cos)   

3.2.3 Strain rates 

Using the general spherical polar co-ordinates (0, 6, >) and the 

velocity components Us: Up, and a in the directions of 9, 8 and > 

respectively, the strain rates are:- 
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The above equations are applied to the derived velocity 

expressions (equation 3.6) to yield the strain rates for the deforma- 

tion pattern:- 
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and is given by equation A-8.31 on page A89. 
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3.2.4. Internal power of deformation 

The following assumptions are made when deriving the rate of 

work to deform the metal in the zone between the defined inlet and 

exit shear surfaces:- 

(i) The material obeys von Mises yield criterion, 

ne 
= 2 = 5s 545 2k 0 (3.9) 

where 

' 1 
Orie Cag eae okie C4 (3.10) 

(ii) The flow follows Levy-Mises stress-strain relationship, 

at ' 
= dio Syd fay ig ¢ ) 

ergo) =



where d\ is a positive constant of proportionality. 

(iii) The material is non work-hardening, i.e. the yield 

stress of the material remains constant as the metal 

deforms. 

(iv) The incompressibility condition is satisfied, 

i.e. fi = 10 (3.12) 

(v) The elastic components of strain are ignored. 

The rate of work required to deform material of elemental 

volume dV is given by 

aw, = C5 4 dv (3.13) 

*. Power required to deform material of volume V, 

Wi= G.e dav (3.14) 

  

Multiplying each side of Levy-Mises flow rule (3.11) by Ce gives, 

: 2 meee es 3.15 45 844 a 5 ei, ¢ ) 

' 
and by oy5 gives, 

ca ' 
= o 3.16 a 9, 4g ¢ ) 

But from von Mises equation (3.9), 

' ' - 
55 oy, = 2k? 

equation (3.16) becomes 

Gite, =e d\aaks (3.17) 
ij “ij 

' 
From the definition of Oo; and equation (3.12), the L.H.S. of 

j 
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equation (3.17) gives, 

a ae i 
Cee et i) ee 44 

Fie 6 Oe. (3.18) 
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Using (3.19) and (3.18) in equation (3.17) gives the relationship 
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Substituting for 5 3 in equation (3.14), and the total power 
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For constant k 

We V2k { es, &,, @ (3.22) 
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Using a mean yield stress Cr for a strain hardening material (22), 

for von Mises condition, 
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Substituting for strain rates defined in equations (3.7) and (3.8); 
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(3,24) 

the expression for the internal power of deformation becomes, 
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The elemental spherical volume dV = 9° sin§ do dO dod (3.27) 
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(3.28) 

The elemental spherical surface area at entry, dA, = , sin@ d& db 

(3.29) 

Equation (3.28) can then be re-arranged to give:- 
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But from equation (3.5), 
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£(s) is evaluated numerically by dividing the inlet section into 

N x (M - 1) x (N - 2) elemental areas which are themselves sub- 

divided into large and small triangles, i.e. :- 

costé 
Bee YE ao cos(1-t)6 ~ ats 
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3.2.5 Power loss in shearing the material at the inlet and exit 

shear surfaces. 

The internal power W. derived in the last section, is required 
I 

to overcome the homogenous deformation and the necessary relative 

shearing within the material itself during its progress through the 

die deforming passage. Power is also required to compensate for the 

losses due to the shearing of the material on both the inlet and exit 

shear surfaces. 

The rate of working in crossing a shear boundary of the elemental 

surface area dA. is given by:- 

ev = & Ur dA. (3.35) 

where, 

U* is the velocity discontinuity along the surface and 

k is the yield stress of the material in shear equal to 

a by von Mises yield criterion. 

v3 

An elemental particle just before shear at entry travels parallel 

to the draw axis with a velocity us, but after shearing, its velocity is 

defined by no, U5, Da Therefore, in order for the particle to 
o 

change direction the work material has been subjected to a velocity 

discontinuity U* tangential to the shear boundary. The resultant 

velocity of the tangential components on both sides of the shear 

surface gives the velocity discontinuity, 

2 
‘ costé tand 

= Sere - sint@ + Ui = Op Ee cost) | f [ cl 

2 | 
cost® tany + cost@ tan(1-t)6 | (3.36) 
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A similar situation occurs at the exit shear boundary when the 

velocity of the particle just before shear is Eo U but 9? Uy)» 

after shear the particle travels parallel to the tube axis with the 

velocity U,. The resultant tangential velocity, 

2 
; : ou 

b 
WSUS. (> (3.37) 

The details of the derivation of the velocity discontinuities are 

given in the appendix A-8.6. 

The rate of work dissipation at the entry shear surface, 

(3.38) 

. dA 
a b 

x Ub * costd 

4‘, 

The rate of work dissipation at the exit shear surface, 

W, = . . . R k oe cA, (3.39) 
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An equivalent conical die passage has been assumed; consequently 
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The total power to shear the material at the inlet and exit 

boundaries is, 
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(3.44) 

Since t is an arbitary parameter, values of -1 < t < 1 will be 

used to select the value that gives the minimum R(s). Hence the 

optimum shear surface for the given draw conditions. 

3.2.6 Power loss in friction between the tool/workpiece interface 

Friction occurs as the tube slides between the die and the plug. 

This implies that additional power is required to overcome the friction 

losses. 

In the case of Coulomb friction, a mean coefficient of frictionu 

is usually assumed for the given relative sliding surfaces. The rate 

of work loss is given by:- 

Ww, = Up us da, Be up a dA, (3.45) 

  

where, the first term on the right calculates the loss at the die/tube 

interface and the second term refers to the loss at the plug/tube 

interface. 

In the above equation the mean die pressure and the mean plug 

pressure are unknown. It is usual to assume a mean value of pressure 

equal to that of the frictionless case. However, to overcome this 

difficulty Ws can be obtained indirectly by the apparent strain method 

CET). The method, presented in the next section, enables the 
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calculation of the draw load, in case of Coulomb friction without 

obtaining the distribution of the pressure at the tube/tool interfaces. 

3.257 Apparent strain method 

This is an energy method, where the total work is divided into 

plastic and surface friction energy. 

Friction produces shear stresses and strains at the workpiece 

interface and these have two principal effects on the work done. Energy 

is dissipated at the interface simply as a result of relative motion. 

If the shear stress at the surface is significant compared with the 

yield stress of the material, additional internal distortion results 

within the deformation zone. Both of these effects increase the work 

done. 

The total work done per unit volume of the material is equated to 

an area under the equivalent stress-strain curve (see Fig. 3.5). The 

strains é, and &, corresponding to the total work and plastic work per 

unit volume are known as the apparent and the mean equivalent strains, 

respectively. 

From the definition, work done per unit volume, 

€ 
a 

Wo= od = ¥ .€ (3.46) 

Assuming that the presence of friction at the die/tube and plug/ 

tube interfaces has neglegible effect on the plastic work, which is 

likely to be the case in cold drawing, then 

é€ = 6 +é (3.47) 
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Fig. 3.4 Stress and the deformation pattern in the drawing of 

polygonal tube from round stock on a cylindrical plug 

for the apparent strain analysis. 
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Fig. 3.5 The equivalent stress-strain diagram showing the terms 

used in the apparent strain analysis. 
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In a drawing process with no back-pull, the total work done per 

unit volume is equal to the draw stress, 

ives W = 6 (3.48) 

It is assumed that a mean coefficient of friction (¥,) and the 

mean pressure (Pp) occur at both the die/tube and plug/tube sliding 

surfaces. In the following derivations the subscripts c Ss, and s 
Ben a 2 

denote conical, straight die and plug surfaces respectively. 

From Fig. 3.4 for steady draw, the equilibrium of horizontal 

forces gives, 

  

o Oe ee {Ll cos + sin® ) dA + za a m nm s s 8) 

(3.49) 

yo cosa + sind ) dA +) dA } 
n c c c. u s 

Z m 2 

From equations (3.48) and (3.46), 

ame ona é = oe (3.50) 
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Substituting for cam in (3.50) gives, 
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where q, = Tc { » a, cosa, + sina.) aA, 

a x 

(3.52) 

+ Me a, cosa, + sing.) aA, + oa Ya aa, | 

From the definition of friction strain Ee work done against 

friction per unit volume of the material, 

We = @ . (6 (3.53) 

Also the friction work can be determined by the energy dissipated as the 

material slides between the die and the plug surfaces. Using a 5 ue 

1 Bf 

and uS for the respective surface velocities:- 
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By substituting the value of . in equation (3.47) gives:- 

or & = 
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From equations (3.51) and (3.60), 

aot aie: 
Pn =f a qT 

. (3.61) 
- oe 

ear 1a -¥# 

= 
o =%¥.e = y .—3_ (3.62) 

za a 6 mm’ (1 - ¥) a 

Therefore, if the value of sy is known, the draw stress (3.62) and 

the mean pressure (3.61) can be calculated from the geometry of the 

deforming passage together with the velocity distribution and mean 

coefficient of friction qa, and 1) and the work hardening factor 

(B). cy can be derived from the total plastic work as shown in the 

next section. 

Demaite t The mean equivalent strain gE, 

If the metal undergoing deformation obeys von Mises yield 

criterion and Levy-Mises flow rules, the plastic work done per unit 

volume can be expressed as 

a o de (3.63) 

S /3 ey 4 
where, o = 9 {4s a5 (3.64) 

ae = ae? = /% faeP ae? ; 
c ‘s ij ij (3.65) 
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The mean equivalent strain is defined as the strain which 

bounds an area under the equivalent stress-strain diagram (Fig. 3.5) 

equal to the total plastic work done per unit volume of the material. 

  

(3.66) 

The plastic work a can be considered to consist of the internal 

work of deformation a and the redundant work >) of shearing the 

material at the assumed surfaces of discontinuities at both the inlet 

and the outlet boundaries. 

i.e. W = Ww. +W (3.67) 

- x VOL = SW eH, (3.68) 

From equations (3.32) and (3.42), 
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The values of f(s) and R(s) are evaluated by the use of a 

computer and hence the value of the mean equivalent strain. 

Seeded The work hardening factor B 

The work hardening factor B (equation 3.57) is the ratio of 

the mean flow stress over the whole strain range (0 Vv a) to the 

mean flow stress over the strain range Ss ~ é.- Therefore the 

value depends not only on the material characteristic but also on 

the process and the friction. 

For a process where work done against friction or the coefficient 

of friction u is small, the strain range €| VE is also small. In 

another instance the material is fully work-hardened. The mean flow 

stress over this range can be approximated therefore as, 
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If the equivalent stress-strain curve of the material follows 

the power law or 

£@)2= 0 = Oe), (3078) 

  Bee (3.74) 

3.2.7.3 Evaluation of I, and I, 

From equations (3.52) and (3.56), 

1 < 
1, = LL { ¥ a cosa. + sino) one + WS a cosa, 

a 1 

+ sina) dA + oe um dA } 
c cr So 
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sei ee as ee ee 

~Y(e) 4, } 

a 

qt and I, are found by integration over the whole sliding surface 

areas of the deforming tube. 

However, to determine qT, the area and the velocity of every 

element on the relative sliding surface between the workpiece and 

the tools are required. The deforming die has a complex shape and 

therefore to determine the velocity at each point is a problem by 

5 Tue



itself. The longitudinal velocity increases towards the die exit 

as well as circumferentially and the flow, especially at the inter- 

section of the conical and the plane surfaces, is too complicated. 

An approximate method is therefore used to determine I): A mean 

sliding velocity is calculated from an idealised equivalent conical 

die (see appendix A-10). 

Tet u, is the mean sliding velocity at the die surface, 
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For a convergent die passage and the continuity of flow, 
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For the tube/plug interface the mean velocity, 
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+ 
3.3 The lower bound solution for the drawing of regular polygonal 

tube from round on a cylindrical plug. 

The upper bound solution depends on the assumed velocity pattern 

in the deforming metal and is an over-estimate of the load required 

to effect the process. A lower bound solution which ignores the 

effects of redundant work is thus necessary; the actual load ties 

within the two limits. 

By considering the equilibrium of forces of an elemental slug 

together with Tresca's yield criterion, the resulting stress expression 

is integrated numerically using a computer; also, the programme 

computes the mean pressure. The development of the computer programme 

is discussed in appendix A-9. 

8.3.1 Deformation pattern of the lower bound solution 

The four basic shapes of the die deforming zone are the 

pyramidical plane surface, the elliptical plane/conical surface, 

triangular plane/conical surface and the inverted parabolic/conical 

surface. These die shapes are shown in Fig. 4.1 on page 77. 

However, the lower bound solution is developed only for the 

elliptical plane/conical surface die. The die has a gradual transition 

see reference 81, page 171 
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from round and the surface equation is readily derived. The 

deforming passage is made from a cone of semi-angle *o.! cut by 

NS planes equal to the number of sides of the polygonal tube 

required. Each of these planes is equally spaced around the tube 

axis and inclined at an angle oo The construction of this die 

shape is given in details in Chapter 4, section 4.3. 

3.3.2 Derivation of the lower bound solution 

Fig. 3.6 shows a round tube deforming through the elliptical 

plane/conical surface die and on a cylindrical plug to produce a 

polygonal tube. The following geometrical relationships are derived: 

(i) general parameters for the die 
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Fig. 3.6 Stress and deformation pattern for the lower bound 

solution for the drawing of polygonal tube from round 

stock on a cylindrical plug. 
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Gi) 

(iii) 

parameters for the elliptical plane surface 
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The following assumptions are made:- 

qi) a mean pressure p at both the die/tube and plug/tube 

interfaces, 

(ii) a mean coefficient of friction uy at both the die/tube 

and plug/tube interfaces, 

(iii) the horizontal stress Go and the mean normal pressure p 

are the principal stresses and 

(iv) a mean yield stress Y. 

Applying Tresca's yield criterion, 

ove 

or p=yY_- or (3.80)



.'. equation (3.79) becomes, 

do Asay = oan «cr o,) { cine +H cosa_) dA + 
Zz Zz Zz s s ay 

(sina, +U cosa.) oe + pene } (3.81) 

After simplifying and dividing through by Y, equation (3.81) 

yields, 

o, i a - 
d yy = Geacny = Y dA + A Y (sina, 

+ un cosa.) dA, + (sina, + us cosa.) aa. + 

4 1 

a ae (3.82) 

A computer programme was developed to solve equation (3.82) 

numerically. The value of the mean pressure was obtained from 

equation (3.80). 

The development of the numerical integration is presented in 

the appendix A-9. The detailed computer programme is given in the 

appendix A-13, 

3.4 The computer programme 

The flow chart for the computer programme shown in Fig. 3.7 

consists of:- 

the input statement; 

three major 'do' loops; 

the four sub-programmes; and 

the print-out statements of the results. 
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The input consists mainly of the incoming and outgoing stock 

dimensions, the stress-strain properties of the material and the 

drawing velocity. 

The three major 'do' loops generate the number of sides of the 

required polygon (1), the equivalent die semi-angle (2) and the 

mean coefficient of friction (3(a,b,c)). 

The four sub-programmes are:- 

(i) the development of the deformation pattern and hence 

the velocity field, 

(ii) the upper bound solution for the polygomltube drawing, 

(iii) the lower bound solution for the polygonal tube drawing, 

and 

(iv) the upper and the lower bound solutions for the 

corresponding axisymmetric tube drawing on a cylindrical 

plug. 

The main parts of the upper bound solution for the drawing of 

regular polygonal tubes from round stock are:- 

(a) the optimisation of the entry and exit shear 

surfaces, 

(b) the calculation of the mean equivalent strain, 

(c) the calculation of the apparent strain factors Y 

and q, given by equations (3.52) and (3.56) 

respectively, 

(d) the calculation of the power loss at the workpiece- 

tool interface, and 

(e) finally, the tabulation of the mean draw stress and 

the mean die pressure.



The equations for the upper and the lower bound solutions for 

the axisymmetric tube drawing on a cylindrical plug are reproduced 

in Appendix A-14, 

The complete programme is presented in Appendix A-13 and 

Table 3.1 on page 73, shows the layout of the computer print-out. 

The solutions to the upper and the lower bound for the drawing of 

polygonal tubes from a range of input tubing are tabulated in 

Appendix A-4, 

Sampled graphical output of the mapped entry and exit tubular 

sections are shown in Fig. 3.8, 3.9, 3.10 and 3.11. The centroids 

of the large triangles at entry for j = constant (shown in Fig. 3.2(b) 

on page 33 and the nomenclature as defined in the Appendix A-8.2 on 

page A81), are joined by straight lines. The areas encompassed by 

the circular arcs on entry map into areas bordered by hyperbolic 

curves at the exit. 
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Fig. 3.8 Deformation pattern of the symmetric section of the 

square tube for the reduction in area of 48.457, 
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Fig. 3.10 Deformation pattern of the symmetric section of the 

octagonal tube for the reduction in area of 35.97% 
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(b) exit plane 

Fig. 3.11 Deformation pattern of the symmetric section of the 

decagonal tube for the reduction in area of 37.73% 
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TABLE 3.1 (Continued) 
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CHAPTER 4 

THE DERIVATION OF PROCESS PARAMETERS IN THE 

DRAWING OF POLYGONAL TUBE DIRECTLY FROM 

ROUND STOCK ON A CYLINDRICAL PLUG



4.1. INTRODUCTION 

The method adopted for the experimental part of the project had 

two main objectives: 

1. A laboratory investigation of the relationship between the 

deformation occurring when drawing polygonal tube and the 

following parameters: 

@) the draw force 

(ii) the plug force 

(iii) the mean die pressure and the mean plug pressure 

(iv) the mean coefficient of friction 

(v) the mean equivalent strain and 

(vi) the reduction of area. 

2. To optimize the drawing process for industrial applications 

based on the study of the inter-relationship of the following 

parameters: 

qi) the shape of the deformation zone 

(ii) the mean equivalent die semi-angle 

(iii) the mean coefficient of friction and 

(iv) the reduction of area achievable. 

To fulfil the first objective, the draw force and the plug force 

were measured by two load cells at the tag holder and the rear of the 

drawbench respectively. In addition, another load cell was installed 

to measure the thrust at the die. The design of the load cells are 

presented in Appendices A-16 and A-17. 

The mean coefficient of friction and the mean pressure were 

determined by two methods. In one method the values were established 

indirectly by estimating the redundant work occurring in the process 
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and applying the apparent strain method of analysis; in the other 

method the values were determined directly and continuously by an 

instrumented split rotating die rig. The details of the two methods are 

given in section 4.2. 

In the drawing of polygonal tube from round stock on a cylindrical 

plug, the geometry of the deforming zone through which an entirely 

circular section transforms partly to a polygonal tube in a single 

pass forms the core of the problem. A gradual transformation of 

the round stock to the final section with minimal energy dissipation 

is critical. The second objective was concerned, therefore, with 

the investigations of different die deforming profiles to give the 

required shape of the tube. In this thesis, four different die 

deforming shapes, shown in figure 4.1, were used. To establish the 

optimum die profile, draw tests were carried out on the different 

die passages, maintaining the same speed and the lubricant. The 

experimental work showed that the die profile exhibiting the least 

amount of work done also produced a polygonal tube with sharp corners 

and better surface finish. Dies of the same profile but different 

semi-angles were used in further tests and the resulting loads 

compared, to establish the optimum equivalent die semi-angle. 

An extensive discussion on the design of the dies for the drawing of 

polygonal sections directly from round stock is given in section 4.3. 

The selection of the drawing tube material, the design of the 

corresponding plugs and the selection of the drawing lubricant are 

presented in detail in sections 4.4, 4.5 and 4.6 respectively. 

4.2. THE MEAN COEFFICIENT OF FRICTION AND THE MEAN DIE PRESSURE 

4.2.1. Determination of the mean coefficient of friction and the mean 

die pressure from the estimated redundant work 
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4.2.1.1. Theoretical analysis 

As already discussed in section 3.2.7, and shown in figure 3.5, 

the total work W, expended in a particular deformation can be 

regarded as a sum of three components: 

=W + W Ww . 
¥ h rh Re cee 

where: 

W_ represents the work component due to homogeneous plastic 

deformation, 

W_ the component due to redundant deformation, i.e. the 

internal distortion inessential to the change of shape 

and 

W, is the component due to friction at the tool/workpiece 

interface. 

Wy is derived simply from the stress-strain curve with the 

equivalent strain corresponding to the reduction of area. W, the 

total work per unit volume of the metal is given by the draw stress 

and the only two unknowns are bh and Wee However, ¥,. and We are not 

entirely separable because the flow constraint will be influenced by 

the friction at the tool surface; so it will depend upon the 

coefficient of friction. But in cold drawing there is negligible 

interaction between redundant work and friction and therefore, the 

measurement of either 3 or We leads to the derivation of the other. 

If stress-strain tests on the undrawn material are performed 

and the resulting true stress-strain curve compared with that for 

the drawn material, the curve for the drawn metal rises above that 

of the undrawn material. So when the curve for the drawn metal is 

translated in the direction of the increasing strain until the two 
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curves fit, the amount by which the curve has moved may be taken to 

represent the redundant strain and the redundant work LED is 

calculated from the displaced area under the curve of the undrawn metal 

(74, 75). This graphical method of fitting the two curves is 

subject to error if the metal does not work-harden rapidly. 

Consequently, to overcome this weakness in the technique, the 

master stress-strain curve is expressed mathematically and the mean 

redundant strain and the redundant work in the drawing process are 

deduced analytically. The semi-analytical method adopted in this 

investigation was developed by Basily and Sansome (76) to determine 

the same parameters in the drawing of polygonal rod from round. 

4.2.1.2. Derivation of the mean coefficient of friction and the mean 

die pressure. 

If the stress-strain curve of the undrawn metal fits the 

exponential law, 0 = lee then the energy components can be 

expressed thus: 

ie n+1 h Geen 
w= ee eed (a) 

° 

€ 
m o 

W_= qdewralga et Seca rene @) | (4.2) 
z n+l m h 

en 

€ 
a oO 

° n+1 Y= = eee 5 ode VCs (c) 
€ 

m 

where €. a and eo are the homogeneous, the mean equivalent and the bh’ 

apparent strain respectively. 
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The homogeneous strain, €, = an = ) (4.3) 
h i=2 

The mean equivalent strain en is the actual strain occurring in 

the material after drawing taking into account the homogeneous and 

the redundant work during the drawing operation. This strain 

corresponds to the flow stress of the drawn metal given by: 

di 
o,\n 

f£ 
e.= (=) (4.4) 

° 

The flow stress is obtained from the tension tests conducted on 

the drawn metal. 

The apparent strain ey is an imaginary equivalent strain which 

bounds an area under the stress-strain diagram equal to the total 

work done per unit volume of the metal, i.e. 

a 
(n+1) 

(n+1) } (4.5) 

  

Substituting values of € A and Cr in the equations (4.2), the energy h? 

components become thus: 

n+l 

¥ = ae an( 2 ) - 
h n+l t-2 

| 

| 
n+l ntl 

o oO 5 
oe a3 2 ae 

¥,. "nel eS f>(s)| Sy cs) 
° 

n+l 

n 

W. = We on Be (ce) 
f n+l oe 

It is assumed that Coulomb friction obtains in cold drawing 

and it is postulated that a mean coefficient of friction and a mean 

= 80) =



pressure occur at both the die/tube and the plug/tube sliding surfaces. 

By considering the equilibrium of the horizontal forces of the whole 

deforming zone (figure 3.4), the work done per unit volume is given 

by: 

w= a ye cosd_ + sin®_) dA as 
A, Pm *n s See 

) cucosa,, + sind.) aA. Su, a,,} (4.7) 

Similarly, the frictional work per unit volume can be obtained, 

= Us) Uso 
We = ue Pia UL. y Tv nee + Le rT dA, + 

b b 

ue 

x eas a 4.8 UL 89 VOL rs) 

Dividing equation (4.7) by equation (4.8) to eliminate Po 

gives: 

W 1 
" as cosa, + sind.) 5 +) Gi,cosa, & 

f 

Yate} 
Us Us 2 ce 

wyt3{ (a Oy > ie dA, + 

Us 1 
2\ dA ae (4.9) 

le =o} VOL 

  

sina) dA 
c c 
  

The above equation simplifies to yield: 
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We 
us = ie ) (sina, aA + sing, dA.) 
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Us U Us 
Ae & 2) x 

W.U >{() dA Fr [=] dA a dA |} see = [ u, ay NUR) ec \Uy sp | f VoL 

W 

= 2 cosa_ dA_ + cosa dA _ + dA ) (4.10) 
A, s 8) ¢ ce So 

  

The mean die pressure is calculated from either equation (4.7) 

or (4.8). 

4.2.2. Determination of the mean coefficient of friction and the 

mean die pressure by the split rotating die method 

4.2.2.1. Introduction 

The direct measurement of the mean coefficient of friction and 

the mean die pressure for the drawing of polygonal tube from round 

on a cylindfi cal plug was made using the split rotating die rig (see 

lates: A-12.1, A-12.2 and 8.11) designed by Basily and Sansome (2). 

A brief description of the general features is given in the 

Appendix A-12. 

The most unusual feature of the split rotating die rig is the 

die inserts. The inserts, equal to the number of faces in the 

polygonal section required, enclose a convergent die passage while 

their exterior surfaces form a conical surface around which a conical 

die rotates. A set of six such die tips designed to form a 

pyramidical die passage is shown in Plate 8.10 and on page A117. 

The flexibility of the rotating die rig allows for the investigations 

of different polygonal sections, equivalent die semi-angles and the 

input stock with a range of outside diameters. 

The forces on both the die insert (Q) and the conical die (R) 
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were continuously measured by load cells installed in the rig. 

The mean coefficient of friction and the mean die pressure were 

derived from the two measured forces. 

4.2.2.2, The general derivation of the mean coefficient of 

friction and the mean pressure from the measurable forces 

The reason for rotating the conical die relative to the die 

inserts is to rotate the friction vector between the conical die 

and the die inserts through 90° relative to the draw axis, i.e. the 

component of the friction force between the conical die and the 

die inserts along the axis of the tube vanishes. The general 

principle of the rotating die is illustrated in figure 4.2. 

By considering the equilibrium of the forces in the direction of 

the tube axis, the mean coefficient of friction and the mean die 

pressure are determined. Resolving forces in the Z and X 

directions of the exploded diagram, figure 4.2 (b): 

(iv) PLUG 

DF =O - Fy t Pag =O 

For Coulomb friction, Faq = Ug4 No4 

ire = N 4.11 ¥ ~ Hsa%aa CD 

(iii) TUBE 

Daeo Zz 

P-Fo4 = Fo3 cosa, = No3 sind, =0 

where, Fo3 = Up 3No3 

P-U3 Nag = Ug 3 cosa, oF sina.) Nog =0 (4.12) 
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Fig. 4.2 The general principles of the split rotating die for 

the direct determination of the mean coefficient of 

friction. 
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Noy ee No3 cosa, + Fo3 sina, = 0 

or 

N34 - No3 cosa. + Ug 3N%o3 sind, =0 

. No a (cosa, a Up 3Sina,) Nos =O) (4.13) 

(ii) DIE TIPS 

Yree 

  

-Q+ Fy 30080., + No 3sina, = Nis sind, =o 

or: 

-Q+ (g3 cosa, + sino.) No3 a Nie sina, =o (4.14) 

=0, 

Nyg(cosa, = Hag sina.) = Nie cosa, =0 (4.15) 

From figure 4.2(a), the equilibrium of forces in the horizontal 

direction gives: 

Paige Ree =O 4.16 Q 2 ¢ d 

Equations (4.11), (4.12), (4.13), (4.14) and (4.15) were solved 

simultaneously to yield: 

    

P 
Q Ugg cosa. A) sing, - tana, (cosa, ~ Ug3 sina.) 

= Ugg (cosa, - Up, sind,) - (Ug, cosa, + sind) (4.17) 

Assuming Vie = Ugg = Ug4 =u, equation (4.17) reduces to: 

tana 
2 2 1 Pi d 

yu te oe + tana} u + B [: - Gat)-1-0 (4.18) 

The solution of the quadratic equation yields 
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where Tr is the mean radius of the conical die. 

2266. = 

(4.19) 

(4.20) 

(4.21) 

(4.22) 

(4.23) - a} 

(4.24) 

Ty) is given by: 

(4.25)



The specifications of the split rotating dies used in the 

investigations are: 

(a) for the square die tips 

° ay 31 

O=15.7— i. 
s 

© = 0.755 in 

° a4 = 8-1 

a. =6.7° (4.27) 
s 

r = 0.755 in 

4.3. DIES FOR DRAWING POLYGONAL TUBES FROM ROUND STOCK ON A 

CYLINDRICAL PLUG 

In order to establish the effectiveness of the theoretical work, 

dies for the drawing of polygonal tube directly from round stock on 

a cylindrical plug were designed. It was shown in the bar drawing 

work (2), when a circular workpiece transformed to a polygonal section 

in a single pass, that the factor having the greatest effect on the 

draw forces was the shape of the deformation zone. The solid bar 

represents the limiting condition of a tube, the relative wall 

thickness being t/, = 0.5. Thus it asserts that in the process of 

tube drawing where a circular cross-section deforms through a single 

die to a polygonal tube with the bore remaining unchanged, the 

factor having the greatest influence on the die design is the geometry 

of the deforming zone. Another factor that minimises the draw force 

for the combination of the drawing lubricant and the reduction of area 

achieved, is the optimum die angle. 
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However, for the direct drawing die the conventional term semi- 

coné angle is inapplicable, since the actual die semi-angle changes 

from a minimum at the diagonals of the die to a maximum at the mid 

sides of the section. Additionally, the semi~angles are dependent 

on the shape of the die deforming passage. The term equivalent 

semi-angle, AG has been defined as the semi-angle of a conical die 

for the axisymmetric tube drawing which produces the same reduction of 

area as the polygonal tube drawing die, the die lengths being equal 

and the bore remaining unchanged in both cases. This definition 

facilitates the comparison of the polygonal tube drawing with the 

same number of sides and of different number of sides as well. 

Since close pass drawing is assumed, the definition applies to the 

drawing of solid sections from round too. Details of the equivalent 

die semi-angle are discussed in Appendix A-10. 

4.3.1 Deforming shapes of the polygonal tube drawing die 

The transformation of a circular tube at the entry plane of the 

die to a polygonal tube at the exit on a cylindrical plug, can take 

various forms during its progress through the deformation passage. 

The four basic shapes, illustrated in figure 4.1, take into account 

the method of manufacture, industrial interest and the applicability 

of the theoretical analyses to the die geometry. 

4.3.1.1 Pyramidical plane shape die (Shape A) 

The shape of the deformation zone of this die, which is 

drawing 
comparable with section to section used in industry and shown 

in figure 4.1(a), is generated from the number of planes which 

is equal to the number of sides of the polygonal tube. These 

planes form a truncated pyramid having sides inclined equally 

to the tube axis. The angle of the inclination of each plane to 
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the tube axis depends on the outer diameter of the tube for a given 

die length and the equivalent semi-angle ist . 

4.3.1.2 Elliptical plane surface die (Shape B) 

The shape of the deforming zone of this die, Fig. 4.1(b) is 

generated from a number of inclined planes which is equal to the 

number of sides of the polygonal tube required. Each of these planes 

cut the cone in an ellipse. In this way the deformation zone will be 

formed from the elliptical planes and the remaining portions of the 

main cone surface. The inclination of each plane to the tube axis 

depends on the die length for the given tube outer diameter and the 

equivalent semi-angle. 

A Suted Triangular plane surface die (Shape C) 

The shape of the deforming zone, Fig. 4.1(c), is generated by 

combining No number of asymmetric cones around the tube axis. The 

apex of each cone is placed at the corner of the polygonal tube 

required in such a way that the cones have a common base approximating 

to a circle in the plane normal to the tube axis. (The diameter of the 

approximate circles corresponds to that of the incoming tube.) The 

remaining gap between successive cones will take the shape of triangular 

plane. The angle of inclination of these planes and the geometrical 

parameters of the cones depend on the die length for a given tube outer 

diameter and the equivalent semi-angle. 

4.3.1.4. Inverted parabolic plane surface die (Shape D) 

The shape of the deforming zone, Fig. 4.1(d), is generated from 

the axial intersection of a conical surface with a prism which forms 

the required polygon. Each plane surface of the polygonal tube 

intersects the main cone in a parabola. The main cone angle depends 

on the die length for a given tube outer diameter and the equivalent 
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semi-angle. 

4.3.2 Dies used in the polygonal tube drawing experiments 

4.3.2.1 Introduction 

The die deforming shapes A and D, illustrated in figure 4.1, 

allow different inlet diameters to be drawn while maintaining their 

deforming pattern but with increasing inlet diameters the equivalent 

die semi-angle will increase. The deforming die passages B and C are 

fixed for a given outside diameter tubing. So, if a larger outside 

diameter tube is drawn through the die, i.e. larger than that for 

which the die was designed, a new combined mode of deformation occurs. 

The dies with the four basic shapes were used in the preliminary 

drawing tests to establish the optimum profile. This set of dies 

originally was designed for polygonal bar drawing from round stock (2) 

and is summarized in Table A-11 on page A113. 

The die passages B and C are designed to provide a gradual 

transition in shape from the round section at the die entry to the 

final shape of the polygon at the exit. In addition to exhibiting a 

relatively lower drawing force, the resulting drawn tube had sharper 

corners compared with the shapes A and D. 

The optimal deforming profile, the elliptical shape B, was 

selected for the new set of dies in the investigation of the polygonal 

tube drawing from round on a cylindrical plug. From the established 

theory, an optimal equivalent die semi-angle of 8° was arrived at for 

the range of tubing available for the experiments. The shapes of 

section tubes investigated were the square, the hexagon, the octagon 

and the decagon. The design parameters and the mechanical drawings 

of these dies are given in Appendix A-10. 
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4.3.2.2. Die manufacture 

Tungsten carbide is an excellent die material because of its 

resistance to wear, its ability to maintain a high polish and its 

reluctance to pick-up; it also reduces the variation in friction to 

a minimum for most workpiece metals. Normally, in the laboratory by 

comparison with the industry, relatively few tubes are drawn for 

experimental purposes and therefore, the use of tungsten carbide is 

rarely warranted. Tool steel (ARNE) is readily available, is less 

expensive, and it is cheaper to machine to the different die shapes 

compared with tungsten carbide. 

A die insert of alloy steel was shrink fitted into a bolster 

of EN24, The three dies (mechanical drawings shown in Appendix 

A-10.2) were manufactured by Aston Services Ltd. 

4.4. MATERIAL OF ROUND STOCK USED IN THE TESTS 

4.4.1 Selection of the tubing 

Mild steel was selected as the appropriate material for the tubes. 

The choice is in line with the previous research on the mechanics of 

drawing polygonal bars from round and the drawing of polygonal tube 

from round on the corresponding polygonal plug. Therefore, for 

comparisons to be drawn, mild steel was again selected as the 

experimental metal. 

Mild steel has excellent workability, a relatively low work 

hardening rate and is widely used since it is relatively inexpensive. 

Another factor is that if expensive low strength non-ferrous material 

had been selected, large diameter tube would have been necessary to 

operate the drawbench under reasonable loads. High strength non- 

ferrous material has the drawback of not being able to withstand 

large strains, i.e. large reductions of area. 
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The constituent elements of the mild steel for the tubing are 

given in Appendix A-3.1. 

In selecting the sizes of the tubes for the experimental 

investigations, the geometrical dimensions of the outgoing stock 

were fixed. The major diagonal of the polygonal tube Ho was fixed 

at 1 inch and close pass drawing was used in the calculations. Using 

the geometrical relations of the cross-sections at the entry and the 

exit to the die given in Appendix A-1, the reduction of area can be 

expressed thus: 

(tH *{ SPARAM - > a2)” } 
ha ns a (4.28) 

7 {2/(t4/2,) : \ 

SPARAM is the geometrical factor for the outgoing polygonal section, 

Ny cos8.sinB/4 

HL is the diagonal length of the polygon and 

« is a factor expressing the maximum wall thickness in terms of 

the diagonal length. 

A range of tubes in commercial catalogues was selected and a 

table of the gauge (tt) against the outside diameter @,) was drawn 

for each polygonal section showing the reduction of area. Other 

information readily available was the cross-section area of the tube, 

the internal diameter, the thickness of the wall along the diagonal 

of the drawn section, and the ratio of the gauge to the outside 

diameter GP) See Appendix A-2. 

To minimise the number of tube sizes in the tests, graphs of 

the number of sides of the polygon (N,) versus the reduction of area 

were drawn. A family of t,/D, curves for a fixed outside diameter of 

lin, 11/16 in, 11/8 in, 1 3/16 in and 1 1/4 in are shown in Appendix 

(p. A8) 
A-2. The tensile yield stress eventually limits the reduction of area 

A 
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per pass. In practice it is not usual to draw tubes with over 50% 

reduction of area. Therefore, this criterion was used to reduce the 

number of tube sizes required. It was noted that in order to draw 

square sections at a reasonably low reduction of area, thick walled 

tubing would be required. However, for economic reasons, only those 

sizes readily in stock were used in the experiments (Table A-3.1 on 

page A10). Consequently, to obtain feasible reductions of area for 

some sections, for example the square and the hexagon, some amount of 

sink was anticipated. 

One batch of tubes for the preliminary tests was obtained from 

'Lebas Tube Ltd'. The seamless tubes specifically ordered for 

drawing experiments were cold drawn, pickled and limed before 

delivery. The tubes were cut into lengths of 44 feet and labelled. 

The second batch of tubes, mainly from 'British and General Tube 

Co.Ltd.* was delivered as drawn, cut into short lengths of 24 to 3 ft, 

labelled and separate arrangements made for annealing and swaging. 

One set of tubes for the drawing of square sections was swaged 

to a 0.69 in diameter for a length of 8 in; the other batch used for 

the drawing of hexagonal, octagonal, decagonal and round sections were 

push-pointed to a 0.85 in diameter for a length of 8 in. The swaging 

of the thin walled tubes was carried out on the Denison testing 

machine; a die specially designed for this purpose is shown on 

page A167. 
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4.4.2 The stress-strain relationship of the tube material 

The power law oO = oe expressing the true stress-strain 

relation of the tubular material (79, 80) can be re-written: 

in(o) = 1n(9,) +n In(€) (4.29) 

From the tension tests, if the graph of 1n(0) vs 1n(€) is 

plotted and the initial 5% plastic strain disregarded as non- 

representative, a reasonably straight line is obtained. The slope 

of the line gives the strain hardening exponent 'n' which is 

numerically equal to the plastic instability strain; the value of oe 

is obtained by extrapolating the same line to intersect the stress 

axis at unit strain. 

The uniaxial stress-strain tests were carried out on full 

sections of the tube. The tubular specimens, plugged at the ends, 

were gripped between the jaws of the Denison testing machine. The 

Baldwin extensometer was used together with the Denison chart 

servomechanism for the plotting of a load-elongation diagram. The 

true stress-strain curve of the mild steel for the tubing, reproduced 

from equation (4.29), is shown in figure 4.3. These curves are 

extrapolated from strain values of 0-1. 

4.5 Plugs 

Close pass occurs when there is no sink on to the plug. Thus the 

plug must fit the bore prior to drawing. However, in practice it is 

difficult to obtain a close fit between the tube and the plug. 

A reduction in the outer diameter following sinking will produce a 

condition of close pass in the deforming zone of the tool. 

From the table of selected tubes, a set of nine plugs was 

designed for the nominal diameters of 3/4 in, 11/16 in, 5/8 in, 

9/16 in, 1/2 in, 7/16 in, 3/8 in, 5/16 in and 1/4 in. The nominal 
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diameters were ground to a 0.005 in to 0.010 in clearance. 

As a first attempt, plugs of nominal diameters 1/2 in, 9/16 

in, 5/8 in, 11/16 in, and 3/4 in were manufactured from Sverker 3. 

This is a high carbon chromium alloy tool steel with tungsten, 

recommended for applications demanding maximum wear resistance, and 

hence little variation of the coefficient of friction. The plugs 

were heat treated to 64 RC, ground and lapped in the Departmental 

workshop. The lengths of the plugs were such that their positions 

in the die could be adjusted to protrude by 1/8 in at the exit plane 

and not less than 1/8 in at the entry for the range of tube sizes 

under investigation. The 1/2 in diameter plug was made exceptionally 

longer to satisfy the above conditions when drawing with the split 

rotating die. A silver steel sleeve was soldered onto the end of 

a 3/8 in diameter high speed steel rod to hold the plugs. The plugs 

with 3/8 in clearance bore slid through the bar from the opposite 

end. The plug backstop and the plugs are shown in Appendix A-17, 

page Al68. This plug bar arrangement failed to draw the higher 

reductions of area; the plug force was higher than expected and at 

the loads the plug bar material, high speed steel is notch sensitive. 

As a result of this experience, all the plugs were manufactured 

integral with the bars and were ground to size (see Appendix A-17, 

page A169). The plug ends were heat treated to the appropriate 

hardness to resist wear and attain high compressive strength. 

The special plug backstop designed to withstand about 5 tonf, 

facilitated the adjustment of the plug position in the die. 
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4.6 LUBRICANTS 

The lubricant to be used in tube drawing is expected to meet 

favourably the following conditions: 

must generally separate the surfaces; 

must provide low coefficient of friction; 

must generally be non-corrosive and non-toxic; 

must not breakdown at the stress and the localised 

temperatures; 

must generally be readily removed; and 

must not be abrasive. 

The drawing oil. TD50, which is widely used in industry in 

arduous conditions had been used successfully in the investigations 

of drawing polygonal sections from round bar, and has therefore been 

adopted fanebe drawing. The effectiveness of soap and oil 717 as 
N 

lubricants in the drawing of polygonal sections directly from round stock 

had been extensively reported (2). 
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5.1 INTRODUCTION 

The following quantities were measured on the "Brookes" bench: 

(i) the draw force 

(ii) the plug force 

(iii) the draw speed 

(iv) the axial thrust on the rotating conical die 

(v) the drag force on the die inserts and 

(vi) the rotational speed of the conical die. 

been 
The following quantities were to have measured on the "Sheffield" 

aeeyen che 

(i) the draw force 

(ii) the plug force 

(iii) the draw speed and 

(vi) the axial thrust on the die. 

Some of the above quantities were not directly involved in 

the calculations of the results for the direct drawing of polygonal 

tubes from round stock. However, to be able to compare results, it 

was important to keep these quantities fixed throughout the experiments. 

For example, in the split rotating die experiment, the rotational speed 

of the conical die had no direct effect on the balance of forces in the 

axial direction, but the frictional force changed at different speeds; 

. Footnote 

The load and draw speed transducers on the two benches. were 

similar; however, the instruments on the "Sheffield" rig were not 

calibrated and the entire experimental work was performed on the 

operating ‘Brookes’ Drawbench (see Appendix A-16). 
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the generated heat affected the viscosity of the lubricant. 

Therefore, by keeping the record of the rotational speed the 

general effect could be estimated. 

Although it was envisaged that the measurement of the 

different drawing parameters would be made essentially under steady 

conditions, the data recording was continuous. An ultra-violet 

beam recorder with d.c. transducers was used, and continuously 

screened cables avoided the cross-coupling effect. The ten-turn 

wirewound resistors with good temperature stability provided 

smooth variation and ensured accurate control of the null balance. 

The bridge circuit of each transducer consisted of a set of 

metal foil strain gauges from the same batch. However, owing to 

the built-in inequality on resistance or the tolerance, a 

trimming resistance was generally essential for the initial bridge 

balance. 

A high degree of repeatability and accuracy is required in 

measuring drawing parameters in order that a reliable comparison 

of experimental and theoretical solutions can be made. The testing 

machines used in the calibration of the load transducers had been 

maintained according to B.S. 1610: 1964 ('load verification of 

testing machines') and B.S. 5781: 1979 (‘specification for measurement 

and calibration systems'). 

The load cell at the tag holder and the cup load cell of the 

split rotating die rig had foil gauges for the measurement of 

torques in addition to the axial loads. However, calibration of the 

torque transducer was not carried out in each case. 

The calibration curves of the load transducers are given in 

Appendix A-7. 
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5.2 THE FORCE/TORQUE TRANSDUCER AT THE TAG HOLDER 

The combined load cell of the rod type installed on the bench 

measured the draw force and the rotational torque on the tag when 

determining the mean coefficient of friction using the split 

rotating die rig. The bridge circuit for the transducer is given 

in Figure 5.1. 

Calibration of the load cell under the direct tensile load was 

done on a 50 tonf range of the "Denison" testing hydraulic machine. 

Special adaptors, shown on pages A161, A162 and A163, were required. 

Readings were taken for both the increasing and decreasing load. 

The calibration curve is shown in Figure A-7.1. 

5.3 THE PLUG FORCE TRANSDUCER 

The bridge circuit for the transducer is shown in Figure 5.2. 

The output signal of the torque bridge passed through a 'SGA 300 KAP' 

amplifier. This type of amplifier with zero setting device provided 

a bridge supply voltage which was virtually independent of the source. 

In addition the device had potentiometers for zero, span and bridge 

supply voltage adjustments. 

The load transducer was calibrated under the compressive force 

on the "Denison" hydraulic testing machine for both an increasing and 

a decreasing load. The calibration curve is given in Figure 4-7.2. 

5.4 THE AXIAL FORCE TRANSDUCER - THE RING TYPE 

The die load cell, described in Section A-16.3.2.1.3 

and the load cell for the measurement of the axial thrust on the 

conical die of the split rotating die rig (described in 

Appendix A-12), were formed from a continuous ring which strained 

in terms of bending and torsion when subjected to an axial thrust. 
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The bending stress and the strain distribution were derived in 

Ref (2). 

The active strain gauges were bonded in positions of maximum 

bending moment derived from the stress analysis. Dummy gauges 

were bonded also on both the outside and the inside surfaces of the 

ring in positions of zero bending moment. The dummy gauges compensated 

for both the temperature and the residual bending strains. The 

arrangement of the gauges as shown in Figure 5.3, compensated for 

the offset loading. 

The load cell was calibrated under the direct compressive 

force on the "Denison" testing machine. Readings were taken for 

both an increasing and a decreasing load. The calibration curve 

for the transducer is given in Figure A-7.3. 

5.5 THE CUP LOAD CELL - THE FORCE/TORQUE TRANSDUCER 

The cup load cell of the split rotating die rig was designed to 

measure the drag force on the die inserts and the rotational torque 

(see Appendix A-12). The bridge circuits for this combined force/ 

torque transducer are shown in Figure 5.4. 

The calibration of the axial force bridge was carried out 

under the compressive load on the "Denison" testing machine. 

5.6 DRAW SPEED MEASUREMENT 

The control valve on the "Brookes" drawbench was calibrated 

coarsely and for a more accurate speed check, a manual speed 

calibration was found to be adequate, since the draw load is not 

critically dependent on the draw speed. Two marks were made on the 

drawbench at a known distance apart. The time taken to travel this 
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distance was measured using a stop-watch. The mean speed was 

calculated and checked against the dial value on the control valve. 

5.7 ROTATIONAL SPEED MEASUREMENT 

The speed of the conical die installed in the split rotating 

die rig was measured through the tachogenerator arrangement shown 

in Figure 5.5. The drive of the tachogenerator was provided by the 

output shaft of the variable speed driving unit while the drive for 

the conical die was provided by the reduction gear unit (see Plate 

A-12.2). 

The calibration of the rotational speed transducer was carried 

out on the drawbench. The speed of the output shaft of the gear 

reduction unit was derived using a stop-watch and a circular plate 

rotating together with the shaft. The dial reading of the variable 

speed belt drive was noted and the corresponding deflexion of the 

galvanometer of the tachogenerator circuit was recorded on the U-V 

chart. A reproducible deflexion-speed curve was obtained as shown 

in Figure A-7.5. 
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c. EXPERIMENTAL PROCEDURE 

Before the start of the experiments the instruments were allowed 

to warm up for about one hour. The supply voltage was set at the 

appropriate value of 6.5 or 9.5 volts and checked periodically against 

a digital voltmeter. The bridge circuits were balanced. 

The tubing was examined visually; the external and the internal 

surfaces were cleaned with 'Inhibisol' to remove the grease and any 

abrasive particles. The tubular specimen was allowed to dry, inclined 

at an angle, and some of the lubricant TD 50 poured into the bore. 

To ensure effective lubrication, the tube was rotated continuously 

when applying the oil. The outside of the tube was brushed with oil 

so as to leave an excess coat of the lubricant at the die entry. 

The plug bar length was adjusted such that the plug end just 

protruded by about 1/16 inch beyond the throat when the die was in 

position. The tagged end of the drawing tube was gripped by the 

wedge-shaped jaw of the dog assembly before inserting the plug. 

The drawn tube was allowed to cool, examined for defects, measured 

and labelled. The information recorded immediately after each drawing 

test included the specification of the die, the input stock dimensions, 

the plug size, the reduction of area, the draw speed, the date and the 

number of the test, brief notes on the quality of the drawn product in 

the light of the conditions of the die and the plug, etc. The records 

proved invaluable later in the project for reference and identification 

of the product. 

The drawn tube was sawn into lengths appropriate for tensile tests 

to determine the mean flow stress. The tensile tests were carried out 

on the polygonal tube sections gripped between the jaws of the "Denison' 
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hydraulic testing machine. Short lengths of mild steel bars machined 

to the size of the tube bore plugged the ends of the test specimen. 

In some tests, in order to investigate the transition zone from 

round to the polygonal tube, the drawing was stopped leaving about six 

inches of the tube undrawn. Most of the drawn tube was sawn off leaving 

a length of about four inches. The abrasive edge was filed off and the 

piece cleaned. Before retracting it from the die, the lubricant was 

applied generously to the drawn tube to reduce the die wear and facili- 

tate extraction. Finally, the plug was knocked out of the tube. 

In the measurement of the mean coefficient of friction and the 

mean die pressure using the split rotating die, the tubing was prepared 

as described in paragraph 2. The conical die and the die tips were 

cleaned, dried and lubricated using the same oil as that in the other 

tests. As in the previous tests, the position of the plug with respect 

to the die exit plane was adjusted to project by about 1/16 inch. 

The tube was drawn for a short length before the rotary drive was 

switched on while the drawing continued. Different rotor speeds 

could be set by drawing and stopping at intervals of one foot. Before 

the end of the undrawn tube was reached, the rotary drive was switched 

off and the drawing stopped. The die inserts were easily removed from 

the casing of the rotating rig. 
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Variation of apparent strain and the equivalent 
strain components with reduction of area in the 
drawing of square tube directly from round stock 

on a cylindrical plug. 
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Equivalent die semi-angle a, (degrees) 

Variation of the mean draw stress with the die 

semi-angle and coefficient of friction for the 

upper and lower bound solutions in the drawing 

of hexagonal tube directly from round. 
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upper and lower bound solutions in the drawing 
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Fig. 7.31 

Equivalent die semi-angle a, (degrees) 

Variation of the mean draw stress with the die 

semi-angle and coefficient of friction for the 

upper and lower bound solutions in the drawing 

of round tube directly from round. 
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decagonal and round tube directly from round on 

a cylindrical plug. 

  

  

               



 



8.1 INTRODUCTION 

The results of the investigation of drawing polygonal tube from 

round stock on a cylindrical plug are discussed under three main 

headings, namely: 

(i) theoretical results 

(ii) experimental results, and 

(iii) other observations. 

The theoretical account deals with the effect of the following 

parameters on the drawing processes: 

draw force 

mean pressure 

mean coefficient of friction 

limitation of achievable reduction of area, and 

equivalent die semi-angle. 

Further, the upper bound solution facilitated the design of an optimal 

tube drawing die to give a superior drawn section and dissipate the 

least amount of work in the forming process. 

The experimental part of the project provided data to establish the 

accuracy and reliability of the adopted theoretical method of analysis. 

In addition, this section of the project evaluated the drawing process 

as a basis for industrial application. It was pointed out in 

Chapters 3 and 4 that the transformation of a round tube in a single 

die to form a polygonal section with the bore remaining circular can 

take various shapes. Preliminary tests were carried out on the 

available section rod drawing dies (see Table A-11.1 on page A113) 

to select a geometrical die passage which produced a polygonal tube 

with sharp corners whilst dissipating the least amount of energy to 

effect the deformation. On the basis of the theoretical analysis, 

dies of this optimal profile were manufactured for the tube drawing 
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processes. 

The last section of the Chapter discusses formation of pick up, 

tensile failure and effects of excessive deviation from the close 

pass drawing on the quality of the output section. 

8.2. THEORETICAL RESULTS 

8.2.1 Introduction 

The theoretical analysis of drawing a regular polygonal tube 

directly from round with the bore remaining the same resulted in 

expressions which were solved numerically using a computer. The 

two solutions, the lower and the upper bound, predict the draw 

loads to within reasonable limits of the experimental values. 

Further, the optimisation of the die design using the developed 

upper bound solution was achieved satisfactorily. 

8.2.2 Upper bound 

The upper bound solution was obtained from a velocity field 

that minimizes the energy to effect the deformation and incorporates 

an apparent strain method to include Coulomb friction. The velocity 

pattern was developed by conformal mapping of triangular elements 

from entry plane to the positions at the exit plane. Therefore, the 

solution accounts for the mode of deformation. 

Figures 7.1, 7.9, 7.17, 7.25 and 7.31 show the variation of the 

total draw stress against the equivalent die semi-angle poe 

predicted by the upper bound solution and the lower bound solution. 

As expected the value of the draw stress from the upper bound is 

higher compared with that from the lower bound solution. The lower 

bound solution neglects the redundant work whilst the upper bound 

solution accounts for the work of shear at both the entry and exit to 

the deformation zone together with the relative shearing within the 
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metal. 

The results of the upper and the lower bound solutions for a given 

area reduction were plotted for a range of mean coefficients of 

friction. Each of the curves for the upper bound solution exhibits a 

minimum value of the draw load. This is explained by the variation in 

magnitude of the redundant and frictional work components with the die 

semi-angle. The friction work increases with decreasing die semi- 

angle due to the larger contact area on the shallower die; on the 

other hand increasing the die semi-angle to reduce the contact area 

increases the redundant work. As seen. in the same diagrams (e.g. 

Figure 7.1), the optimum equivalent die semi-angle increases with 

increasing value of the mean coefficient of friction. It is apparent 

that increasing the mean coefficient of friction causes a higher total 

draw stress. This higher total draw stress produced by the increase 

in friction may be minimized by reducing the contact length of the 

die, i.e. increasing the die semi-angle. 

Figures 7.5, 7.13, 7.21, 7.29 and 7.35 show that the redundant 

strain decreases and the frictional strain component increases with 

the increase in reduction of area for a given value of the mean 

coefficient of friction. For a given tube outer diameter increasing 

the bore size increases the plug-tube contact area which increases the 

friction component. The redundant work decreases with increase in 

reduction of area because of the shallower depth of shear planes at 

the exit and entry to the deformation zone. Although the upper bound 

solution gives overall results which approximate quite closely to the 

experimental values, it should be treated with caution when analysing 

the individual components since these will change quantitatively with 

the selected velocity field. However, this statement should not 

render the variation of the strain components with reduction of area 

ineffective. 
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Figures 7.2, 7.10, 7.18, 7.26 and 7.32 show the variation of the 

optimal die semi-angle with the reduction of area for a mean 

coefficient of friction, y = 0.06. In close pass drawing a change in 

reduction of area is brought about by altering the bore size or the 

die size or both for a given tubing outer diameter. In this thesis, 

the diagonal length of the section dies was standardized at 1 inch; 

therefore, changes of area reductions were achieved by changing the 

bore size for any given tube stock. Hence an increase in reduction of 

area causes a larger plug contact area which increases friction. In 

order to balance the increase in friction it is generally expected 

that the contact length of the die-tube interface would be reduced, 

i.e. an increase in the die semi-angle. However, this increase in 

the die semi-angle is distinctively evident at high reductions of 

area where the increased frictional strain component is markedly high. 

Also in the case of square section where the outer diameter of the 

input stock equals the diagonal length of the die and the work of 

shear is proportionally high, the change in the die semi-angle with 

increased reduction of area is fairly slight (see Figure 7.2). 

8.2.3 Lower bound 

The lower bound analysis was based on the equilibrium of forces of 

an elemental slug of the material undergoing plastic deformation; it led 

to the formulation of the differential equation (3.82) involving the 

stress system produced and the physical configuration. The method does 

not however, take into account, an increase in the drawing stress 

produced by the onset of redundant shearing and as a result it under- 

estimates the magnitude of the draw forces especially at large 

equivalent die semi-angles where the redundant work is at its greatest. 

The draw load obtained by the integration of the basic differential 

equation (3.82) can be shown, for the case of NG =<, to comprise 
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approximately of a constant term and a second term which incorporates 

the mean coefficient of friction and the die semi-angle. The latter 

originates from the integration of the frictional force at the tool- 

workpiece interfaces and apparently decreases with die semi-angle 

(i.e. shorter contact lengths). The former term represents the 

homogeneous component which is virtually a constant for a given 

reduction of area. (At low values of die semi-angles the lower bound solutions 

exceed the upper bound values and it is realized that this is inadmissible.) 
Although the lower bound analysis over-simplifies the mechanics 

of the process by ignoring the effect of the pattern of flow, the 

analysis involved is usually straightforward and forms an important 

conjugate in the upper bound analysis. In general, as shown in 

Figures 7.3, 7.11, 7.19, 7.27 and 7.33, the draw stress of the lower 

bound solution rises rapidly at higher reductions of area where the 

friction component has the greatest effect. 

8.2.4 Limitation of achievable reduction of area 

The upper limit of the possible reduction of area can be read 

directly from the upper bound solution of drawing a polygonal tube 

from round on a cylindrical plug, since the draw stress cannot exceed 

the mean yield stress of the drawn metal. 

Unlike the situation of axisymmetric drawing on a cylindrical 

plug (i.e. close pass drawing), there is a minimum reduction of area, 

for a given tube outer diameter, in the direct drawing of section 

tube. In the polygonal tube drawing on a plug, the material cannot 

expand laterally (to fill up the corners) and therefore the diagonal 

of the drawn tube is smaller than or at its greatest equal to the 

outer diameter of the input stock. This is illustrated below thus: 

In case of polygonal tube drawing from a stock of outer diameter 

H -A (8.1)



Area at exit, 4, = 

a” 

= a =A (8.2) 
2 Pp H2 

eA 

Therefore, reduction of area Se (8.3) 

rae -A 
4a Pp 

Using a solid bar as a limiting case of a tube then =o = 0, and the 

minimum allowable reduction of area for the 'tubing' becomes: 

'r' = 36.34% 

The limiting reductions of area, based on geometry, for other 

sections are given in Figure A-2.1 together with a family of curves 

for a range of ty: where the outer diameter of the input stock 

equals the diagonal length of the section die. 

8.2.5 Mean pressure 

Figures 7.4, 7.12, 7.20, 7.28 and 7.34 show the variation of the 

mean die pressure with the reduction of area for a range of mean 

coefficients of friction. The die pressure predicted by either the 

upper or the lower bound solution decreases with increase in 

reduction of area and the value of the mean coefficient of friction 

for a given draw section if The variation of the mean pressure with 

friction can be illustrated by considering the Tresca's yield 

criterion which expresses the pressure at exit to the die in 

terms of the draw stress and the mean yield stress, i.e: 

ee +pe Yo (8.4) 

For a given reduction of area, the draw stress Ore is always greater 

at higher values of coefficient of friction because of the larger 

friction component. For example: 

t 
Please see page 155a for a continuation of the discussion. 
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oe > oF (8.5) 
yu=0.03 “* =0 02 

Using equation (8.4), the above relation becomes: 

Y = s |e yp (8.6) 
u=0.03 u=0.02 

But = is a constant for the same reduction of area: 

the above inequality becomes: 

/s ate 
Puzo.o3” ~P 

  

or: 

< P=0.03° P y=0.02 ce 

8.3 EXPERIMENTAL RESULTS 

8.3.1 Introduction 

The main objective of the experimental part of the project was to 

correlate the theoretical predictions with the actual data. The 

performance of different geometrical shapes of draw dies including those 

employed in conventional industrial processes (see Plates 8.1 and 8.2) 

was evaluated in order to find a die profile to produce a successful 

draw with minimum draw force. Using this ideal geometrical shape, 

further three dies for the hexagon, octagon and the square were 

manufactured for tube drawing to establish the reliability of the 

predictions from the theory. 

The other parameter affecting the draw load and the mean pressure 

is the mean coefficient of friction which was determined experimentally 

using the split rotating die rig. The semi-analytical method, 

developed in Chapter 4 to determine the mean coefficient of friction 

from the estimated redundant work in the drawing process and the 

application of the apparent strain analysis, produced results which 

compared well with the directly measured values. However, the values 
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ef the mean die pressure were lower than those predicted by either 

the upper or the lower bound solutions. 

8.3.2 Draw force 

The theoretical and experimental results are tabulated in 

Appendices A-4 and A-5. A sample of the theoretical data is compared 

with that obtained from experiments in Table 8.1. The upper bound over- 

estimates the experimental values by an average of 11.34%, 9.64% and 

8.65% for the hexagonal, octagonal and decagonal tubes respectively. 

Figures 7.6, 7.14, 7,22, 7.30 and 7,36 show a more general comparison 

of the measured and calculated values of the mean draw stress for the 

various polygonal sections and a range of reductions of area. 

The theory was developed for a close pass drawing. However, in 

practice a small amount of sink is unavoidable in the early stages of 

the draw (in this thesis the range of tubes available to give the 

desired range of reductions of area was limited especially for the 

square and the hexagon); and to counteract the effect of the 

proportion of sink present in different reductions of area, the draw 

load was expressed as a ratio of the mean yield stress of the drawn 

metal. This technique also has a slight advantage of minimizing the 

influence of the initial yield stress of the undrawn tube on the 

results. The geometrical shape of the deformation zone changes for 

some die shapes when tubing outer diameter is different from that used 

in the design; this is associated with increased level of redundancy. 

The experimental and theoretical draw loads are plotted together 

in Figures 7.3, 7.11, 7.19, 7.27 and 7.33. As shown in these figures 

the upper bound tends to give a better estimation of the total draw 

loads at high reductions of area. In close pass drawing, low 

reductions of area were obtained from thick-walled tubing where the 

stock outer diameter approaches that of the diagonal length of the
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Table 8.1 Comparison 
from round 

between the measured and calculated draw loads in the drawing of polygonal tubes directly 

stock on a cylindrical plug 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

                      
  

Tube o.d.(in)} Test Tube section Die [Equivalent] Reduction Mean draw strgss D) neo ™ act 

x number die semi-| of area** Oza (tonf in) oe ——x100 

gauge (in) angie Cee) Ce) Theoretical |Experimental act 
degree 9) ») 

gree) ‘ theo u actual (%) 

11/8 x} 107 hexagon GWB 8 41.75 41.9386 3758561 11.34 
{1.0222} - = 

44.7000 38.5130 16 .00 
11/8 x 3/16 078 octagon 8WB 8 51.95 11.0781} 10.9475} 113.88} 

44.8384 41.4832 8.09 
ie ote P. : gS x28) ee ge a oy qi eyes {2.0808} {0.9351} {15.58} 

36,4959 34,8106 4.84 
11/8 * ntae : 

fox 8 Oe ee mes ie fa {o.9145} {0.8230} {16.00} 
40.1880 36.4340 10.34 

1 1/8 x 3/16 066 decagon 10QB c 46.95 {0.9889} {0.8694} {13.74} 

34.4829 32.2413 6.95 
is <4 016* decagon 109B 7 37.73 10.8734) fo. 8143} {7.27} 

32.6882 25.8447 26.50 
Lal 3/16 062 d oo 37.78 = (Bes eh a Z a {0.8363} {0.6641} {25.92} 

ty denotes the stress expressed as a ratio of the yield stress and the corresponding % over-estimate of 

the actual value 

test number with asterisk denotes first batch of tubes (Appendix A-3.2) 

reduction of area in the actual experiment is slightly lower 
the tag broke and the load is therefore an instantaneous value 

 



section die. As shown in Figures 7.5, 7.13, 7.21, 7.29 and 7.35, the 

relative shearing of the metal in the deformation zone and at the 

entry and exit shear surfaces contributed considerably to the total 

work at low reductions of area. It is thought that an improved 

velocity pattern would be needed by finer triangular network during 

conformal mapping. However, this would be accomplished at the expense 

of increased computer time (the time for 282 elemental triangles was 

1500 m.u). 

The reiiability of the experimental results is indubitable since 

they were obtained with reliable instruments calibrated under the 

standard methods together with standard material heat treated 

purposely for the experiments. Any major discrepancy would therefore 

be attributed to the theoretical analysis. The upper and the lower 

bound solutions were built up on several assumptions to simplify the 

complex analytical expressions in the application of the energy method 

and in incorporating the apparent strain method to include Coulomb 

friction. In the analysis, an equivalent circular mode on the external 

surfaces was introduced which is not the true shape of the deformation 

zone. However, the shape factors f(s) and R(s) (equations 3.34 and 

3.44) accounted for the actual shape of the output section tube in the 

case of the internal work of deformation and the redundant work at the 

entry and exit shear surfaces respectively. The friction work 

factor 1, (equation 3.56) required the integration of the elemental 

surface velocities which was beyond the scope of the research. 

Another assumption that was used in both solutions is the close pass 

drawing, whereas in practice there is always some amount of draft. 

As was expected the experimental data are enveloped by the upper 

and the lower bound solutions and thus indicates the reliability of 

two solutions developed for predicting the draw loads. It was brought 
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out in the last paragraph that the main weakness in the developed 

upper bound solution is that it does not embody the actual identity 

of the shape of the deformation zone. However, the overall agreement 

of the theoretical and experimental values proves the validity of 

the adopted theory in the analysis of polygonal tube drawing 

directly from round stock on a cylindrical plug. 

The total draw force versus the reduction of area for different 

shapes of section tubes is shown in Figure 7.37. For a given 

reduction of area, the square section exhibits the highest draw 

stress followed by the hexagonal tube. However, as the number of 

sides of the drawn section increases (i.e. the octagon, decagon and 

round) the observed trend is not consistent over the entire range of 

area reductions. It does not generally follow that for a given 

reduction of area, the section with the fewer number of sides 

experiences a draw stress higher than that of the following section 

with higher number of sides or vice versa. The non-consistent pattern 

could be explained by the variation of the redundant work and 

frictional work components with reduction of area for the different 

shapes of tubes. By changing the tubing outer diameter, piug size or 

both, it is possible to draw a tube section of sides No G42) with a 

reduction of area equal to that of a section with less number of 

sizes n,Q). In the situation where the bore size is kept constant, 

the reduction of area can be varied by changing the outer diameter 

of the input tube and the method becomes analogous to that of the solid 

bar drawing (ref (2)). Table 8.2 gives the areas of the die-stock 

interfaces for a series of stock outer diameters calculated for an 

elliptical plane surface die. It shows that for a given reduction 

of area, the die-workpiece contact surface of a section NG) is less 

than that for the corresponding section with higher number of sides 

N G42). In case of a solid section it would be argued that increased 
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Table 8.2 Comparison of areas of the elliptical die-workpiece 

interface for the different shapes of sections 

under the same reduction of area 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

        

Ng(i) section Ng(i+2) section 
Reduction of a ae é 

(Corresponding stoc area : 
(4) (Stock o.d.(in)) o.d. (in)) 

{die-workpiece surface {die-workpiece surface 
| area (in?)} area (in“)} 
I square hexagon 

36.34 Cy (1.1397) 

{2.5069} {3.1190} 
square hexagon 

43.61 (1 1/16) (1.2110) 

{3.3832} {4.2201} 

hexagon octagon 

17.30 qd) (1.0434) 

{1.1503} {1.2331} 
octagon decagon 

9.97 ql) (1.0193) 

{0.6547} 0.6743} 
octagon decagon 

euce8 (1_ 1/16) (1.0830) 

{14955} {1.5436} 
decagon round 

26.09 (1_1/8) (1.1632) 

{2.1451} {2.2752} 
decagon round 

17.13 (1 1716) (1.0985) 

{1.2582} {1.3321}         
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friction work for the section with N, (4+2) sides would outweigh the 

higher redundant work at low reductions of area for a section with 

No) sides. In this particular thesis, the reductions of area 

were obtained by varying the outer diameter of the tube, the plug 

diameter or both. The amount of redundant work and the friction work 

components will vary with different t7>, of the input stock even 

though the same reduction of area is involved in the particular 

section. 

8.3.3 Die geometry 

As discussed in section 4.3, die geometry is the factor having 

the greatest effect on the successful drawing of the polygonal tube 

directly from round stock. The geometry embodies the shape of the 

deformation zone and the equivalent die semi-angle. The effect of 

he latter on the drawing process is discussed together with dies 

designed for tube drawing. 

8.3.3.1 The shape of the deformation zone 

The section rod dies used in the tests are shown in Plates 8.1 

and 8.2. The details of their design from the point of view of the 

profile, material and the nomenclature are presented in Appendix A-1l. 

The three additional dies manufactured for tube drawing are also 

displayed in Plates 8.3 and 8.4. Plate 8.3 includes two square 

section dies which burst during the drawing process.t 

A sample of the output sectional tubes from different dies are 

presented in Plates 8.5 to 8.9. The absolute values of the draw 

+ The tube drawing die 4WB burst into bits during its first draw and 

the failure was attributed to the misalignment of the bolster and 

the pellet axes when shrink-fitting. 

The section rod drawing die 4JB disintegrated into four parts when 

experimenting with a steel solid bar of a relatively higher yield 

stress than that expected to be used with the die. 
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loads for the square, hexagonal and octagonal dies are compared in 

Tables 8.3, 8.4 and 8.5 respectively. A further comparison of the 

performance of these dies is made graphically in Figures 7.7 and 7.8 

(square), 7.15 and 7.16 (hexagon) and Figures 7.23 and 7.24 (octagon), 

and numerically in Tables 8.6 and 8.7 for the hexagonal and octagonal 

draw. 

The drawing of a square tube directly from round on a plug proved 

to be the severest of all sections; for any given tube size, the 

material elements suffer the greatest lateral displacement as they 

flow through the deformation zone. A further problem was the high 

reductions of area involved; the feasible reductions of area were 

over 40%. The available thick walled tubing (size 1 in o.d. x 4 in 

gauge) for the square gave reductions of area of 48.45% for the close 

pass draw. Whenever excessive amounts of sink were introduced to 

obtain feasible reductions, various problems were experienced. The 

corner sharpness of the drawn polygon was inferior.tt The pre-sunk 

bore might not form back to round, which was especially noticeable 

when the outer diameter of input stock was nearer or equal to the 

diagonal length of the section die. Where the diameter of the tubing 

was greater than the diagonal of the section die, the increased level 

of sinking which was intimately associated with increased redundant 

work caused the tube breakage at the throat to the die. 

To use a very thick walled tube to obtain lower permissible 

reductions of area (i.e. almost a solid bar) would introduce a further 

problem commonly found in fixed plug drawing, i.e. chatter. The 

++ Corner sharpness may be defined as of that section which 

completely filled the drawing die. However, some roundness 

of the output section was inevitable in most cases when the 

number of sides equals 4 or 6 and the word 'sharpness' was 

coined for comparative purpose. 
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Table 8.3 Comparison of the measured draw and plug forces from the different square drawing dies 

“ a 8 “ Dea tenint cone) Draw stress, 0,, (tonf Geen) = 
lens oS ° i (Mean yield stress, Y,(tonf in )) 

eagdad 5 a o (Plug force (tonf)) : 
Neda ah a 3 : oO {Draw stress/mean yield stress} 

aoe Titers 3 B ee 2 § Gee 2 Eo a QS ae Die Die Die Die Die Die Die Die 
S283 oa sa 1/30 anon ana 4aKD amc 4GB AHA 4KD AMC 4GB 
Boon aod tod OH oH o 
& Of bo HD ar mo HYH 

== - = = 10,0968 = = = 32.2619 
1 x 3/16 | 0.625 |0.488 [34.61 | - ; 103 (1.5093) 35.1218) 

{0,9186 } 

126;125 |.10.4032 | 8.5968 | 8.7097 9.4355 | 31.2623] 26.3296 | 26.6754 |28 g9R4 
1 x 7/32 | 0.562510.470 |39.19 | 154.499 |(OL-8056)| (1.0833) | (1.3796) | (0.9722) | (35.5142) (26.8306) 31.6713) {29.9333) 

i {o.8972] {0.9813}{0.8423} | {0.9654} 

130;129 | 11.2903 | 9.4355 | 9.2097 9.6772 | 35.8133| 29.9297 | 29.2134 |30 6971 
1 x 7/32 |0.5625/0.485 |41.28 | |... 4, |(1.4815)| (1.38891) (1.2685) | (1.3426) - 31.5646 {29.6035) 

u fo.9255}| {1.0369} 

132, - [42-2581 = 11.7742 | 11.1290 = 36.0612] 35 5672+ 
1x? 0.490 |0.470 |45.29 (1.9599) (2.2222+)| (0.83331) 35.7736 

131,104 i 1.0495 

isa) > eae ante x = 38.7813 =| = = 
Me 2 (1.7940) (38.5334 1 0.490 |0.470 |47.56 : a ~ =e, {1.0064 

+ short length of drawn tube broke (or instantanéous loads) 

Die Shape Remarks 

4HA Pyramidical (radius) Industrial with land 
4aKD Inverted parabolic Section bar drawing 

4MC Triangular Section bar drawing 

4GB Elliptical Section tube drawing         
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Table 8.4 Comparison of the draw loads from the different hexagonal drawing dies 

° -2 
Bo a 4 Draw Force (tonf) Mean yield stress (tonf in —) 
3 2 o S q |(@raw stress oz, (tonf in72)) (Draw stress/mean yield stress) 

g od © 2 H w 8 ~ 6 = 

a x Ee 8 Be 2 §| Die Die Die Die Die Die Die Die 
ole of |wes| 3a PhD 6BA GAA 6NB 6WB 6BA 6AA 6NB 6WB 
aead es Bee oy on o 

asgce Ag ilagcl aes BOK 
a 0.490 |o.485 [22.13 |136; 135 [29-0726 9.6169 8.1720 | 7.3064 29,3285! 30.0165| 29.6414 | 29 5976 

083; 088 |(19.5122) | (20.6925)| (17.5835) (15.7211) (0.6656) (0.6894) | (0.5932) |(0.5312) 
1197118" | 777419 7.8360 7.3185 | 6.3710 29.1403! 29.6398] 29.6219 | 29.2124 

1 x 7/32 0.5625/0.577 |24.41 |084;089 |(79_0767) | (29.3086)| (18.0335) (15.6986 (0.6547) (0.6514) (0.6088)|(0.5374) 

-3- - = 8.5484 | 8.0376 = = 34.7238 135.1014 Z 0.620 |27.4 : 
pee mee 37 |o85;090 (24 .5931)| (23.1237 (0.7082) |(0.6588)_ 
ie 121; 120 8.3266 7.8226 | 7.1048 | 6.6734 | 32.3915 | 30.9460 | 31.3922 - 
(0.177) 0.7085 )0.620 |29.41 |018;044 (3374330) | (22 .5050)|(20.4401)| (19.1981) (0.7395)| (0.7272) | (0.6511) 

1.040 x -;+4 - = 10.2621 | 9.1936 - = 35.3379 135.4403 
0.235 0 O TO Oreo ek uae ie (25 .2866)| (22.6536 (0.7156) (0.6392) 

1 1/16 x 8g i sae = = 8.7634 BEORAR Se | = 31.4409 132 1920. 0.7425 Jo. 37.35 : (0.160) 7485 0-882 086 ; 092 (30.8363)| (28.3769 (0.9808) |(0: 8815) 
1 1/16 x 7g 032 ;031 10.1075I] 9.2645 9.3548 | 8.8710 = - = = 0. ‘ 2.28 ~ (0.176) Feet Or eee 047;059 | (35.5657) (32.5994)| (32.9173) (31.2474)                       
  

+ short length of drawn tube broke (or instantaneous loads) 

  

  

  

  

      Die Shape Remarks 

6BA Pyramidical (straight) Industrial die with land 

6AA Pyramidical (radius) Industrial die with land 

6NB Elliptical Section bar drawing 

6WB Nlliptical Section tube drawine     
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Comparison of the measured draw loads from the different octagonal drawing dies 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

                          
  

  

  

  

  

Table 8.5 

ina a e = Draw force (tonf) Mean yield stress Y 
sano ane u a 3 -21 (tonf, in~2 
ADM oO ao o At ° g (Draw stress, Oz (tonf in ){Draw stress/yield stress) 
a oD £ r er Po a ov a 

85 4 £| oe [3 ou lleuee ase o 26 | 38¢ os. |ase Die Die Die Die Die Die 
Boe x Agi|eectias |svek 8sD 8PB 8wB asp 8PB 8B 

668 - 4.2200 | 4.8387 - 25.5203 |26.3611 
1x}? 0.490 | 0.485 | 12.48 | 974” (8.0786 (9.2631) (0.3166) | (0.3514) 

116; 069] 8.5484| 3.9314 | 4.2338 33.6891 | 24.0575 |26.0606 3 asl O16 we 7 : : 
1B: 1/8218 | 025829) 0-5 ta ee aea lors (18.4455)] 8.4831) {8.1356) | (0.7154) (0.3526) | (0.3506) 

U J -~ ; 070 = 4.7581 |5.1613 = 30.8370 |32.1543 
129/18 4) CPS 20 elie 28 | Eeaed| (076 (11.7425) [12.7376) (0.3808) | (0.3961) 

1.040 x 117; 112] 11.1693 |_6,8952 16,9355 26,2930 | 32.4826 |33.2793 
‘ ; 22 : 0.235 oon ees 02 | 11a (24. 1009)](14. 8782) 14.9652) | (0.7015)| (0.4580(| (0.4497) 

1 1/16 = 3 i 053; 082| 10.2419] 6.1021 [6.6935 = 32.9337 [30.6807 
Tg(O1177)) | CMe chan eam (29.9645)|(17. 4733) | 19.5829 (©5420) | (0.6383) 

= 35071 = 11,2500 |9.8790 = 40.6743 |39.0518 
1 1/8 x 0.750 |0.682 | 38. 4 3/16 8-10 love (32.9137) | (28.9026 (0.8092) | (0.7401) 
11/16 x | 4 748 |0.745 | 40.22 | - ; 079 - 7.7218 |7.1371 -__| 35.1844 |32.8293 

Sere) 077 (28.4733) (26.3173) ko.8093) | (0.8016) 
1178 x 0.750 [0.745 |50.89 | - ; o72 = 11.2500 |10.4516 = 44.4484 [40.6752 

Site 078 41.4832) (38.5391) = (0.9333) | (0.9475) 

; 903 i - - 39.1239 - TL l/Sie Bel O sorloee 055; 028] 12.90321) 11.2097 39.1 
(0.160)* (47.5791)|(41. 3345) (..0565) 
1 1/16 x** : r i 9.3548 6.5726 = = 36.7613 - 
10g(0.128)| 0°806 |0-740 | 26.28 | 054; 010 sa aaaea3. 7256) (0.6454) 

tShort length of drawn stock (or instantaneous loads); ** first batch of tubes 

Die Shape Remarks 

8SD Inverted parabolic Section bar drawing 

BPB Elliptical Section bar drawing 

8BWB Elliptical Section tube drawins         
  

 



resulting thinner plug bar might suffer from severe elastic extension 

and relaxation during the draw and thereby causing a variation in the 

draw load. 

The persistent breakage of tube due to high reductions of area 

involved coupled with the physical limitations mentioned above for 

the square tube drawing, were major drawbacks in establishing a 

conclusive mode of the die passage. Despite these problems, the 

elliptical plane surface square die 4GB produced a series of tubes 

(see Plates 8.5 and 8.8) with relatively ‘sharper' corners than those 

of other geometrical shapes. The measured draw loads were in some 

cases slightly higher than those recorded from either the inverted 

parabolic or the triangular plane surface dies (see Table 8.3). 

The industrial pyramidical die (4HA) successfully drew tubes 

with reductions of area of 47.56%. The die passage formed by 

radiused surfaces has a variable mean equivalent die semi-angle and 

is complicated and tedious to analyse. Unlike other plane surface/ 

conical surface dies, it is harder to machine and therefore, too 

expensive for research work. The corner 'sharpness' of the tube drawn 

through the industrial die was, however, inferior to that of the 

triangular die for the same reduction of area. 

In general, the other polygonal sections showed the elliptical 

plane surface to be the optimal profile (see Plates 8.6, 8.7 and 

8.9). It produced better cornered sections whilst dissipating the 

least amount of energy under the same draw conditions. The shape 

of the deformation zone of this die provides a gradual change in shape 

and a simultaneous reduction of area; it has a further advantage of 

being easily machined. 
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The inverted parabolic die (8SD) produced the highest draw load 

for the octagonal set of dies. Also this die profile 'D' (conventional 

die for hydrostatic extrusion of section rods) produced the most 

distorted section tube (see 4KD in Plate 8.5). These characteristics 

were due to the sudden change in shape through which the material had 

to undergo and consequently increased redundant work. 

The straight pyramidical die shape 'A' (conventional die for 

symmetric drawing of section rods) was unsuccessful in producing a 

square tube due to the tensile failure (4DA in Plate 8.5). The 

hexagonal dies 6AA and 6BA produced section tubes with relatively 

inferior corners to those exhibited by the draw dies formed by the 

elliptical plane surfaces. Furthermore, the loads were higher than 

those of the elliptical plane surface dies for the same reduction of 

area. 

The triangular die (4MC) produced tubes with corner 'sharpness' 

comparable with those from the elliptical plane surface die (4GB). 

8.3.3.2 The optimal tube drawing dies 

(The. effect of the die semi-angle on the draw loads 

and the quality of the drawn tube) 

Having selected the optimal shape of the deformation zone, the 

other important factor was the optimum die semi-angle oe. The 

effect of this parameter was assessed by designing dies as predicted 

by the upper bound theory for drawing polygonal tubes directly from 

round stock; their performances were compared with those of the 

available section rod drawing dies of the same geometrical shape 

(i.e. elliptical plane surface). The square (4JB), the hexagonal 

(6NB) and the octagonal (8PB) solid section drawing dies were 

designed for an equivalent angle of 7° (it is shown in Appendix A-10 
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that the definition of the equivalent die semi-angle for a solid 

section drawing die is equally applicable to the tube drawing case 

when the bore of the stock remains unchanged). 

It was shown in section 8.2.2 during the discussion of the upper 

pound solution that for a given tube size and a mean coefficient of 

friction, the graph of the total draw load against the equivalent 

die semi-angle has a minimum point. Therefore, for a curve 

corresponding to a mean coefficient of friction obtained experimentally 

or otherwise, the optimum die semi-angle can be interpolated. The die 

semi-angle corresponding to the mean coefficient of friction of 

uu = 0.06 for the square, hexagonal and octagonal curves give an optimal 

die semi-angle of 8° for different reductions of area for each 

particular polygon. The same equivalent die semi-angle was maintained 

so as to be able to compare results from different draw sections. The 

outer diameter of the input stock used in the design of the solid 

section dies for the individual polygon was retained. 

The square die 4JB (see Plate 8.3) was not available during the 

final tests with the last batch of tubes which was specially heat 

treated for tube drawing experiments. The die designed for the 

Square draw (4GB) did not perform as expected and one major aspect 

contributing to this failure is the lack of thick-walled tubes to 

give low and feasible reductions of area. 

The results of the hexagonal dies 6NB and 6WB are compared in 

Table 8.6. In general, the optimal tube drawing die (6WB) showed a 

marked improvement of 5% to 13% reduction in draw stress for area 

reductions ranging from 22.13% to 42.28%. The drawn tubes are 

displayed in Plates 8.6 and 8.9 and they indicate clearly an 

improvement in the surface finish and the corner 'sharpness' (the 

hexagonal die 6NB made from tool steel had been used in the previous 
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Table 8.6 The effect of the equivalent die semi-angle on the draw loads for the hexagonal die of elliptical profile. 

o & o Yo me 0 PY o 4 a Draw force (tonf) Mean yield stress @.). te) Sza » 

£2 ° 8 oH (Draw stress, 0, Wm, (tonf in-2) Sra np Cxa WB 155 “Ym xB 
Roa a ake Blea Ss (tonf _in=?)) Draw stress/Ym ) 8 
aD 3 ® Py “A BS 50 (0) NB ey 
a % ge [2 BL | ak Die Die Die Die Yn >) NB 
2 ean «| 8 alice Zales 6NB 6B 6NB 6B x 100 
Soa Add lad OH Ow % % 
BoVL eo lao eg BL 

8.1720 | 7.3064 | 29.6414 | 29.5976 10.59 
1x} 0.490 |0.485 [22.13 (083;088 (17 5935) | 15.7211, | (0.5932) | (0.5312) 10.45 

7.3185 | 6.3710 | 29.6219 | 29.2124 12.95 
1x 7/32 {0.5625 0.557 [24.41 [084;089 (18.0335) |(15.6986)|(0.6088) | (0.5374) 11.73 

8.5484 | 8.0376 | 34.7238 | 35.1015 05.97 1x 3 4 : .37 084,090 0 O/1G Oa eae ; 24.5931) |(23.1237)| (0. 7082) | (0.6588) 6.98 
11/16 x7 ; 7.1048 | 6.6734 [1.3922 = 06.07 ; 
(0.177) ]®-7085 {0-620 9.41 18;044 (55-4401) [c19.1981) (0.6511) - as 

1.040 10.2621 | 9.1935 5.3379 35.4403 10.41 
0.235 {0-570 0.557 81-71 [1153114 {55 oa66) |(a2.6596)(0.7156 _|(0.6392) 10.68 

8.7634 | 8.0645 1.4409 [32.1920 07.97 1 1/16x8g \ ; Bs : 
(0.160) 0.7425 10.682" A7-35 0865082 " Faaveae9 (281 3769)|(019s08)i| (0, 8615) 10.12 

1 1/16x7g P.7085 f.682 42.28 )47;059 9.3548 | 8.8710 & = 05 .07 
(0.176) 32-9173) |(3T. 2476) = 

+ ° Design stock 
Die a. (ola an) Remarks 

6NB 7 1.125 Section bar drawing die (tool steel) 
6WB 8 1.125 Section tube drawing die (tool steel) 

  

  

            
 



research work of rod and tube drawing and suffered from persistent 

formation of pickup). The dimensions of the drawn product across 

flats (A/F) and across corners (A/C)+t agreed fairly well, and 

therefore apart from the severe pickup on the section rod drawing 

die the improvement was attributed confidently to the change in the 

die semi-angle. 

The results of the elliptical plane dies 8PB and 8WB are shown 

in Table 8.7. The optimal tube drawing die showed a remarkable 

improvement in the draw loads especially at high reductions of area. 

However, at low reductions of area (where generally the outer 

diameter of the input stock is less than the die design input stock), 

the results were reversed. The trend could be explained as follows: 

For a given tube size, the shallower die 8PB has increased frictional 

surface; increasing the die angle (8WB) reduces the friction surface 

but has the effect of increased redundant component. It was shown in 

section 8.2.2. that at low reductions of area, the redundant work 

component predominates and therefore in general the shallower die (8PB) 

is better for drawing tubes at low reductions of area than the tube 

drawing die (8WB). 

An improvement of the draw loads of 7% to 12% was recorded for 

the tube drawing die. Plates 8.7 and 8.9 also show an improvement in 

the surface finish and the corner 'sharpness'. When the drawn products 

were compared dimensionally, {t the tubes from the section rod drawing 

+ Mean A/C (in) 6WB : 1.000 6NB : 1.000 
A/F (in) 6WB : 0.870 6NB : 0.870 

tt Mean A/C (in) 8WB : 1.000 8PB : 1.006 
A/F (in) 8WB : 0.930 8PB : 0.950 
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Table 8.7 The effect of the equivalent die semi-angle on the draw loads for the octagonal die of 
elliptical profile 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

                    
  

  

  

  

3 o a 2 a o Draw force (tonf) |Mean yield stress ) (a) 

9 & a {8 3 8 (Draw stress,0, |Ym, (tonf in“) “za’PB ‘"za’WB 

85 & ah a s a (tonf in™”)) ee gireee a) (o 
1 8 so dt oA es oo za’ PB 

pene Bo |2 Bele Die Die Die Die 
Batiaia Bee a Sau eleace 8PB 8WB 8PB 8wB eed a 
Bond xo an an ok oH G 
BOoVw nD a oso ew Y 

-oqa | 4-2200 | 4.8387 [25.5203 |26.3611 {14.66} 
hoes Oneal (8.0786) |(9.2631) | (0.3166) |(0.3514) {10.99} 

3.9314 | 4.2338 |24.0575 |26.0606 fo7.69! 1 x 7/32 0.5625] 0.557 | 13.68 |069;074 [75-1851 lg 3356) 109526) (03506) poate 

4.7581 |5.1618 [30.8370 [32.1543 {08.47} 
1 x 3/16 0.625 | 0.620 | 15.34 |070;075 [(]1_7425)|(2. 7376) | (0.3808) |(0.3961) {04.02} 

1.040 x fe E 6.8952 |6.9355 |32.4826 |33.2793 {oo.58} 
0.235 0.570 | 0.557 | 22.02 | 112;113 (Ty g7@2 (14.9652) | (0.4580) |(0.4497) 01.81 

11/16 x 7g . 6.1021 |6,.6935 132.9337 |30 6807 {11.37} 
(0.177) | 0 7085| 0-682 | 30.58 | 0825081 [717 47335] (19.5820] (0.5421) |(0.6383) {17.74} 
ie = 11.2500 [9.8790 |40.6743 [39.0518 12.19 

ie 0.750 | 0.682 | 38.10 |071;076 [(32.9137)|(28.9026) | (0. 8092) |(0. 7401) 08.54 

11/16 x 7.7218 | 7.1371 _|35.1844 |32.8293 07.52 0.748 | 0.745 | 40.22 9; 
8g % 0793077 Vo. 4733)|(26 . 3173) | (0.8093) |(0. 8016) 00.95 

iis = TT.2500 [0.4516 [44.4484 [40.6752 07.10 
0.750 | 0.745 |50.89 |072;07 3/16 a s 5078 {C41 .4832)|(38.5391) | (0.9333) |(0.9475) {01.52} 

{ } deontes (%) increase of draw load over the section bar drawing die 

o Design stock 
i a Die ‘es ode Can. Remarks 

8PB a ps Bar drawing die (tool steel) 
8WB 8 1.125 Tube drawing die (tool steel)           
  

 



die 8PB were found to be slightly larger. If this could not be 

attributed to the springback after drawing, then reductions of area 

from the section rod die were slightly lower than indicated. This 

adds a further credit to the tube drawing die. 

In general the improvement of the draw loads and the surface 

finish for the hexagonal and octagonal tube drawing dies could be 

claimed, in turn, to be due to the differences in the equivalent die 

semi-angles, 

8.3.4 Evaluation of the mean coefficient of friction 

The mean coefficient of friction as pointed out in Chapter 4 

was determined using two methods, namely direct measurement and semi- 

analytically. 

8.3.4.1 Direct measurement 

The mean coefficient of friction from the square split die from 

repetitive tests was 0.042 (see Table A-5.3). Ome of the die tips 

designed for the hexagonal drawing with the rotating rig broke during 

the first attempt (see Plate 8.10). The results were therefore 

limited to the square section where only two reductions were 

accomplished with a fair amount of sink. 

The failure of the hexagonal die tips was possibly due to faulty 

heat treatment as has also been demonstrated in Ref. 2 (see Plate 8.11). 

There was no time to verify this claim but possible improvements are 

suggested in Chapter 10. 

8.3.4.2 Semi-analytical method 

A sample of the experimental results is displayed in Tables 

A-5.4.1 and A-5.4.2. The values of the mean coefficients of friction 

in the drawing of various polygonal tubes compare reasonably with 
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those reported elsewhere (2). The results of the square section 

compare fairly with the directly measured value of 0.042. 

8.3.5 Evaluation of the mean pressure 

The mean die pressure was determined by the two methods, 

i.e. the split rotating die method and the semi-analytical technique 

as discussed in Chapter 4. 

The values of the mean pressure from the split rotating die 

method are presented in Table A-5.3.1. The two feasible reductions 

of area produced consistent values of the mean pressures evaluated 

using equation 4.22. 

Tables A-5.4.1 and A-5.4.2 give a sample of the mean pressure 

values obtained by the semi-analytical method. The values were 

dependent on the successful integration of the die-tube and tube- 

plug elemental velocities over the entire deformation zone given by 

q, and I, (or equations 3.52 and 3.56); an equivalent mode was used 

to estimate the mean velocity at the tool-workpiece surface. However, 

the values of the mean pressures obtained were lower than those of the 

upper and the lower bound solutions. For example, using test No. 021: 

Section : hexagonal 

Die : 6NB (a, = 7°) 

Tube size : 1 in x 3/16 in 

Reduction of area: 28.39% 

Theoretical mean pressure: 27.223 tonf in”? 

Semi-analytical mean pressure: 11.893 tonf fare 

.’. deviation of the upper bound solution from the value obtained 

semi-analytically: 

_ _27.223 - 11.893 _ 
ee 11.893 ae 
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Further work is suggested in Chapter 10 to obtain the velocity 

distribution at the tool-workpiece interfaces which would facilitate 

the numerical integration of the friction factor Ip: 

8.4 Other observations 

In general, the process of drawing a polygonal tube from round on 

a cylindrical plug has been accomplished successfully. However, there 

are some practical aspects that deserve attention, namely the 

formation of pickup, the tensile failure, the rounding of corners and 

the bore not forming circular whenever a high proportion of sink is 

present. 

The pickup on the internal wall of the tube was not readily 

evident except when asperities welded onto the plug. This form of 

defect was noticed especially when drawing with the square dies using 

smaller diameter plugs. 

Occasionally pickup was evident on the dies; the dies intended 

for research were made from tool steel which is prone to pickup after 

a number of drawing tests and, especially so, when heavy reductions are 

involved. Pickup on the dies or plugs could have been due to the 

breakdown of lubricant under high pressure in some parts of the 

deformation zone or could easily have been caused by small scale (or 

the swarf from swaged tag) which scour away the protective surface 

film, leaving bare metal. If two such surfaces come into contact 

under the working pressure they tend to weld together resulting in 

fragments of the workpiece being torn away by the subsequent shearing 

and left firmly adhered to the tool. The act of shearing exposes more 

mascent surface which usually projects through the surrounding 

lubricant film so that pickup becomes cummulatively worse. 

Whenever such situations arose reconditioning of the die was effected. 
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In general, the tensile fracture occurred when drawing with high 

reductions of area and was in fact a characteristic of the square tube 

tests. Another form of tensile failure that was noticed occasionally 

and when dealing with heavy reductions of area was the breakage of 

the drawn tube whenever drawing had been interrupted by intermittent 

stoppages. This could have been caused by either the breakdown of 

the hydrodynamic lubrication or the presence of residual stresses. 

Under certain conditions of drawing a thick lubricant film 

separating the workpiece and the die can be established by the 

viscous force acting on the fluid; the breakdown of the film may 

cause metal to metal contact which results in high friction at the 

resumption of the draw. The hydrodynamic lubrication is favoured by 

a small angle between the workpiece and the die (thus forming the 

wedging action) and the relative high speeds. The tests in the 

laboratory were conducted at a relatively low speed of 5ft re but 

the geometry of the die passage may have created the conditions for 

hydrodynamic lubrication to be possible to some degree. An elliptical 

die is a combination of the plane surfaces and conical faces with a 

smaller conical angle. 

On the other hand, there may be a variation in the pattern of 

residual stresses during the drawing operation and at the intermediate 

stoppages. The latter causes the tube to be gripped tighter with 

consequential increase in friction at the resumption of the drawing 

operation. 

The corners of the drawn section were not as sharp as expected 

and especially when the results were compared with those of the solid 

sections in Ref. (2). Although close pass drawing was assumed, in 

practice there is always some amount of sink. The proportion of sink 

is often more significant at low reductions of area and when the 
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number of sides of the polygonal tube approaches that of the square. 

If the diameter of the input tubing is equal to that of the diagonal 

length of the drawing die, the drawn tube is then not likely to fill 

up the corners of the section die. Wherever there is sinking, the 

preformed bore takes the shape of the section die (see Plate 8.6, 

test 093) and on contact with a circular plug reshapes to round. 

Obviously redundancy is associated with the level of sink present in 

a given pass and the consequential increase in draw load is likely to 

cause the breakage of the tube. Furthermore, if the proportion of 

sink is high there may not be enough material to fill up the corners 

back to circular on contact with the plug. These problems were 

encountered greatly in the square drawing. 
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(continued from page 133 'mean pressure') 

The theoretical pressure ratio curves of the upper bound 

analysis exhibit values greater than unity at low reductions of 

area (e.g. Fig. 7.34, page 125). By extrapolation when the reduction 

of area tends to zero the value of the mean pressure ratio rises to 

infinity, which is inadmissible. The theoretical reason for the rise 

in the mean pressure ratio curve follows from equation (3.61), page 54: 

Ea es 
z 1,a-¥) 

n 

When = 0.0, ¥ = 0 (¥ is zero, given by equation (3.59) because 

I, = 0 (equation (3.56)). 

ar
 

Pa GaSe 
¥ i) 
n 

If, for example the axisymmetric case is considered (Appendix A-14, 

page A141), 

AL -A 

i a (equation A-14.2, page A141) 
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c. red 
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es a 
When red = 5%, —— = 19€ 

> nm 
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The foregoing example shows that the validity of the results 

evaluated from equation (3.61) breaks down as the reduction of area 

decreases to low values. This may be explained by the fact that at 

low reductions of area the plastic relationship assembled in the 

upper bound theory is no longer applicable and the size of the 

deformation zone is such that elastic distortions can no longer be 

ignored. Because of this consideration it is thought inadvisable 

to plot mean pressure ratios greater than 1.2. Wistreich (24) has 

plotted values of pressure ratios (experimental-theoretical) greater 

than 1.2 and Basily (2) obtained theoretical pressure ratios up to 1.4. 
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PLATE 3.1 Conventional or industrial dies and sectional 

bar drawing dies used in the tube drawing 

experiments (see Table A-11.1 for details 

of nomenclature, design, etc.) 
     



    NEW DESIGN DIE 

  
PLATE 8.2 The shapes of the deformation zone of the conventional 

pyramidical die formed by radiused surfaces and the 

elliptical/conical surface die (elliptical shape 'B') 

for the drawing of a polygonal section directly from 

round stock



4WB 

G@) 4vB: 

(ii) 4B: 

  
(iii) 4GB:   

PLATE 8.3. Square section drawing dies (shape 'B') 
Tube drawing die that burst during its first 
draw due to misalignment of the pellet and 
the bolster axes during shrink-fitting 
Section bar drawing die which disintegrated 
into bits when attempting to draw a steel bar 
with a yield stress of about 45 tonf in-2 
Tube drawing die



  PLATE 8.4 Hexagonal (6B) and octagonal 

(8WB) elliptical tube drawing 

dies



@ 

1x 1/32; 

int. dia 

Tx tlh; 

(ii) & (iii) 

SS 
4DA(pyramidical), test no. 127 

0:562 ; plug size 0-470; red: 39-19% 

4GB(elliptical) ; test no 104 

int. dia: 0-490; plug size : 0485; red: 4529 % 

1x Mh; 

1x V4; 

ie; 
int dia 

1 x 7/32; 
int. dia :0:562 ; plug size : 

PLATE 8.5 

4MC( triangular); test no. 131, red: 4529% 

@) & (iv) 

© 
1* 7/32 ; sted: 4128 % 
int. dia 0562; plug size : 0485 

  

    

4MC; test no. 128 

  

4HA (pyramidical) ; test no. 132; red : 45:29 % 

4JBlelliptical) ; test no. 035 

0500; plug size : 0-495; red: 48-45% 

4KO(inverted parabolic); test no. 129 
0485; red : 41:28 % 

  

Sauare tube drawing 

The photograph shows: 

  
4HA,; test no. 130 

  

(plug size : 0-495; red: 43-44 %) 

  

4KD; test no. 125 

(plug size: 0-470; red : 3919 %) 

qi) tubes drawn through different dies 

(ii) transition zone exhibited by various die 

profiles, and 

(iii) mode of tensile fracture 

(iv) the comparison of the surface finish, 

corner 'sharpness' and the bore roundness 

when the condition of drawing is the same



8 BS 
18x 3/16; 6WB; Test no. 093 

int. dia : 0-750; plug size : 0-682; red: 48:54 % 

So = 
1-1/8 x 8g; 6WB; Test no. 041 

int. dia: 0-805; plug size ; 0682; red: 4114% 

  

qi) 
1 16x 10g; 6WB; Test no. 095 

int, dia : 0-806; plug size : 0-745; red : 43-16% 

  

  

  

atiel 

11/16 «7/32; 6NB; Test no. 017 

int. dia : 0-625; plug size : 0620; red : 40.05% 

ae ESE 

6WB; Testno. 045 

PLATE 8.6 Hexagonal tube drawing 

The photograph shows: 

  
  

qi) 

4 7/32; hexagon; red: 24-41% 

int. dia :0°562; plug size: 0-557 

  

6AA; Test no. 118 

6BA; Test no.119 

6NB; Test no 084 

6WB; Test no. 089 

(i) tubes drawn through industrial (GAA & 6BA)&section 

drawing dies 
(ii) effect of drawing at high reductions of area with 

a fair amount of sink (test 9095) 

(iii) effect of equivalent die semi-angle on product 

under same drawing conditions, 

(iv) transition zone when there is an excessive amount 

of sink (test 093)



© B68 
11/8 x 3/16; 10QB(elliptical); Test no. 027 

int. dia :0750; plug size :0745; red :45-89 

© moe ©. 
(iv) 1 3/16x 1/4;  100B(elliptical; Test no. 111 

int dia : 0-687; plug size : 0-682; red 49-80% 

  

1040 x 0-235; octagon; red: 2202 % 
int dia :0-570 ; plug size: 0557 

8SD; Test no. 117 

    

C141) 418% 8g; 8SDlinverted parabolic); Test no, 055 
int dia : 0-805; plug size :0-745; red : 44-09% 

a 
11/8 x 3/16; 8PBlelliptical); red:50-89 % 8PB; Test no. 112 

int dia: 0-750; plug size : 0:745; Test no. 072 

a —— ° ———s 

8WBlelliptical) Test no. 078 8WB; Test no. 113 

  

  
PLATE 8.7. Octagonal and decagonal tube drawing 

The photograph shows: 
(i) tubes drawn through inverted parabolic & elliptical 

octagonal dies 

(ii) effect of equivalent die semi-angle on drawn tube 
(iii) transition zone on inverted parabolic die (test 055) 
(iv) transition of external surface when tube drawn 

through decagonal die has o.d. equal to that of the 
design stock (test 111)



  

  

  

  

  

  

  

  

  

    

o.d.x gauge 1x 1/4 1x 3/16 

int. dia 0-490 0-625 

a) 
46GB 3 

plug dia 0-488 

red (%) 44:28 34-61 

= 

4MC 

plug dia 0+ 

red(%) 41:28 

4KD 

plug dia 

red (%)!_- 

GHA 

plug dia} 0-485 

red (%)| 45. 41-28 

4JB oo] 

plug dia 0-49: 

red(%) 43-44 

  

      
  

PLATE 8.8 Cross-section of tubes drawn 
through the square dies



od. 
  

   

   

  

   

  

  

gauge 0-255 

int dia 0490 

6WB | - 

plug dia 485 
red(%)! 2243 | 

6NB 

6BA 

plug dia] 0-485 0557 0620 

red(%) 2213 24 44 29-41 

6AA ; 

8WB 

plug dia 5 

red(%)| 12:48 

8PB 

8SD 7 

10QB 

plug dia IS 

red(%)} 07:85 

aRA 

plug dia 

red (%) 
              

  

    
PLATES 8.9 

  
Tube secions drawn directly from round stock on 

a cylindrical plug through the hexagonal, octagonal, 

decagonal and round dies displayed in Plates 3.1 & 

8.4



G) 

PLATE 8.10 Hexagonal die tips 
EX): enclosing a pyramidical passage 

and 

  

(ii) showing the breakage of one of the 

fingers was accelerated possibly 

by the rough swaged tag 

  

(ii)



    
>’ 

Gii) 

  PLATE 8.11 
G) 

(ii) 
(iii) 

Square die tips 
fingers enclosing a pyramidical passage 

and resulting external conical surface 

transition zone, and 

die tips which had failed during 
tests reported in Ref (2)



  

  
 



9. CONCLUSIONS 

An extensive investigation of the mechanics of drawing polygonal 

tube from round stock on a cylindrical plug has been accomplished 

successfully both theoretically and experimentally to enable the 

following conclusions to be drawn: 

Ls The theoretical and experimental analyses have shown the 

feasibility of drawing regular polygonal tubes from round stock 

on a cylindrical plug in a single pass. 

Generally there is good agreement between the theoretical and 

experimental values. 

The lower bound solution and the upper bound solution bracket 

the experimental value to within close limits. For a given draw 

condition, the derived upper bound solution predicts a higher 

value of draw stress due to the account taken for redundant work 

whilst the simpler lower bound under-estimates the draw stress as 

it neglects the redundant effect. 

A comparison of the performance of the various geometrical shapes 

of section dies used in other industrial application and in the 

drawing of a section bar directly from round showed the optimum 

geometrical profile to be elliptical. This die shape produced 

polygonal tubes with the sharpest corners whilst dissipating the 

least amount of energy. Consequently, a set of elliptical shaped 

dies was designed for the investigations of the polygonal tube 

drawing process. 

Unlike the axisymmetric tube drawing problem, the shape of the 

die deforming passage forms an integral part of the analysis of 

the drawing of polygonal tube directly from round stock on a 

cylindrical plug. 
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Drawing of a square tube proved to be the severest of all 

polygonal sections. In addition to the limitations imposed by 

high reductions of area, the material suffers the greatest lateral 

displacement as the external surface of the workpiece transforms 

from round to a square with the bore remaining circular. 

The optimisation of the equivalent die semi-angle as predicted by 

the upper bound solution produced satisfactory results. The optimal 

section dies designed for tubing showed notable performance over 

those for drawing polygonal bars directly from round stock. A 

reduction in the draw load was observed together with a distinct 

improvement on the corner sharpness of the sections when using 

hexagonal and octagonal rod- and tube-drawing dies. However, 

similar conclusive results cannot be claimed for the square 

sections due to high reductions of area encountered. The level of 

sink in the tubes drawn through the two square dies vitiated the 

conditions of drawing; the tubes so drawn were from different casts 

(the rod drawing die had burst before the final tests). 

The semi-analytical method, which was developed to determine the 

mean coefficient of friction from the estimated redundant work and 

the apparent strain method, produced results which compared well 

with those from the direct measurement using the split rotating die. 

Although the experimental data available were only by the square 

die tips, the semi-analytical technique can be generalised to hold 

true in determining the mean coefficient of friction for other 

polygonal sections. 

The understanding of the drawing process from the experimental and 

theoretical investigations is undoubtedly of practical value to 

manufacturers of nut blanks who would make substantial savings in 

raw material and capital investment in some stations of the 

production line. The developed theory and the accompanying 
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computer program form a useful guide when producing draw schedules 

and in the design of draw tools and the selection of the drawbench 

for the required dimensional series of the input-output stock. 
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10. SUGGESTIONS FOR FURTHER WORK 

On the basis of the present study of mechanics of drawing 

regular polygonal tube directly from round stock on a cylindrical 

plug, further work is suggested as follows:- 

i, Irregular polygonal tube drawing 

The derived theoretical solution could be generalised to 

account for drawing of irregular polygonal sections directly 

from round stock. In this class are the rectangular sections 

where, for a given input tube, the effect of changing the 

breadth to length ratio of the drawn section on the process 

loads would be of great interest. 

  

      

ae Circular tube drawing from round on a polygonal plug in a 

single pass 

In this case the forming die is conical but the plug takes 

one of the shapes already discussed for polygonal tube 

drawing dies (see Section 4.3). The study of the process 

(where the bore changes directly from round to a 

polygon whilst the external surface remains circular) 

requires the definition of an equivalent conical angle Loe 

for the plug and the conventional conical angle "a" for the 

die. The combination of the two angles and the shape of 

plug would constitute the major factors to be investigated 

for optimal drawing that gives the least work of deformation 

and a superior quality of the drawn section. 
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Polygonal tube drawing with back-pull 

In the axisymmetric case, drawing with back-pull reduces 

the rate of die wear which is related to lower levels of 

die pressure (Blazynski (2), Chapter 6). This effect 

could be investigated in the drawing of polygonal tube 

with back-pull. For example, the input stock could be 

passed through an axially symmetric drawing die prior to 

the polygonal die. The study could include the determina- 

tion of the proportion of draw loads and the estimation of 

the die pressures acting on the two dies. 

The problem could be extended to the case where back- 

tension is provided by a polygonal die (i.e. polygonal 

tube drawing in tandem). Where the draw stress becomes 

exceedingly high (e.g. in square drawing) to offset the 

advantages of back-tension, it is suggested to use an 

input stock which had been drawn through a corresponding 

polygonal die in a separate operation (i.e. polygonal tube 

drawing in sequence). 

Use of ultrasonic vibrations in polygonal tube drawing 

When drawing with square and hexagonal sections high 

reductions of area were involved which resulted occasionally 

in tube breakage. Ultrasonic vibrations of the tools 

plastically deforming metals have the effect of reducing 

process loads and consequently greater reductions of area 

can be attained (Ref. (3)). Therefore, to overcome the 

problem of drawing at high reductions of area, it is 

suggested to investigate the effect of ultrasonic vibrations 

in the polygonal tube drawing process by vibrating the die 

radially or the plug axially. The vibrations also reduce 
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the coefficient of friction and thereby increase the tool 

life. 

Evaluation of residual stresses in polygonal tube drawing 

In polygonal tube drawing directly from round stock, the 

material deforms non-uniformly and residual stresses are 

bound to occur. To evaluate the level of disparity it is 

suggested that a metallurgical study of, say, the grain 

distortion across the drawn section be carried out. 

Visioplasticity in polygonal tube drawing 

When applying the apparent strain analysis, expressions 

with surface velocities were simplified by introducing a 

mean velocity of an equivalent circular mode of the external 

configuration of the deformation zone. An improvement on 

the solution is suggested by obtaining the surface velocity 

distribution using visioplastic techniques. Further study 

using the methods is proposed; splitting the specimen through 

two planes of symmetry (i.e. across flats and across diagonals) 

will give further insight to the flow of metal and redundant 

deformation. 

Inserts of the split rotating die 

High reductions of area limited the range of tests when 

determining the mean coefficient of friction using the split 

rotating die for the square section. One of the hexagonal 

fingered die tips designed to fit the existing conical die, 

failed during the first draw. Even though the failure could 

have been due to heat treatment, the cross-section of the 

insert at the tip was fairly thin. When designing hexagonal, 
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octagonal and decagonal inserts it is suggested to use 

fewer number of splits and also increase the depth of the 

metal at the exit section. 

(Pr § 

Drawbenches (Appendix A-16) 

'Sheffield' drawbench has been designed specifically for 

tube drawing; it is a stiffer bench than the 'Brookes' 

drawbench which is suitable for drawing solid bars. 

Since in polygonal tube drawing high reductions of area 

are encountered, a slight bending moment on the drawn 

tube which acts on the tag increases the stress to the 

point where the tube breaks. It is suggested that 

comparative studies be carried out on the drawing of tubes 

using the two drawbenches. 
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A-l Geometrical relations for the input tube and the required 

polygonal tube maintaining the same bore 
  

  

(a) Input tube section 

  

  

  

a = ate { 1 - ) 
+ 7D. 

£ b 

T 2 

Spee SACP 

(b) Output polygonal tube section 

t, = K«H,, where 0 < k < § 

nl and K = 3(1 - dp/Ha) Hy 

2 T 2 
Ag = Ha (SPARAM - 7(1 - 2k)") 

SPAPAM = Nscosd.sind/4 

o =8= included angle of the 

symmetric section (= — ) 
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(c) Equivalent output section 

for axisymmetric drawing 

De = 2R, =    4/7 

Reduction of area, 

  "ry! = = Ag/Ay 

  

  
abies



  

  

  

  

  

  

  

  

  

  

  

No. of sides . B(=7/Ns rad) A/F 
Ss PARAM (Ns) Boge ne ans (degrees) aeene (Hg = 1 in) 

3 triangular 60 0.3248 0.7500** 

4 square 45, 0.5000 0.7071 

3 pentagon 36 0.5944 0.8090 

6 hexagon 30 0.6495 0.8660 

a heptagon 25.71 0.6840 0.9010 

8 octagon 22.5 0.7071 0.9239 

9 nonagon 20 0.7231 0.9397 

10 decagon 18 0.7347 0.9510 

11 unidecagon 16.36 0.7434 0.9595 

12 duodecagon 0.7500 0.9659 

  

/ 
  

2 
  

( —
~
|
~
|
~
 

ie
 

    Z 
) ;   circular       1.0000 

  

** the altitude of triangular section 

a hum 

 



 



TABLE No. A-2;1 Drawing square tube from round on a 

cylindrical plug 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

INPUT INPUT TUBE OUTER DIAMETER (Dp in) 

GAUGE 1 1 3 1 5 3 7 
(fy im) eee eh Ae ie Lei 

£70, [0.0625 [0.0588]0.0555 Jo.0526 Jo .0500 [0.0476 [0.0454 Jo. 0435 

7 1/Ap |5.432 [5.091 |4.7882 4.524 |4.289 |4.073 13.875 [3.706 
Ag |t:tp [0.872 fo.9345]o.997 fr.o595]1.122 [1.1875 |1.25 fr .3125 

K [0.064 [0.033 [0.0015 = = = = = 

ty S = 5 = = m = 5 

tp/D, [0.1250]0.1176]0.1110 Jo.1052|0.100 |0.095 {0.091 |0.0869 
T/A, _[2.9103|2.715 [2.5462 |2.3951 [2.2635 [2.1385 2.0394 |1 9388 

ay, i.dy |0.744 [o.8065|0.869 o.9315|0.994 |1.0625]1.125 [1.1875 

. kK 0.128 |0.097 [0.0655 Jo.0342 - = - - 

'r’ [0.8139] _ - 2 S = = = = 

th/Dp | 9-1875|0.1765|0.1667 JO.1579 10.150 |0.1428]0. 1364 JO. 1304 
: 1/Ap | 2.0894]1.9406]1.8113 [1.6977 [1.5978|1.5083|1.430 ]1.3577 

4g [i-dn |0.625 [0.6875 0.750 _p.8125 9.875 0.9375 |1.00__}1.0625 

K 0.1875 10.156210.125 }0.094 |0.0625|0.312 = = 

ty: [| 0.5963]0.7500 |0. 8946 - = = = = 
t,/D, [0-25 [0.2353[0. 2222 Jo.2105[0.20 [0.1905 0.1818 [0.1735 

rl 1/A, | 1.6976]1.5671[ 1.4549 [1.3579[1.2732]1.1985/1.1316 ]1.0721 

7, (Ea, [0-50 _[0-5625/0-625 -6875|0.75 |[0.8125]0.875 [0.9375 

« 0.25 ]0.2187|0.1875]0.1562|0.125 |0.094 |0.0625 0.0312 
ry’ 10.4845 ]0.6058 [0.7188 0.8251 Jo.9259 = = = 

€,7D, [0-3125]0.2941[0.2778[0. 2631/0. 25 TESBI[O. 2275 [0.2174 

- 1/Ay _| 1.4816] 1.3580] 1.2538]1.1637] 1.0865] 1.0186] 0.9588}0.9055 

he (2-4, [0-375 [0.4375[0.50 [0.5625]0.625 0.6875|0.75 [0.8125 

K 0.3125]0.2812}0.25 |0.2187]0.1875]0.1562|0.125 |0.0875 
tr! _[0.4228]0.5252 [0.6193 ]0.7072[0.7901/0. 8689 = = 

t,/D, [0-375 [0.3529[0.3333]0.3158]0.30 | 0.28570. 2727 [0.2609 

Fe 1/A, | 1.3581]1.2344]1.1316]1.0448]0.9701]0. 9054| 0.8487 [0.7990 

7, |4:dp [0.25 |0.3125]0.375 ]o.4375|0.50_ [0.5625] 0.625 0.6875 

K 0.375 |0.3437]0.3125 |0.281210.25 |0.2187|0.1875 ]0.1562 
'r' | 0.3876] 0.4775] 0.5591]0.6347| 0.7245] 0.7724] 0.8360}0.8972 

t,/D, | 0.4375]0.4118]0.3889]0.3684]0.35 |0.3333] 0.31820. 3043 

7 1/Ay | 1.2934] 1.1643]1.0583 |0.9670|0.8955|0.8314] 0.7761 10.7274 
a i.d, 10.125 |0.1875]0.25 |0.3125]0.375 |0.4375|0.50 0.5675 

E 0.4375] 0.406240.375_]0.3437]0.3125]0.3812/0.25 _]0. 2187 
tr | 0.3692] 0. 4500] 0.5228[0.5709]0.6511]0. 7093] 0.7643]0.8171 

ty/Dp - 0.4706] 0.4444J0.4210]0.400 |0.3809] 0.3636 JO. 3478 

1 1/Ay eS 1.1318] 1.0184]0. 925810. 848810, 7834] 0.7274 10.6790 
i.dpy - 0.0625]0.125 J0.1875]0.25 ]0.3125]0.375 |0.4375 

2 K = 0. 4687] 0.4375]0.4062/0.375 |0.3437/0.3125 0.2812 

tr - 0.4376] 0.503340 .5626]0.6173] 0.6684] 0.7166 ]0. 7626 

th/Dy 

1/Ay 
2, i.dp 

8 K 
7                     
  

= AS = 

 



  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

TABLE No. A-2-2 Drawing hexagonal tube from round on a 

cylindrical plug 

INPUT INPUT TUBE OUTER DIAMETER (D, in) 

GAUGE 1 i 3 1 5 3 i 
i 1 1 

(tp in) : 46 i 4 3 46 4 5 46 : 4 _ he 

t/D,, 0.0625 |}0.0588]0.0555 }0.0526 JO.0500 |0 .0476 |0.0454 JO. 0435 

1 1/An 5.432 [5.091 |4.7882 4.524 |4.289 |4.073 13.875 |3.706 

A6 i.dp 0.872 |0.9345]/0.997 |1.0595]1.122 |1.187541.25 1.3125 

K 0.064 |0.033 |0.0015 = = = = = 

tr 10.7159 = = - - = = - 
th/D, [0.1250]0.1176/0.1110 J0.1052 0.100 {0.095 {0.091 10.0869 

1/A, 2.910392.715 |2.5462 [2.3951 [2.2635 [2.1385/2.0394 |i .9388 

LF i.dp 0.744 {0.8065|0.869 0.9315 |0.994 |1.0625]1.125 {1.1875 

, K 0.128 40.097 [0.0655 0.0342 = S ot = 

Spt 0.374940.6218}0.8564 oS = = = = 

ty/Dpy |0-1875 {0.1765} 0.1667 Jo.1579 0.150 ]0.1428]0. 1364 Jo. 1304 

3 1/Ap 2.0894 |1.9406]1.8113 |1.6977 |1.5978}1.5083]}1.430 |1.3577 

4g [isdn Jo.625 |o.6875]o.750_)p.8125 .875 |o.9375[1.00 {1.0625 

K 0.1875 10.156210,.125 |0.094 }|0.0625]0.312 = es 

Tet 0.2840 /0.4601]0.6237 {0.7764 |0.9230 i as o 

t/d, 0.25 0.235340. 2222 JO. 2105 |0. 20 0.1905]0. 1818 |0. 1739 

1 1/A, 1,.6976}1.5671} 1.4549 |1.3579|1.2732}1.1985) 1.1316 |1.0721 

4 i.d) 0.50 0.5625]0.625 ]0.6875[0.75 0.8125/0.875 [0.9375 

K 0.25 0.2187] 0.1875 ]0.1562]0.125 0.094 |0.0625/0.0312 

rRe 0.2306 {0.371740 10.6222 |0. 7355 |0. 8421 is = 
t/D, 0.3125/0.2941/0.2778]0. 2631/0. 25 0.23810. 2273 (0. 2174 

5 T/Ay | 1.4816]1. 3580) 1.253891 .1637] 1.0865] 1.0186} 0.9588}0.9055 

46 i.d, 0.375 10.4375) 0.50 0.5625]/0.625 |0.6875/0.75 0.8125 

K 0.3125/0.2812/0.25 0.2187]0.1875} 0.1562} 0.125 |0.0875 

eat 0.2013 J0.3222 10.4318 0.5334 |o, 627610, 8009] 0. 8807 i 
t/D, 0.375 | 0.3529) 0.3333/0.3158}0.30 0.2857] 0.2727 10.2609 

5 1/A, 1.3581] 1. 2344] 1.1316]1.0448]0.9701] 0.9054] 0.8487 {0.7990 

/g i.dp 0.25 0.3125)0.375 |0.437540.50 0.5625/0.625 |0.6875 

K 0.375 |0.3437| 0.3125 |0. 281240. 25 0.2187]0.1875 0.1562 
'r! 0.1846/ 0.2929] 0.3899]0.4785] 0.5889] 0.6370] 0.7091|0.7777 

t,/D, | 0.4375] 0.4118] 0.3889]0.3684]0.35 0.3333] 0.3182 }0.3043 

7 T/A, 1. 2934]1.1643] 1.0583 /0.9670]0.8955]0.8314/ 0.7761 |0.7274 

te i.d, 0.125 |0.187510.25 0.312510.375 |0.4375]0.50 0.5675 

K o.437510.4062/ 0.375 ]0.3437]0.3125]0. 3812/0. 25 0.2187 
ty 0.1758] 0.2759] 0.3646 ]0.4461]0.5172]0.5850] 0.648310. 7083 

th /Dp = 0.4706] 0.4444/0.4210/0.400 J0. 3809] 0.3636 /0.3478 

1 1/Ay = 1.1318] 1.0184 /0.925810. 848810. 7834] 0.7274 10.6790 

/ i.dpy = 0.0625/0.125 |0.1875]0.25 0.3125/0.375 10.4375 

2 K - 0.4687] 0.4375 |0.4062/0.375 }0.3437]0.3125 JO. 2812 

tr = 0.2684] 0.3510 |0.4242/0.490440.5512/0.6078|0.6611 

th/Dy 

5 1/Ay 
) i.dy 

8 K 
rh                       

~ Ad = 

 



  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

    

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

TABLE No. A-2:3 Drawing Octagonal tube from round on a 
cylindrical plug 

INPUT INPUT TUBE OUTER DIAMETER (Dy in) 

GAUGE 1 1 3 1 S 3 7 1. (ty im) tig [es 6 [ee Gale eae | | tel ae 
t,/),, 0.0625]0.0588 0.0555 J0.0526 |O.0500 |0.0476 [0.0454 1/0. 0435 

1 1/Ap 5.432 [5.091 [4.7882 4.524 |4.289 |4.073 [3.875 |3.706 

46 i.dp 0.872 §0.9345/0.997 [1.0595 ]1.122 |1.1875}1.25 1.3125 

K 0.064 §0.033 [0.0015 = = = = = 

tr" _|0.4030 fo. 8880 = = = a = a 

th/D, [0.1250 0.1176] 0.1110 fO.1052]0.100 {0.095 {0.091 |0.0869 

1/A, 2.9103/2.715 [2.5462 [2.3951 [2.2635 [2.1385 /2.0394 /1 .9388 

hs i.dp 0.744 |0.806540.869 (0.9315j0.994 [1.0625]1.125 [1.1875 

K 0.128 |0.097 fO.0655 0342 = = = ~ 

‘r'__|0.2072|0.465410.7097 o.9396 = = = 2 
tp/Dpy [9.1875 0.1765] 0.1667 JO.1579}0.150 |0.1428/0. 1364 jO. 1304 

3 1/Ap 2.0894 |1.9406§ 1.8113 {1.6977 |1.5978]1.5083}1.430 |1.3577 

4g |i-dp |o.625 [o.6875fo.750 p.8125 fp.875 |o.9375[1.00 _|1. 0625 

kK Q.187510.156240.125 0.094 |0.0625]0.312 od = 

Lee 0.1636]0.3483§ 0.5195 [0.6786 |0.8310 oe > a 

t/D, 0.25 0.2353)0.2222 f0.2105 0.20 0.1905/0.1818 ]0.1739 

1 1/A, 1.6976 ]1.5671] 1.4549}1.3579}]1.2732]1.1985] 1.1316 }1.0721 

4 i.d) 0.50 0.5625/0.625 [0.6875 /0.75 0.8125]0.875 [0.9375 

K 0.25 0.2187] 0.187540.1562]0.125 |0.094 |0.0625/0.0312 

xo 0.1329]0.2815| 0.417640.5440/0.6622)0.7731 os = 

t/d, 0.3125]0.2941] 0.277: & 170.25 0.2381) 0.2273 [0.2174 

5 1/Ay 1.4816]1.3580] 1.2538}1.1637}1.0865}] 1.0186] 0.9588]0.9055 

46 i.d. 0.375 |0.4375}0.50 0.5625}0.625 |0.6875/0.75 0.8125 

K 0.3125/0.2812/0.25 0.2187} 0.1875} 0.1562]0.125 [0.0875 

Ep 0.1159]0.2440] 0.3596 ]0. 4664]0.5651]0.6579] 0.7456 [0. 828 

t/D, 0.375 |0.3529] 0.3333]0.3158}0.30 0.2857] 0.2727 ]0.2609 

_ 1/A, 1.3581)1. 2344] 1.1316]1.0448{0.9701]0. 9054] 0.8487 |0.7990 

ts i.d, [0.25 |0.3125]/0.375 |0.4375]0.50 |0.5625]0.625 |0.6875 

K 0.375 |0.3437| 0.3125 |0.2812]0.25 |0.2187]0.1875]0.1562 
ee 0.1064] 0.2218] 0.3245]0.4184] 0.5365] 0.5859] 0.6603]/0.7317 

t,/D, | 0.4375] 0.4118] 0.3889/0. 3684/0. 35 0.3333{0.3182 {0.3043 

v 1/Ay 1.2934] 1.1643] 1.0583 10.9670/0.8955] 0.8314] 0.7761 10.7274 

ig pied, 10.125 10.187510.25 |0.3125]0.375 10.4375}0.50 _}0.5675 

K o.4375|0.4062]0.375 |0.3437/0.3125]0.3812] 0.25 0.2187 

re 0.1013 J0.208810.3036 J0.3904 0, 4656 10.5371 10.6036 |0.6665 

t/Dp = 0.4706] 0.4444 ]0.4210/0.400 [0.3809]0.3636/0.3478 

1 1/Ap = 1.1318] 1.0184 /0.9258]0, 8488107834] 0.7274 6790. 

7 i.dp = 0.0625/0.125 |0.1875]0.25 0.312510.375 [0.4375 

2 K - 0.4687] 0.4375 }0.4062/0.375 §0.3437/0.3125 |0. 2812 

eS i 0.2032 10.2924 10.3709 |0.4415 40. 5061] 0.5660]0.6220 

th/Dy 

1/Ay 

> i.dp 

8 K 
an                       

CT ASe = 

 



  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

    

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

TABLE No. A-2-4 Drawing decagonal tube from round on a 
cylindrical plug 

INPUT INPUT TUBE OUTER DIAMETER (Dy in) 

GAUGE z 1 3 1 5 3 7 
(ty in) : Ue \e 2 Vail veils el elleeeseul = Ge 

£,,/D,,_[0-0625]0.0588]0.0555 fo. 0526 [0.0500 [0.0476 ]0.0454 Jo. 0435 

A 1/Ay _|5.432 [5.091 [4.7882 4.524 |4.289 |4.073 |3.875 [3.706 
Ag {i-dp [0.872 fo.9345]0.997 f1.0595[1.122 [1.1875]1.25 [1.3125 

K 0.064 §0.033 [0.0015 = = = = = 
tr! 0.2529 fo. 7473 - = = z z = 

th/D, |0.1250]0.1176]0.1110 fo.1052|0.100 [0.095 [0.091 |0.0869 
1/A, _[2.9103[2.715 [2.5462 [2.3951 |2.2635 [2.1385 /2.0394 |T. 938 

by i.d, |0.744 Jo.806sJo.869 }o.9315{0.994 [1.0625]1.125 [1.1875 
5 « _|0.128 [0.097 Jo.0655 fo.o342[ —- z = = 

‘r' [0.1268 ]0.3904 0.6394 |o.8744 = = SS = 
th/Dy [9.1875 ]0.1765]0.1667}0.1579]0.150 |0.1428]0. 1364 ]o. 1304 

a 1/Ay | 2.0894 [1.9406]1.8113 ]1.6977[1.5978{1.5083|1.430 [1.3577 
4g |i.dp |0.625 |0.6875]0.750_ fp.8125 fo.875 0.9375 ]1.00 _|1. 0625 | 

«x _}0.1875]0.156210,125 0.094 |0.0625|0.312 = = 
'r' |0.1059]0.2947]0. 4694 Jo.6313 |o. 7868 = - = 

t,/D, [0.25 [0.2353]0.2222]0.2105]0.20 [0.1905/0. 1818 0.1739] 

‘ 1/A, [1.6976 ]1.5671| 1.4549]1.3579[1.2732/1.1985/1.1316 [1.0721 
7, [id [0-50 [0-5625]0.625 0.6875 ]0.75 78125{0.875 ]0. 9375 

Kk 0.25 |0.2187]0.1875}0.1562]0.125 ]0.094 |0.0625]0.0312 
tr! [0.0860 [9.2382 [0.3774 Jo.5065 [0.6270 |0. 7400 - - 

t,,/D, [0.3125|0.2941[0.277) 0.25 TESB1[O. 2273 (0. 2175 

: 1/Ay | 1.4816]1.3580| 1.2538]1.1637] 1.0865] 1.0186] 0.9588]0.9055 
4g [i-d, [0-375 [0.4375[0.50 [0.5625]0.625 [0.6875/0.75 [0.8125 

K 0.3125]0.2812]0.25 |0.2187]0.1875]0.1562|0.125 |0.0875 
'r'_|0.0750]0.2065]0.3249 jo, 434310.5351]0, 6298] 0.719110. 8036 

t,/D, [0-375 [0.3529] 0.3333]0.3158]0.30 [0.2857]0.2727|0.2609 

1/Ay | 1.3581[1.2344[1.1316]1.0448]0. 9701/0. 9054| 0.8487 |0.7990 
A, i.d, [0.25 |0.3125]/0.375 |0.4375]0.50 |0.5625]0.625 |0.6875 

K 0.375 10.3437] 0.3125 |0.2812]0.25 |0.2187|0.1875]0.1562 
tr! | 0.0688] 0.1877] 0.2935 ]0.3895]0.5116|0.5598| 0.6368|0. 7096 4. 

t,/D, | 0.4375]0.4118] 0.3889|0.3684]0.35 | 0.3333]0.3182]0.3043 

7 1/A, | 1.2934]1.1643] 1.0583 ]0.9670|0.8955]0. 8314] 0.7761 10.7274 
Ne i.d, [0.125 |0.187510.25 |0.3125|0.375 10.4375|0.50 |0.5675 

K 0.4375] 0.4062]0.375 |0.3437]0.3125]0.3812]0.25 _|0.2187 
‘r'__| 0.0656]0.1767| 0.2744 |0.3637]0. 4409405142]. 5821 |0 6464 

th/Dp - 0.4706] 0.4444/0.4210]0.400 0.380990. 3636 0.3478 

1 1/Ay 4 1.1318] 1.0184 ]0. 925810, 848810.7834]0.7274 10.6790 
ui i.dy - 0.0625]0.125 |o.1875]0.25 |o.3125]0.375 [0.4375 

2 © = 0.4687] 0.4375 |0.4062]0.375 [0.3437]0. 3125 [0.2812 
es = 0.1719 ]0.2643 |0.3453 Jo. 4180 ]0. 4845 Jo. 5459 lo.6032 

th/Dp 
L/Ay 

s i.d, 

8 K 
rs                                 

= A6 =



  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

    
    

  

  

  

  

  

  

  

  

  

  
  

  

  

  

  

  

  

  

  

  

  

TABLE No. A-2.5 Drawing round tube from round on a 

cylindrical plug 

INPUT INPUT TUBE OUTER DIAMETER (D, in) 

GAUGE 1 1 3 1 5 3 7 

(ty in) 2 DAel tel el at Gel au ai) 
t/D,, 0.0625 [0 .0588]0.0555 (0.0526 0.0500 ]0.0476 |0.0454 }O. 0435 

1 1/Ay _|5.432 15.091 4.7882 4.524 |4.289 |4.073 {3.875 [3.706 

A6 i.dp 0.872 jO 9345]0.997 11.0595 j1.122 {1.1875]1.25 1.3125 

K 0.064 ]0.033 $0.0015 = a = < < 

tet - p .4965 10.9973 = = = ss = 

ty/D, [0.1250 ]0.1176F0.1110 JO. 1052 ]0. 100 0.095 {0.091 j0.0869 

T/A, 2.9103/2.715 [2.5462 [2.3951 [2.2635 [2.1385 [2.0394 |i .9388 

4 i.dp 0.744 |0.806540.869 .9315 |0.994 }1.0625]1.125 {1.1875 

2 K 0.128 [0.097 [0.0655 j0.0342 - = cad = 

ies -__Jo. 2566 Jo.5139 J0.7582 = = = = 

ty/Dy [0.1875 10.1765]0.166790.1579|0.150 |0. 1428/0. 1364 |0. 1304 

5 1/Ap 2.0894 }1.9406]1.8113 1.6977 |1.5978]1.5083}1.430 {1.3577 

4g [i:dn |0.625 0.6875 |o.750 fb.8125 f.875 [0.9375 ]1.00 [1.0625 

K 0.1875 10.156210.125 40.094 |0.0625]0.312 im = 

We ec 10.1991 0.3802 fo.5481 10.7081 = = = / 
t,/D, 10.25 0.2353/0.2222 [0.2105]0.20 0. 1905]0.1818 0.1709 

1 1/A, 1.6976 |1.5671| 1.4549 |1.3579]1.2732]1.1985]1.1316 }1.0721 

4 i.d, 0.50 0.5625|0.625 |0.6875]0.75 0.8125]0.875 ~93STS 

K 0.25 0. 218710.1875 ]0.156240.125 |0.094 10.0625 |0.0312 

un 5 (0.1610 |0.3072 {0.439610 .5643}0.6810 ts i 

t/d, 0.3125]0.2941/0.2778 0. 2381/0. 2273 [0.2174 

5 1/Ay 1.4816] 1.3580] 1.2538]1.1637] 1.0865] 1.0186] 0.9588}0.9055 

46 i.d. 0.375 |0.4375}0.50 0.5625]0.625 }0.6875}0.75 0.8125 

K 0.3125]/0.2812}0.25 0.2187]0.1875]0.1562}0.125 |0.0875 

tpt = 0.1396} 0.2631 ]0.3769 |0.481510.5796|0.6719 ]0.7560. 

t,/>, 0.375 [0.3529] 0.3333]0.3158]0.30 0.2857|0.2727 |0.2609 

3 1/Ay 1.3581] 1.2344] 1.1316 |1.0448]0.9701]0. 9054] 0.8487 |0.7990 

/3 i.d, 0.25 0.3125/0.375 |0.4375}0.50 0.5625}0.625 |0.6875 

K 0.375 [0.3437] 0.3125 ]0.2812]0.25 Q.2187|0.1875 |0.1562 

ree = 0.1269] 0.2378 |0.3380 ]0.4669]0.5152]0.5950 |0.6702 

t./D, | 0.4375]0. 4118] 0.3889/0.3684/0.35 0.333340.3182 |0.3043 

?: 1/Ay 1.2934]1.1643] 1.0583 ]0.9670/0.8955|0.8314]0.7761 |0.7274 

ae i.d, 0.125 |0.1875]0.25 0.312510.375 |0.437540.50 0.5675 

K 0.437510. 4062] 0.375 ]0.3437]0.3125]0.381240. 25 0.2187 

tp? = 0.1193] 0.2222 10.3160 |0.3968]0. 4732 J0.5438 ]0.6105 

t,/Dp = 0.4706] 0.4444 /0.4210/0.400 0.3809} 0. 3636 0.3478 

1 1/Ap = 1.1318] 1.0184 |0. 925810.848810, 783440, 7274 10,6790 

i i.dy = 0.0625{0.125 [0.1875]0.25 0.312590.375 |0.4375 

2 K - 0.4687] 0.4375 ]0.4062]0.375 |0.3437]0.3125 |0. 2812 

eee = 0.1162} 0.2141 j0.2997 [0.3762 |0.4459 90.5100 ]0.5700 

th/Dp 

1/Ay 
5) i.d, 

8 K 
ies                               
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for different t /D, input stock tubing from 

the consideration of geometry (exit die 

diagonal 1 in). 
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Fig. A-2.1 Reduction of area versus the number of sides Fig. A-2.2 Reduction of area versus the number of sides 

for different t,/D,_ input stock tubing from 

the consideration of geometry (exit die 

diagonal 1 in).
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for different t,/D, input stock tubing from 

the consideration of geometry (exit die 

diagonal 1 in).



A-3 STOCK OF TUBES USED IN THE EXPERIMENTS



  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

TABLE No. A-3.1 Reductions of areas (%) for the stock of tubes 

in the drawing of polygonal tubes from round 

UBE_SPECIFICATIO! NOMINAL PLUG DIAMETER (dy in) 

Nominal int. 
S/ i i 7 1 9 5 3 
No|Code |.d. (inp. | dia | 3). |7/ Ly lhe) eA / 

x gauge(in)| (in) [= 26 4 

1| al76 1x 7g [0.648]14.49/23.25 [33.35 |44.80|57.59| - - 

2/4187 1_x 3/16|0.625|18.60/26.94 [36.55 |47.45|59.63| - = 
2 3|a219 1_x 7/32|0.562|27.44/34.87 [43.44 [53.16]  - - - 

1 413250 1x 1/4 10.50 |33.87/40.64/48.45 = = = = 

y b219 |1 1/16 x 7/330.624]32.82|39.69 |47.63 |56.63| - = = 
3112 a150 1. 150/070 = [12.70 |24.19 |37.21/51.76 | - = 
%{13| a120 1x .120/0.760| - - 8.47 |24.19|41.76| - = 

slp12s 1 1/16 x 10¢0.806| - = - = 8.80 125.95 144.72 
6|b160 |1 1/16 x 8g/0.742| - = = _|11.61]24. 45 |38,66154,21 

3 7|b219 [1 1/16 x7/32}0.624] 7.03|13.91 |21.84 |30.84|40.90| - - 

Fl sici6o0|1 1/8 x 8g/0.805] - - - __|17.33129.35 |42,.63157.18 
g |_olcig7|1 1/8 x 3/160.750] 2.39| 9.61]17.94 |27.39/37. 94 |49.61/62.39 
S 
S [10] c250 |1 1/8 x 1/4/0.625|21.56 | 27.36 |34.06 |41.65|50.13| - = 
$ [11] 177 |1 1/16 x .1770.708|  - = -__|18.56/30.40|43.48|  - 

2 

5] b128 |1 1/16 x10g0.806| - = = - = _|10.62|29,39 
6|b160 |1 1/16 x 8g/0.742|  - - - -__|11.76 |25.96|41.51 

2 7| 219 |1 1/16 x 7/340.624|  - 3.98|11.91|20.91|30.96] - - 
1 8ic160|1 1/8 x 8g|0.805| - - - 5.45|17.47 |30.75|45.30 

 |_9| c187 |1 1/8 x 3/160.750| - - 7.51 |16.95| 27.51 |39.18/51.95 
3 10] c250 [1 1/8 x 1/4]0.625]13.18/18.98]25.68[33.27/41.75| - = 

$21 b177 (4 1/16 x A7N0.708] = |= - 6.86/18.70|31.78|_ - 
$ | 

si pi28l1 1/16 x 10g¢0.806| - | - 2 = = |i s¥26 (29) 04 
» |S] b160 |1 1/16 x _8g|0.742|  - - - - 5.67 |19.87/ 35.42 
2{_7| b219 |1 1/16 x 7/340.624] - - - _|16.14/26.20| - = 
&{ s[ci60|1 1/8 x 8g/0.805| - - - - [11.78 ]/25.06/39.61 

| 9]e187 | 18 x 3/igo.750/ - [| - 2.51 [11.95| 22.50 134.17] 46.95 
$ 10] ¢250|1 1/8 x } [0.625] 9.16/14.96[21.66 |29.25/37.73] - = 

§ [21] 177 [1 Yie x .17710.708| - - - 1.25|13.09|25.63| - 
a 

5|b128 |1 1/16 x10g|0.806| - - - - - = 8.56 
o| 6|b160/1 1/16x 8glo.742| - - - - - 8.70 (24.26 
a 
2 [_7[ 219 [1 1/16 x 7/330.624| - = = 7.41(17.46| - = 
. | 8[¢160 [1 178 x 8g [0.805] - = = = 1.33 ]14.61/29.16 
= 9[c187 |i 1/8x ¥16 [0.750] —- = = 2.78([13.33 [25.00 |37.78 

Q [10] e250 |1 1/8x V4 |0.625] 1.79) 7.59 |14.29 |21.87|30.36| - - 
G | 11) b177 |1 1/16 x .177/0.708| - - - - - {15.88} -                             

= A100 - 

 



A-3.1. Quontavac analyses on the tube material 

(1) Stock 

(a) Batch 

Element 

% oO. 

(b) Batch 

Element 

% oO. 

from Lebas Tube Ltd 

Cc s Si Pp Mn Ni Cr 

11 0.038 0.13 0.021 0.43 0.25 0.12 

c s Si iy Mn Ni cr 

Mo Co Cu Sn 

0.04 0.03 0.19 0.016 

Mo Co Cu Sn 

12 0.045 0.13 0.020 0.56 0.09 0.115 0.03 N/D 0.24 0.05 

(2)* Stock from Lebas Tube Ltd and British and General Tube Co Ltd 

(c) Batch C (Lebas Tube Ltd) 

The analysis was similar to Batch A above. 

(d) Batch D (British and General Tube Ltd) 

The results of the chemical analysis were not available. 

* This second stock of tubing was received as drawn and the heat 

treatment carried out under a separate arrangement. 

- All -



A-3.2. Test reference (labelling) 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

                  

Tube o.d. x gauge]! Code Serial Number 

lst set of tubing 2nd set of tubing 

(in x in) 
BATCH A | BATCH B BATCH C BATCH D 

Wx te al76 i 

1 x 3/16 al87 2 14 

1 x 7/32 a219 3 15 

ix i/4 a250 4 16 

11/16 x 10g al28 5 

11/16 x 8g b160 6 17 

11/16 x 7g b177 11 

11/16 x 7/32 b219 7 

11/8 x 8g e160 8 

11/18 x 3/16 c187 9 19 

PALS x74 ©250 10 

1.040 x 0.235 b 235 20" 

1 3/16 x 1/4 4250 20° 

Code: ist letter refers to tube o.d. (in) 

eI? 1 /iGec 1 18s da. S716 

The three digits denote the gauge size as a multiple of 

1/1000 in. e.g. a219 represents 1 in o.d. x 0.219 in (or 

simply 1 x 7/32). 

Whenever the tube from Batch A was annealed under the arrangement 

for heat treating the 2nd set of tubing, this was denoted by 

superscript h added to the Ist letter. 

6.8. pPaio: 11/16 x 7/32 tubing from Batch A annealed together with 

the 2nd stock of tubes. 

- Al2 -



Examples 

(i) For quick reference and easy identification of the drawn 

sections, the tubes were labelled as shown in the example below: 

SPB cl87 12 /27.03.81 /51.95% Test 072 19 
= — ~~ tubing from Batch D 

- test number to the date 

- nominal reduction of area 

- date of the test; day, month and year 

- nominal plug diameter as a multiple of 1/16 in 

- input stock size; 1 1/8 in o.d. x 3/16 in gauge 

- octagonal elliptical die (section bar drawing die) 

Nominal plug diameters were expressed as multiples of 1/16 in, 

except the following plugs: 

0.485 (31/64 in) denoted by 7** (or 7**/16) 

0.470 (15/32 in) denoted by 7* (or 7¥*/16) 

0.488 denoted by 8 (or 8 /16) 

(ii) Test reference in Appendix A-5 

For the example above, the format of the tube (test) 

reference has been re-expressed as: 

19. / c187 12, /03-81 
Se a ee 

LE month and year the test was done 

- nominal plug size: 3/4 in diameter 

- input tube o.d. x gauge: 11/8 in x 3/16 in 

- 2nd set of tubing, Batch D 

The test number, the die designate and the reduction of area appear 

in separate columns. 

= A13 =



A-4 THEORETICAL RESULTS: 

Upper and lower bound solutions for the drawing 

tube 
of polygonal from round on a cylindrical plug 

A



TABLE No. A-4.1.1 

Input tube size 

The upper and the lower bound solutions for 

tube from round on the drawing of square 
a cylindrical plug. 

1.0000 in o.d. x 0-3750 in gauge 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

    

Reduction of area : 38.769, 

ae UPPER BOUND LOWER BOUND 

EE aes ‘Or aw Mean Mean die}Mean Mean Mean diefMean Mean Mean die 

€ oF ‘g - force draw pressure yield draw pressure} yield draw pressure 

pos stress stress |stress/ |/yield stress stress/ |/yield 

Ss & ® 3 P Oza Dn Yn {yield stress Yn | yield stress 
J = =} tont |tont inZltont in-Zhtont in-Z| stress tonf in-2] stress 

0 .00]09.873}21.896 {22.229 [36.245 ]0.6041 10.6133 | 34.532] 0.4985] 0.8240) 

0.02] 13-202 ]30.831]17.436 88.659 |0.8506 JO. 4811 0.7377} 0.6946 

0.04] 10-245 |36-273 14.217 BU. BEI I. 0008 0. SOze 0.8971[ 0.5910] 

2 0.06]17.999 }39.918 11.971 40.586 {1.1013 [0.3303 1.0013] 0.5076 

0.08 19.176 [42.5 10.327 41.073 |1.1733 0.2849 1.0677] 0.4400 

0.10}20.059 |44.485 |09:077 41.423 {1.2273 [0.2504 1.1085] 0.3848 

Q.00|10-479 j23.240 [23.667 B6.654 0.6340 0.6457 134.532] 0.4985] 0.8239 

0.02/12.907 [28.626 |20.861 68.122 jo.7810 ).5691 0.62991 0.7556 
0.04/14.751 |32.714 |18.562 89.093 j0.8925 ).5064 0.7375} 0.6946 

4 0.06/16.194 35.915 |16.683 B9.786 0.9798 P.4552 0.8253} 0.6400 

0.08 17.353 [38.484 [15.134 40.308 [1.0499 D.4129 0.8968] 0.5910 

0..10]18.303 |40.591 |13.838 40.714 {1.1074 0.3775 0.9545}0.5471 

0.00/11.064 {24.538 |25.118 B7.031 0.6626 P.6783 134.532] 0.4985|0.8237 

0.02|12-852 }28.503 j23.068 B8.091 0.7697 P.6229 0.5888|0.7774 

0.04/14.329 |31.779 21.267 B8.880 0.8582 P.5743 0.6679} 0.7344 

6 0.06 15.568 |34.525 |19.696 B9.492 0.9323 P.5319 0.7371|0.6945 

0 .0g|16.620 [36.859 (18.323 69.981 ).9953 b.49a8 0.7976|0.6575 
0. 10/17.524 |38.865 [17.119 40.382 [1.0495 ).4623 0.850310,6230 

0.00) 11.349 j25.170 j25.852 B7.209 0.6764 DP.6948 $34.53210.4985]0.8236 

0.02/12- 941 [28.701 24.0 7141 P.7713 P.645 0.5765 [0.7839 

0.04{14.290 {31.693 22.391 B8.860 P.8517 b.6018 0.6422 0.7463 
7 0.06|15-446 [34.257 PO.935 B9.434 P.9206 P.5626 0.7083 ]0.7112 

0.08}16.447 |36.476 {19.640 89.903 P.9803 P.5278 0.7638 10.6783 

0.10/17.321 88.414 [18.485 #0.294 11.0324 ).4968 0.8131 {0.6473 

©.00/f11.6309 25.79326.594 B7.381 D.6900 P.7114 134.53210.4985 10.8234 

0.02113.071 28.988 P4.939 B8.212 D.7755 ).6672 0.5671 10,7884 

8 0.04/14.316 81.749 P3.434 §8.873 P.8493 ).6269 0.6298 |0.7553 

0.06]15.401 84.155 P2.074 ~9.412 DP.9137 P.5905 0.6845 [0.7240 

0.086.354 86.262 PO.847 B9.860 P.9702 ).5577 0.7365 {0.6944 

0.10}17-197 88.140 [19.739 40.239 1.0203 ).5280 0.7826 |0.6664 

0.ooft2.183 27.019 P8.114 87.709 P.7165 ).7455 4§34.532]0.4985 40.8231 

0.023.405 P9.729 P6.700 $8.394 ).7884 ).7080 0.5537 |0.7950 

0. 04fL4-490 B2.136 P5.387 $8.962 ).8522 ).6732 0.6048 }0.7681 

10 0.065.460 B4.287 P4.175 $9.440 f.9092 ).6411 0.6520 [0.7424 
©. 0gf6.331 B6.218 P3.059 $9.849 ).9604 ).6115 0.6956 }0.7178 

0.i0f7.117 B7.961 P2.032 |40.204% .0067 ).5864 0.7358 [0.6943]                       
  

- Al4 -



TABIE No. A-*A.L 1. 0 eves os seo (continued) 

The upper and the lower bound solutions for 

the drawing of Square tube from round on 

a cylindrical plug. 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Input tube size : 1.000 in o.d. x0.3750 in gauge 

Reduction of area : 38.78 

3 < UPPER BOUND LOWER BOUND 

= alse FYoraw Mean Mean die|Mean Mean Mean die{Mean jMean Mean die! 

= ope force draw pressure yield draw pressurefyield draw pressure 

5 2 rv 6 stress stress |stress |/yield stress |stress |/yield 

Se vy : 
Seal gre p Os Ym {/yield | stress Ym .|Zyield [stress 

3 vjZ =<} tonf _jtonf in-2htoné. in72|tonf in~2|stress Itonf in~“|stress 

10. 00] 12.733 [28.238 {29.710 |38.024 10.7426 (0.7813 | 34.532] 0.4985] 0.8227 

0. 02| 13.804 30.614 [28.454 [38.607 {0.8056 P.7483 0.5446] 0.7992 

0.04] 14.774 [32.965 |27.273 39.104 {0.8617 0.7173 0.5878] 0.7766 

12 10. 06] 15.655 [34.719 |26.168 |39.533 10.9131 P.6882 0.6283] 0.7549 

19 .08| 16.459 |36.502 25.136 [39.908 j0.9600 P.6610 0.6662] 0.7339 

0. 10) 17.195 138.135 [24.172 [40.238 }1.0029 0.6357 0.7017] 0.7137 

0. 00] 13.298 [29.492 [31.431 [38.337 10.7693 1.8199 | 34.532] 0.4985] 0.8222 

lo .02] 14.260 {31.626 |30.285 38.845 |0.8250 P.7900 0.5380} 0.8021 

14 l0.04[ 15.143 [33.584 |29.197 |39.287 ]0.8760 D.7616 0.5754] 0.7826 

lo .06| 15.956 35.386 [28.168 [39.675 10.9230 P.7348 0.6107] 0.7638 

0.08] 16.706 137.049 |27.198 40.020 f0.9664 p.7094 0.6442] 0.7455 

10. 10| 17. 400 |38. 589 [26.283 |40.328 1.0066 P.6856 0.6758] 0.7278 

0 . 00] 13.858 [30.734 |33.232 [38.636 0.7955 P.8601 | 34.532] 0.4985) 0.8216 

lo .02/ 14.736 |32.681 }32.165 39.085 (0.8459 P.8325 0.5330] 0.8041 

16 0.04] 15.550 [34.387 [31.146 |39.483 0.8926 D.38062 0.5658] 0.7870 

lo .06| 16.307 [36.164 |30.176 |39.838 0.9360 D.7810 0.5971] 0.7704 

lo .08]17.011 [37.727 |29.253 140.157 0.9765 P.7572 0.6269] 0.7543 

.10117.669 [39.185 28.377 40.445 0142 _D.7345 0.6554] 0.7386 

lo.00 14.471 [32.093 [35.259 [38.952 [0.8239 P.9052 34.532] 0.4985} 0.8210 

lo 02 15.285 [33.899 [34.247 |39.356 P.8703 D.8792 0.5290} 0.8055 

18 (0 .04]16.046 [35.586 [33.276 139.717 +9136 _P.8543 0.5582] 0.7903 

lb .06|16.759 |37.166 [32.346 40.044 0.9542 P.8304 0.5863] 0.7755 

bog |17-427 38.649 [31.457 40.340 P.9922 P.8076 0.6131] 0.7610 

ly. 10] 18-055 [40.041 [30.607 40.610 {1.0280 P.7858 0.6388] 0.7470 

lb .00]16.324 [36.203 [40.461 (39.346 [0.9056 1.0154 134.532] 0.4985] 0.8204 

0 .02]17.149 |38.032 39.411 40.218 p.9545 p.9891 0.5258] 0.8064 

20 lb .04417-924 39.752 138.399 40.554 0.9976 P.9637 0.5521] 0.7928 

b.06]18.655 {41.372 [37.426 40.861 [1.0383 p.9392 0.5774] 0.7794 

lb .08|19.345 42.901 86.491 41.141 [1.0767 P.9158 0.6017] 0.7664 

lb. 10]19.996 [44.346 [85.593 41.399 {1.1129 P.8933 0.6252] 0.7536 

D .00 
b.02 

2 2. p.04 

D.06 
+ 

og 

p.10                         
  

= AIS =



TABLE No. A-'4-1.2 
the drawing of 

a cylindrical plug. 

a +000 0.8125 

The upper and the lower bound solutions for 
square tube from round on 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

                      

Input tube size in o.d. x in gauge 

Reduction of area 42.28 4 

) UPPER BOUND LOWER BOUND 

a aes Or aw Mean Mean diej/Mean jMean Mean diefMean Mean Mean die 

& ae _|foree draw pressure |yield draw |pressurefyield [draw pressure! 

a eee stress stress Istress/ |/yield Jstress |stress/ |/yield 
= Like ee 
3 § ao P Oza Dm Ym yield stress Yn fyield  |stress 

SF vl= =] tont [tone inéitont in-2tont in~2] stress tonf in-2] stress 

0.00| 09.300] 23.875| 20.808 ]36.841]0.6481]0.5648 J85.459 |0. 5590 }O.8051 

0.02] 12.996} 33.368] 15.370 |39.238]0.9056 0.4172 10.8313 jO.6537 

0.04| 15.047] 38.626] 12.094 |40.335 1,0484}0.3283 10.9939 10.5883 

i 0.06|[ 16.345] 41.960] 09.950 [40.969] 1.1389]0.2701 1.0894 j0.4495 

0.08] 17.241] 44.258] 08.446 41.383]1.2013}|0.2293 1.1381 |O.3805 

0.10] 17.895] 45.938] 07.334 |41.785]1.2469|0.1991 1.1626 0.3263 

0.00| 09.864] 25.322] 22.137 ]37.251]0.6798]o.5942 85.459 |0.5590 [0.8050 

0.02] 12.147] 31.182] 18.855 |38.741]/0.8371/0.5061 10.7120 {0.7241 

is 0.04] 13.780] 35.374| 16.349 |39.673]0.9496 |0.4389 10.8310 }0.6536 

0.06] 15.003] 38.514] 14.405 |40.313|1.0339]0.3867 0.9231 jo.5921 

0.08] 15-842] 40.950] 12.863 }40.782|1.0993 0.3453 10. 9936 0.5383 

0.10] 16.709] 42.894] 11.613 }41.140}1.1515}/0.3118 1.0471 j0.4910 

0.00] 10.410] 26.723] 23.482 |37.631]0.7101}0.6240 [85.459 }O.5590 |0.8045 

0.02] 12.107] 31.080] 21.055 38.717/0.8259}0.5595 10.6650 |0.7497 

0.04] 13.450| 34.527] 19.030 |39.492]0.7175|0.5057 10.7547 10.6994 

6 0.06] 14.536] 37.316|17.337 40.074]0.9916 |0.4607 10.8306 0.6536 

0.08| 15.433] 39.617| 15.907 }40.529}1.0528 0.4227 10.8945 jO.6117 

0. 10] 16. 185| 41.547] 14.688 |40.893]1.1041 [0.3903 10. 9482 J0.5733 

0.00] 10.676] 27.407] 24.164 |37.811|0.7248 0.6391 J85.459]0.5590 0.8046 

0.02] 12,192] 31.299] 21.994 |38.762]0.8278]0.5817 0.6508 |0.7571 

7 0.04] 13.429] 34.472] 20.137 |39.480}0.9117 0.5326 10.7304 j0.7132 

0. 06| 14.454] 37.106] 18.546 }40.032}0.9814 0.4905 10.7994 10.6727 

0.08] 15.319] 39.324] 17.175 }40.472]1.0400|0.4542 10.8591 j0.6351 

0.10] 16.045] 41.217|15.985 |40.832}1.0901}0.4228 10.9105 j0.6003 

0.00] 10,939128,081124,853 98410,739310,654 5.459 10,5590 10,804 

0.02] 12.314] 31.611] 22.880 |38.841}0.8322 10.6024 10.6399 {0.7627 

8 0.04] 13.462] 34.558] 21.158 |39.499}0.9098 |0.5570 10.7113 |0.7238 

0.06] 14.434] 37.052]19.656 |40.021]0.9755|0.5175 10.7744 0.6874 

0. 08| 15.266] 39.189] 18.340 |40.446]1.0317|0.4828 10.8300 (0.6535 

0.10 15.986| 41.038]17.181 [40.798|1.0804 {0.4523 10.8789 0.6217 

0.00] 11.453| 29.401] 26.260 |38.314]0.7674 10.6854 [85.459 |0.5590 0.8041 

0.02] 12.623] 32.405] 24.566 |39.023}0.8458 {0.6112 10.6242 j0.7705 

10 0. 04| 13-634] 34.999]23.047 ]39.593|0.9135 0.6015 0.6834 f0.7388 

0. 06| 14-514| 37.258 [21.686 |40.062[0.97240.5660 0.7370 [0.7088 

0. 0g| 15.287] 39.243] 20.465 [40.456[1.0242]0.5341 10.7854 f0.6803 

0.10] 15.971] 40.999]19.367 |40.791}1.0701 }0.5055 0.8223 (0.6584 |     
- A16 - 

 



TABLE No. A-4.1.2 +. (continued) 

The upper and the lower bound solutions for 

the drawing of square 

a cylindrical plug. 

tube from round on 

  

  

  

Input tube size 1.0000 in o.d. x 9-3125 in gauee 

Reduction of area : “42.28 a 

g UPPER BOUND LOWER BOUND 

a 
72 >Voraw IMean Mean die|Mean Mean Mean die{Mean jMean Mean die! 

Ease force |draw lpressurel yield draw pressurefyield draw pressure 

< ° 2 stress stress |stress |/yield stress |stress |/yield 

5 ele 2 p Cra, a Yn_y /yield | stress Yn _,|/yield |stress 

& ajx <1 tont front in-4}tonf in “|tonf in“*|stress itonf in-“|stress 

00] 11.957|30.695|27.721 [38.627 |0.9747 [0.7177 35.455] 0.5590) 0.8036 
  

° is 12.985}33.334 {26.213 39.231 |0.8630 J0.6786 0.6136] 0.7756 
  

° & 13.893 |35.664 [24.836 39.734 |0.9233 [0.6430 0.6639} 0.7489 
  

—
 

RO
 

  

  

  

  

  

  14 

_06| 14.700|37.736 |23.581 [40.159 0.9770 J0.6105 0.72102 0.7233. 

~98| 15-422 [39-590 [22.439 40. 523 [1.0249 [0.5808 0.7529] 0-5989 

710] 16.072 [41.257 |21. 388 [40.839 [1.0681 [0.5537 0.7922 0.6756 

~O0] 12.460 131.985 |29. 258 [38.927 |o.8217 fo.7516 | 35.459] 0.5590] 0.8031 

02] 13.383|34.355 [27.881 |39. 455 |0.8825 0.7162 0.6058] 0.7791 

04] 14.212 [36.483 [26.607 [39.904 [0.9372 J0.6835 0.6549 0.7560 

06] 14.960 138.404 [25.430 [40.292 |0.9865 [0.6533 0.6902] 0.7338 
  0. 7282| 0.7124] 
  

  

  

16 
  

14,585 |37.440 128,427 40.099 10.9545 10.7247 

~98] 15-635 [40.145 [24. 343 [40.630 |1.0313 fp.6254 

“Tol 16.256 [41.731 [23.338 |40. 927 [1.0720 [0.5995 0-7636| 0.6919 

00] 12.974 133.306 |30. 909 139.225 |o.8491 0.7880 | 35.459] 0.5590] 0.8025 

02] 13.818 [35.471 [29.626 |39.693 [0.9043 0.7553 0.5999] 0.7815 

.04 0.63841 0.7612 
  

-06 15.285 139.238 |27.309 40.455 [1.0003 (0.6962 0.6746] 0.7416 
  

.08 15.927 |40.885 |26.266 40.770 |1.0423 fo.6696 0.7087| 0.7227 
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10 
16.517 [42.400 25.294 41.050 [1.0809 (0.6448 0.7408} 0.7044 

  

  

  

  

  

  

  

  

  

  

  

  

  

                            
.00{ 13.434 134.487 132.580 [39.483 ]0.8735 [0.8236 | 35.459 0.5590] 0.8018 

lo 02| 14-211 136.481 131.308 |39.904 10.9239 (0.7929 0.5952] 0.7832] 

18 ~04| 14.924 [38.312 [30.171 |40.274 |0.9703 (0.7641 0.6295} 0.7651 

lb. 06| 15.582 |40.000 [29.101 }40.602 1.0131 0.7371 0.6621] 0.7476 

bo 16.189 |41.559 |28.097 [40.896 [1.0526 0.7116 0.6929] 0.7306 

lb. 10| 16. 752 [43.005 [27.153 |41.160 }1.0892 (0.6877 0.7222] 0.7141 

b .00| 13.953 |35.820 [34.356 [39.766 10.9007 [0.8639 } 35.459] 0.5590} 0.8010 

bb. 02] 14.679 |37.681 |33.197 [40.148 [0.9476 0.8348 0.5916] 0.7843 

0 b.o4 T5350 [39.405 [32.102 |40.488 J0.9909 0.8073 0.6223] 0.7681 

Z b .06 | 15.973 [41.005 [31.066 [40.792 |1.0311 0.7812 0.6518] 0.7523 

b.08| 16.554 [42.494 [30.087 |41.067 |1.0686 (0.7566 0.6790] 0.7369 

bh. 10| 17-095 [43.883 [29.162 41.317 }1.1035 (0.7333 0.7067] 0.7220 

D . 00 
0.02 

20) p.04 

D.06 

O8 

p.10       
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TABLE No. A- -4.1.3. The upper and the lower bound solutions for 

the drawing of square 

a cylindrical plug. 

1.000 in o.d. 

tube from round on 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

              

Input tube size x 0.2500 in gauge 

Reduction of area : 48.45 % 

ahs UPPER BOUND LOWER BOUND 
a 
> ahus ‘Or aw Mean Mean die|Mean jMean Mean die§Mean Mean Mean die 

= re, 3 A force |draw pressure | yield draw pressure yield draw pressure 

Fe stress stress |stress/ |/yield |stress |stress/ |/yield 
> eer ics 
2 &§ os P Oza Da Yn yield stress Xen yield stress 

J = =} tont [tone inzitont in-2ttont in-Z] stress tonf in~4] stress 

0.0008. 406 J27.685 [18.699 87.883 |0.7308 0.4936 | 37.031] 0.6746] 0.7704 

0.02|11.529 [37.968 ]12.905 40.205 |1.0023 0.3407 0.9826} 0.5891 

2 0.04]13.059 [43.128 j09.793 41.182 [1.1384 0.2585 1.1322] 0.4613 

0.06]14.034 [46.220 [07.880 41.723 {1.2201 (0.2080 1.1970] 0.3697 

0.08]14.659 [48.278 ]06.589 42.066 {1.2744 P.1739 1.2178] 0.3030, 

0.10]15.105 [49.747 105.660 42.305 [1.3132 0.1494 1.2168] 0.2534 

0..00/08.889 |29.276 119.835 88.284 |O.7647 1.5181 137.031] 0.6746 0.7702 

0.02110.865 [45.784 16.231 B9.759 [0.9347 0.4240 0.8547] 0.6716 

4 0.04/12.188 ]40.141 [13.685 40.829 {1.0485 0.3575 0.9824} 0.5890. 

0.06/13 134 143.255 11,812 41.205 |t-1298 P.3085 1.0714] 0.5137) 

0.08]13.843 |45.590 {10.384 41.615 [1.1908 0.2712 1.1320] 0.4613 

0. 10]14.394 [47.404 jo9.260 41.922 |1.2382 .2419 1.1719} 0.4118 

0.00/99.357 [30.8179 20.985B8.655 j0.7972 [0.5429 437.031} 0.6746] 0.7700) 

0.02]|10-840 |35.699 18.291 B9.741 10.9235 P.4732 0.8010} 0.7023! 

6 0.04111 .956 [39.374 |16.169 HO. 482 |1.0186 0.4183 0.9019} 0.6423 

0.o6|12-825 [42.236 14.472 41.020 {1.0926 0.3744 0.9819] 0.5889) 

0.08|13-520 44.526 [13.089 41.430 [1.1519 0.3386 1.0449] 0.5414 

0. 10114.089 |46.399 [11.943 41.753 [1.2003 10.3090 1.0939] 0.4991 

0.00) 09. 586 [31.570 J21.570 B8.832 j0.8130 (0.5555 | 37.031] 0.6746] 0.7698 

0.02/10. 913 [35.941 [19.152 B9.792 (0.9255 0.4932 0.7845] 0.7114) 

7 0.04]11.949 |39.352 {17.188 40.477 j1.0134 P.4426 0.8752] 0.6586 

0.06|12.779 ]42.084 {15.572 40.992 }1.0838 P.4010 0.9497] 0.6110 

0.08|13-458 44.320 [14.226 Al.394 [1.1413 D.3664 T.0105{ 0.5679) 

0.10114 .023 146.184 {13.089 #1.716 |1.1893 0.3371 1.0598} 0.5288 

0.00/09.811 [32.310 |22.160189.001 }0.8284 0.5682 437.031) 0.6746] 0.7698) 

0.02}11.017 |36.282 [19.956 B9.863 (0.9303 0.5117 0.7717) 0.7182 

8 0.04]11.984 |39.469 {18.121 f#O.500 [1.0120 p.4646 0.8539] 0.6712 

0.06 12.777 [42.080 [16.580 f0.991 [1.0789 p.4251 0.9232] 0.628 

0.08]13.438 144.256 [15.271 41.383 [1.1347 0.3916 0.9813] 0.5888) 

0, 10]13.997 [46.098 [14.149 f1.702 11.1819 0.3628 1.0299} 0.5527] 

0.00]10.251 133.759 |23.364 B9.325 [0.8585 [0.5942 137.031] 0.6746} 0.7691 

0.02]11.279 |37.145 j21.467 f0.040 0.9446 2.5459 0.7532] 0.7277 

0.04|12.138 [39.974 [19.830 fO.597 1.0165 0.5043 0.8222] 0.6892) 

0 0.06 12.865 |40.370 [l6.412 f1.045 [1.0774 p. 468: 0.88241 0.6533 

0.08}13.489 |44.425 [17.174 f1.412 [1.1297 P.4367 0.9349} 0.6199} 

0.10[14.030 [46.205 ]16.087 41.720 [1.1750 0.4091 0. 9805] 0.5887]             
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TABLE No. A-441-3 ws. ees (continued) 

The upper and the lower bound solutions for 

the drawing of square tube from round on 

a cylindrical plug. 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Input tube size 1.000 in o.d. x0.2500 in gauge 

Reduction of area : 48.45% 

ec > UPPER BOUND LOWER BOUND 

a 
2 Alc Yoraw Mean jMean diejMean Mean Mean diejMean {Mean Mean die 

cans i force draw lpressure| yield draw pressurefyield draw pressure 

< Sle 2 stress stress |stress |/yield stress |stress |/yield 

Slee © C, Y, \/yield |st Y, .|/yield {st 
3 ec 2 2a s mn» yie stress m _p|/yie stress 

& AX =] ton front in 4}tonf in “|tonf in“*|stress Itonf in““|stress 

0 .00|10.679 [85.171 24.608 89.630 ).8875 | 0.6210}37.031 0.6746|0.7686 

0. 02|11.583 88.147 P2.917 ho.241 ).9626 | 0.5783 0.7406 |0.7340 

0.04 T2.359 40.703 B1.424 40.735 fL.0271 0.5406) 0.8000]0.7014 

12 10 .06]13.032 42.919 bo.101 41.144 fL.0830 | 0.5072 0.8527|0.6706 

9.08]13.621 44.860 hs.924 41.489 fL.1320 | 0.4775 0.8999] 0.6416 

0. 10]14.141 6.572 |l7.872 Bl. 78e L.1752 0.4510} 0.9421/0.6143 

0.00]11.101 6.561 25.908 69.920 P.9159 0.6490] 37.031|0.6746] 0.7679 

10.02}11.913 89.233 24.363 HO.454 p.9828 | 0.6103 0.7313] 0.7382 

4h, l0.04|12.624 41.574 62.975 40.898 fl.0414 | 0.5755 0.7830|0.7100 

lo .06/13.251 43.641 P1.726 41.274 h.o932 10.5442 0.8300] 0.6832 

lo. 08]13.809 45.479 20.598 f1.596 h.1392 |0.5160 0.8727|0.6577 

0. 10114.309 47.123 19.577 41.875 [1.1804 | 0.4904 0.9115}0.6334 

l0.00/11.524 87.954 p7.282 BO.202 b.9441 | 0.67864 37.031]0.6746 0.7672 

l0.02|12.265 40.392 25.844 40.677 1.0047 | 0.6428 0.7242}0.7412 

16 lo.04/12.923 42.560 B4.535 41.079 fL.0587 | 0.6103 0.7700|0.7164 

(0 .06{13.513 44.502 B3.342 Al.426 f.1069 | 0.5806 0.8121]0.6926 

lo .03 [14.043 6.048 bo.258 H1.727 fL.1504 | 0.5535 0.8509/0.6699 

ly 10 14.523 47.828 21.256 f1.992 1.1897 0.5287 0.8866[0.6481 

lo .00|11-894 39.172 28.605 HO.442 D.9686 0.70734 37.031|0.6746}0.7664 

o2{t2.575 41.413 P7.251 fO.868 }.0240 | 0.6738 0.7186] 0.7434 | 

ly 04]13.188 43.431 B6.007 41.236 fL.0739 | 0.6431 0.7596|0.7212 

18 lb. 06 13.742 45.247 24.863 41.557 h.1190 0.6148 0.7977|0.6999 

ly 08}14.246 46.916 b3.809 41.840 [..1601 | 0.5887 0.8331|0.6794 

lb.10]14.706 48.431 P2.836 f2.091 1.1975 | 0.5647 0.8660]|0.6597 

lb .00 12.289 40.473 BO.059 HO.692 ).9946 | 0.7387 37.031 [0.6746] 0.7655 

lb.02/12.922 42.557 P8.768 41.079 fL.0458 0.7070 0.7140|0.7448 

20 b.04 13.498 44.452 B7.572 1.417 fL.0924 0.6776 0.7510}0.7249 

b .06|14.023 46.182 26.463 41.716 [1.1349 0.6503 0.7857] 0.7056 

lb .08|14.504 47.767 B5.434 41.982 fL.1739 | 0.6250 0.8182]0.6870 

bh. 10 [14.947 49.204 b4.478 2.201 f..2097 [0.6015 0.8487/0.6690 

p .00 
0.02 

22 b.04 

D.06 

Os 

p.10                         
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TABLE No. A=4.2.1 

Input tube size 

The upper and the lower bound solutions for 

the drawing of hexagonal tube from round on 

a cylindrical plug. 

1.0000 in o.d. x 0.3750 in gauge 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Reduction of area 18.45% 

Bi a} = UPPER BOUND LOWER BOUND 

fe Bh os ‘Oraw Mean Mean die|Mean Mean Mean diefMean Mean Mean die 

cS ae force draw pressure | yield draw pressure} yield draw pressure 

= Ses S stress stress |stress/ |/yield Jstress jstress/ |/yield 
aces = 

5 a r Oza Da Ym yield stress VS yield stress 

Zatz =! tont |tontin2ttont in-2ft ont in-2] stress tonf in-2| stress 

0.00} 09.530} 15.872| 47.068 }34.114] 0.4653]1.3797 J28.172 |0.2070 j0.9221 

0.02] 14,344] 23,8891 39,508 136.8451 0.648411_.0723 lo. 2331 Ja 8584 
2 0.04] 17.579] 29.277] 33.571]38.284] 0.764710.8769 10.4414 |0.8005 

0.06] 19.886] 33.120] 29.064|39.18410,.845210,741 0.5344 lo. 7470 
0.08] 21.610) 35.990} 25.580 |39.802| 0.9042 ]0.6427 10.6141 |0.6994 

0.10| 22.945] 38.214] 22.822 |40.254]0.9493 |0.5670 10,6823 10.6553, 

0.00} 10.2031 16.9931 50 506 134.55510 491811 4616 1 2070 9226 

0.02] 13.051| 21.787] 46.270 |36.19510,.6005 11.2783. 10.2724. 8895 

0.04| 15.351] 25.567] 42.391 |37.319]0.6851 1.3591 0.3329 (0.8584 

4 0.06] 17.238] 28.710| 38.983 138.143]0.7527 11.0220 (0.3891 0.8288 

0.08] 18.811} 31.329]36.012 |38.77610.8080 0.9289 441) 8005 

0.10} 20.140] 33.543} 33.488 |39.278|0.8540 |0.8513 10.4894 {0.7735 

0-00] 10.826] 18,.031|53.798 134, 94310.516011.5396 [bs.172 lo.2070 Io.9219 
0.02| 12.912] 21.504] 50.761 |36.12210.5953 |1.4053 10.2510 0.9001 

6 0-04] 14 713] 04. 504| 47.850 |137.02210,6619 11.2925 lo.2929 10.8789 
0.06] 16-280] 27.115] 45.148 |37.735]0.7186 |1.1965 10.3327 0.8584 

0.081 17,654] 29. 403142672 |38_ 31510 767411 11 3705 6.3385 

0.10] 18.867131,423140, 415 |3g, 798 10 a00q}1 41 oss 3192. 
0.0 11.120] 18.520}55.395 |35.120}0.5273 |1.5773 28.172 (0.2070 P.9218 

0.02] 12.973] 21.607|52.707 {36.154 |0.5976 {1.4578 (0.2448 P.9031 

7 0.04] 14.606|24.327/50.103 136,971 10,6580 |1..355: 281) 0.8849 

0.06} 16.053] 26.737 |47.648 |37.635 |0.7104 |1.2660 0.3158 ).8671 

0.08| 17.343) 28.884 |45.362 |38.186 [0.7564 |1.1879 0.3490 p.8498 

0.10]18.497130.807]43.247 138.653 10.7970 11.1189 3808 _ 0.8330 

0.00]11.402} 8.991 |56.962 {35.286 jO.5381 |1.6143 638.172 0.2070 p.9218 

0.02113,076 |21.778 154,540 [36.208 10.6014 [1 506. 402 ).9054 

8 0.04|14.574 |24.273 |52.175 86.956 0.6568 |1.4118 D.2721 D.8894 

0.06115, 990126.514 lag_919 7-576 lo 7056 11. 3285 b_3028_b 8737 

0.08/17.134 |28.536 [47.794 88.099 [0.7490 [1.2545 3324 8584 

0. 10]18.233 |30.368 {45.805 B8.549 [0.7878 }1.1882 p.3609 ).8434 

0.00}11.935 119.877 160,025 85.591 Jo.5585 11 6865 172 ).2070 ).9216 

0.02)13.348 [22.231 157.977 B6.349 |O.6116 [1.5950 p.2355 _D.9085 

10 0.04) 14-640 j24.383 [55.958 B6.987 |0.6592 [1.5129 D.2593 ).8956 

O.06}15.824 126,355 154.005 87,533. 7022 [1.4388 D.2842 ).8830 

0. 0g}16.913 j28.168 [52.134 B8.006 j0.7414 [1.3717 p.3084 ).8706 

0.10}12.916 J29.839 50,421 B8.42) 7766. 3105 3319 aaa |                                 
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ABLE NO.OA=4s Nor hs cere (continued) 

The upper and the lower bound solutions for 

the drawing of hexagonal tube from round on 

a cylindrical plug. 

Input tube size E 1.0000 in o.d. x0.3750 in gauge 

Reduction of area : 18.45% 

UPPER BOUND LOWER BOUND 

an an an dieyMean an an die 

id aw essurefyield aw essure 

ress ress ield ress ress ield 

Dm ie ield tress ‘6 ield ress 

af in-2{tonf in72|stress nf in72} stress 

5.865 [0.5772 {1.7573 wise 2070 9215 

6.508 10.6232 {1.6771 

7.065 |0.6652 j1.6039 2506 8998 

7.552 |0.7037 |1.5368 2715 P.8892 

7. 981 10.7390 1.4751 29; 7. 

8.364 [0.7717 }1.4182 3120 0.8685 

  

an die 
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6.671 0.6353 1.7551 -2259 0.9119 

7.164 |0.6729 |1.6886 2443 2.9027 

  

7.995 |0.7402 |1.5697 +2800 D.8846 

8.349 10.7704 {1.5162 +2973 P.8757 

6.347 ]0.6114 |1.8987 Te. 

6.841 }0.6481 [1.8329 .2234 P.9128 

7.681 jO.7142 fL.7142 +2553 D.8968 

8.04 +7442 {1.6604 -2708 P.8889 
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TABLE No. A-42-2 The upper and the lower bound solutions for 
the drawing of ,hexagonal tube from round on 

a cylindrical plug. 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

                      

Input tube size ; 1.0000 in o.d. x 0.1875 in gauge 

Reduction of area : 28.39 4 

a S UPPER BOUND LOWER BOUND 
w 
S whet Or aw Mean Mean die}/Mean Mean. Mean die#Mean Mean Mean die 

€ ae a force draw pressure fyield draw pressure} yield draw pressure 

To) Te ce stress stress |stress/ |/yield {stress |stress/ |/yield 
2 ie = Ke ‘ 
Ss Sceo Pp Oza Da Yn yield stress Yn yield  |stress 

l= <1 tonf [tong inZitont in-Att ont in-2] stress tonf in-2| stress 

0.00} 06.376] 18.605] 31.001] 35.150] 0.5293] 0.8820 J31.586 |0.3392 |0.8756 
0.02| 09.445] 27.559] 22.107]37.850] 0.7281{0.5841 0.5694 |0. 7547 

2 0.04] 11.042] 32.218] 17.018138. 9811 0.826510, 4366 0.7343 10.6551 
0.06] 12.016] 35.062] 13.806] 39.607] 0.8852] 0.3486 0.8514 ]0.5727 
0.08] 12-672] 36.976] 11.605] 40.005] 0.9243] 0.2901 0.9338 |0.5041 

0.10] 13,144] 38.352] 10.006] 40.281] 0.952110.2484 0.991110.4469 
0.00] 06-835] 19.944] 33.316]35.613] 0.5600] 0.9354 J31.586 |0.3392 {0.8755 
0.02] 08- 784] 25.630] 27.826 /37.336/ 0.6865] 0.7453 0.4636 [0.8122 

is 0.04] 10.122] 29.534] 23.750|38.347| 0.7702]0.6194 0.5691 JO. 7547 
0.06] 11.094] 32.371| 20.672|39.015] 0.8297]0.5294 0.6585 |0.7025 

0.08} 11.832] 34,5231 18.281139.49110.874210. 4629 0.7339 10,6551 

0.10] 12.410] 36.210] 16.378139.848] 0.9087] 0.4110 0.7976 ]0.6120 

0.00] 07.259] 21.180] 35.523] 36.019] 0.5880] 0.9862 31.586 |0.3392 |0.8754 

0.02] 08.727] 25.465] 31.427] 37.291] 0.6829] 0.8427 0.4242 10.8325 
6 0.04] 09.854] 28.753] 28.070] 38.154] 0.7586] 0.7357 0.5005 ]O.7923 

0.06] 10,744] 31.351] 25.3151 38. 781] 0.80841 0.6528 0.5688 10,7547 

0.08] 11.464] 33.452) 23.031|39.257| 0.8521] 0.5867 0.6299 |0.7194 
0.10/ 12.058] 35.185] 21.112]39.633| 0.8878] 0.5327 0.6845 [0.6862 
0.001 07-455 22-763] 36-596] 36.203] 0.6011/ 1.0108 [31.586 [0.3392 0.8753 

0.02} 08.775] 25.605] 32.926|37.329| 0.6859] 0.8820 0.4126 ]0.8384 
7 0.04] 09.821] 28. 656] 29.831[38.130/ 0.7515[0.7823 0.4794 |0.8035 

0.06} 10.670} 31.133] 27.223|38.730| 0.8038] 0.7029 0.5402 {0.7705 

0.08] 11.372} 33.171] 25.012|39.197| 0.8465] 0.6381 0.5955 {0.7393 

0.10] 11.961] 34. 902] 23.120/39.572] 0.8820/0.5842 0.6458 |0.7097 

0.00} 07.550] 22.323] 37.653136.377| 0.6137|1.0351 131.586 10.3392 10.8752 
0.02] 08.848] 25.819] 34.311|37.388| 0.6906]0.9117 0.4037 [0.8428 

8 0.04] 09.825] 28.668] 31.431/38.133]0.7518[0.8243 0.4631 [0.8120 

0.06] 10.635] 31.032] 28.944|38.706| 0.8017| 0.7481 0.5178 10.7826 
0.08} 11.317] 33.022] 26.718|39.161| 0.8432] 0.6848 0.5682 JO. 7546 

0.10} 11_ goal 34 7191 24 961139 53310.878210.6314 0.6146 Jo. 728: 

0.00] 08.015| 23.388] 39.732 36.698] 0.6373] 1.0827 {31.586 ]0.3392 |0.8750 
0. 02] 09.038] 26.37 | 36.864(37.538]0.7025/0.9821 0.3910 [0.8490 

10 0. 04} 09.904} 28.894] 34.316|38.190] 0.75671 0.8986 0.4395 ]0.8240 
0. 06] 10.645] 31.061] 32.060|38.713] 0.8023] 0.8281 0.4850 ]O.8000 
0.08] 11-287] 32.933] 30.059]39.142/0.8414]0.7680 0.5276 [0.7769 

0.10] 11,847] 34.568] 28.280]39.501} 0.8751] 0.7159 0.5675 {0.7546     
AGO = 

 



A-4.2.2 TABLE No. (continued) 

  

The upper and the lower bound solutions for 

the drawing of hexagonal tube from round on 

a cylindrical plug. 

Input tube size 

Reduction of area 
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+393 
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+617 
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+652 
.314 

-81l 

6.30 

1.0000 in o.d. 
28.3%, 

UPPER BOUND 
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Pm 
f inc? 

1.801 

925: 

6 . 947 
86 
2O7! 
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-89: 
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ess 

Yn 
nf in72 

6.990 

7. 709) 

-76 
9.16 
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+85. 
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x0.1875 in gauge 

an die 
essure 
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ress 

- 1300 
-0410 

-8993 
+8420 

«Z9LS) 

.1780 

0973 
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+861 

2227 

087: 
028 

.928 
+278 

+209 
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99: 
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se 
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aS 
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LOWER BOUND 
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Tess 

3392 
3824 

4621 
4989 

5337, 

23392 

-3762 

+4452 
+4774 

- 5082 
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- 402 
+432 

. 488. 
2909. 
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-395. 

+421 
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8747, 
8530 

8117 
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+8735 

-845 

+831 
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0.847 

0 
0.82,  



TABLE No. A-4. 2.3 The upper and the lower bound solutions for 
the drawing of hexagonal tube from round on 

a cylindrical plug. 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

                        

Input tube size ‘ 1.0625 in o.d. x 0,2500 in gauge 

Reduction of area : 37.16% 

aH . UPPER BOUND LOWER BOUND 

fe afe ‘Oraw Mean Mean die|Mean  |Mean Mean diefMean Mean Mean die 

ie , 3 force |draw pressure fyield  jdraw pressure} yield draw pressure 
G 

fe. Ne 3 stress stress |stress/ |/yield $stress |stress/ |/yield 
Se S 
3 Slee (ry Dm Yn yield |stress Yn yield  |stress 
a “= “1 tonf ftoné in2itonf in-2H ont in-2| stress t onf in-2} stress 

0.00108. 802 [21.949 [24.356 86.262 ]o.6053 | 0.6717} 34.101] 0.4697] 0.8150 
0.02|12.607 [31.438 |17.331 68.801 jo.8102 | 0.4780) 0.7353] 0.6704 

2 0. 04]14. 592 [36.438 13.345 B9.884 |0.9123 | 0.3680} 0.9020] 0.5584 

0.06115.804 |39.414 |10.830 40.489 0.9734 | 0.2987 1.0042] 0.4711 
0. 08]/16.624 [41.455 |09.106 40.876 [1.0141 | 0.2511) 1.0648] 0.4023 
0.10|L7- 212 42.922 07.854 f1.145 [1.0432 | 0.2166 1.0988] 0.3476 

0.09/09. 327 [23.259 [25.853 86.660 jo.6345 | 0.7052} 34.101] 0.4697| 0.8149) 
0 .02|11.714 [29.212 [21.557 68.268 j0.7633 | 0.5880 0.6170] 0.7380 

1, (9:04lis.a5s [53.305 h1s.s05 bo.225 fo.8401 | 0.5018 ees20| Crees 
0.06/14.550 [36.283 [16.013 89.863 j0.9102 | 0.4368 0.8282| 0.6110 
0.08|15-457 08.544 [14.164 10.319 0.9560 | 0.3864 0.9017] 0.5585 

0.10116 ,168 140,319 112,692 40,663 10,9915 | 0.3462 0.95921 0.512 
0.00}09.830 [24.512 j27.321 B7.024 0.6621 | 0.7379] 34.101] 0.4697] 0.8148 

0.02171 .613 128.961 124.140 Ba. 206 581 10.6520 0.571710. 7625 

6 0.04/12. 984 |32.379 |21.554 89.017 10.8299 | 0.6520 0.6593]0.7145 
0..06|14-068 [35.082 |19.438 B9.611 0.8857 | 0.5822 0.7346[ 0.6705 
0. 08|14- 946 [37.270 [17.686 0.065 0.9302 | 0.4777 0.7991| 0.6300 

©. 10115.670 |39.078 116.216 40.424 0.9667 | 0.4380; 0,854210,5929 
0..00}10-072 [25.118 28.046 B7.195 0.6753 | 0.7540} 34.101] 0.4697] 0.8147 
0. 02]11.667 [29.095 [25.206 8.259 [0.7609 | 0.0777 0.5579[0. 7696 

7 0.04{12.935 |32.257 [22.828 88.989 P.8273 | 0.6138 0.6354] 0.7278 
0. 06|13. 965 [34.826 20.832 B9.556 0.8804 | 0.5601 0.7035|0.6889 

0.08114.818 [36.952 119.142 40,008 0.9238 | 0.5146 763210,6528 
0. 10/15.535 138.741 [17.697 40.358 0.9599 | 0.4758 0.8154]0.6192 
0.00|L0-310 [25.710 28.766 B7.358 P.6882 | 0.7700] 34.101] 0.4697]0.8146 

0. 02}11.757 J29.319 26.189 B8.294 0.7656 | 0.7010 0.547410,7750 
8 0.04]12.938 [32.264 23.983 88.991 ).8275 | 0.6420) 0.6168] 0.7392 

0. 06|13-919 [84.709 22.093 B9.531 P.8780 | 0.5914 0.6788]0.7031 

0.08|14.745 |36.770 BO.454 89.963 ).9201 | 0.5478 0.7340]0.6705 
0,10/15.45 [38.530 19.050 #0.317 p.9557 | 0.5099 0.7832]0.6399 
0. 00|10.768 f26.854 80.193 B7.666 ).7129 | 0.8016] 34.101] 0.4697}0.8143 

0.02) 1,999 99,923 7,995 R8.442 ),7784 | 0.7432 0.532310. 7826 
10 0.04/13.042 [82.524 B6.054 89.050 ).8329 | 0.6917 0.5895]0.7524 

0. 06|13-936 [84.753 B4.340 B9.541 P.8789 | 0.6462 0.6419|0.7237 

0.084.711 (86.684 B2.824 69.946 b.9184 | 0.6060) 0.6896}0.6965} 
0.10)15.388 8.372 b1.476 #0.286 ).9525 | 0.5702 0.732240.6706     

- A24 -



TABLE No. A-4.2°3 seen eee (continued) 

The upper and the lower bound solutions for 

the drawing of Hexagonal tube from round on 

a cylindrical plug. 

Input tube size : 1.0625 in o.d. x 0.2500 in gauge 

Reduction of area : 37.16% 

UPPER. BOUND LOWER BOUND 

° 

n diejMean an an die an an die 

w ssure] yield W essure aw ssure 

ess ess. ress ield ress ield 

Tra, Pn, Ym_,|/vield ress ield ress 

f in f in nf in Tess Tess 

~949) -610 +951] 0.7365 ]0.8329 . 4697 141 

+638) -613|0.7935|0.7819 5220 j0.7875 
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nt
 

di
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le
 

SI
S|
S|
 

fr
ic
ti
on
 

as
 

nN 5 02 . . +8845 |0.6943 6157, 7378 

6 . 84! . . .9215|0.6569 6575 {0.7145 

+00: . . +7589 {0.8642 & -4697 {0.8137 

+40! . . -8096 {0.8184 5145 |0.7910 

44 ‘ . -893 +738; 5962 |0.7480 

14 , ’ 927 +703; .6332 {0.7277 

-O1 * 780. .895 -469 +8133 

+20 -826 -853 - 508: +7935 

16: -866 ~815 ~545) +774 

93 . +903; 2779 . 581 +755 

54 

-O1 : 965: oFL : ~720: 

+00. < +801 woe7, . . 812 
95: 

+83! -880! -852! . 778 

49 .914 -818 -761 

+02 -945: - 787! e -74 

4 .973 : 72 

0 

i 

0 

0 

.0 

0 

-0 

oa 

0 

.0 

. 0 

-0 

-0 

i 

0) 

-859' . -796 

0.894 781. 

  

0.956 
0.982 

=f 54 
-737   
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TABLE No. A-4. 2.4 The upper and the lower bound solutions for 

the drawing of hexagonal tube from round on 

a cylindrical plug. 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Input tube size : 1.0625 in o.d. x 0.1875in gauge 

Reduction of area : 46.004, 

oe) ‘o UPPER BOUND LOWER BOUND 

a ole Oraw Mean Mean dieJMean Mean Mean die§Mean Mean Mean die 

= aye |force draw pressurelyield draw |pressurefyield | draw —|pressure 

eee 6 stress stress |stress/ |/yield stress |stress/ |/yield 
Suhel Si 
2&5 oe P Oza Dm Ym _jyield stress Yn yield stress 

& = =) tont tone inZltont in-2tont in-2] stress tonf in-2| stress 

0.00] 07.386] 26.542] 20.355|37.583] 0.7062]0.5416 $36. 413 |0.6239 |0.7615 
0.02] 10.281] 36.945] 13.473]39. 999] 0.9236]0.3585 10.9358 J0.5796 

2 0.04] 11.643] 41.839] 10.008140,.94711.021810,2663 1.0876 10,4524 

0.06] 12.433] 44.676] 07.954|41.456] 1.0776|0.2116 1.1543 {0.3519 

0.08] 12-948] 46.526] 06.593|41.775] 1.1137]0.1754 1.1772 [0.2963 

0.10} 13.310] 47.827] 05.630]41.992|1.1389]0.1498 1.1786 {0.2479 
0.00] 07-781| 27.962] 21. 480/37. 954] 0.7367] 0.5659 [36.413 ]0.6239 [0.7615 

0.02] 09.638] 34.632] 17.150139.51510.876410,4519 9.8063 10,6623 
ih 0.04{ 10.828] 38.910] 14.216 |40.391| 0.9633]0.3746 0.9355 |0.5797 

0.06] 11.655] 41.880| 12.123/40.955]1.0226]0.3194 1.0257 [0.5105 

0.08] 12.261] 44.060] 10.560|41.348|1.0656|0.2783 1.0873 |0. 4525 
0.10] 12.726 45.728] 09.351|41.639] 1.0982]0.2464 1.1282 |o.4035 

0.00] og..157] 29.312| 22.579|38.292|0.7655]0.5897 36.413 10.6239 |o.7614 
0.02] 09.553] 34.330] 19.449|39.449] 0.8702/0.5051 10.7520 {0.6933 

6 O08 10.571) 37.988! 16.871140.20910, 944710, 4406. 10.8541 10.6331 

0.06| 11.345] 40.768] 14.942 40.748] 1.0005]0.3902 (0.9351 |0.5797 
0.08) 11.953] 42.951|13.400{41.150|1.0437]0.3499 lo. 9988 J0.5323 

0.10} 12.4421 44.709112.143141.46211.078310.3171 1.0485 10.490 
0.00] 08-338] 29.962] 23.122 [38.451] 0.7792]0.6013 $36. 413 |0.6239 |o.7613 
0.02] OF. 588] 34.453] 20. 224 139. 476/ 0.87280. 5260 0.7358 JO. 7025 

7 0.04| 10.536] 37.860] 17.932 [40.184] 0.942210. 4664 0.8271 |0.6495 
0.06| 11.279] 40.530] 16.089 ]40.703]0.9957|0.4184 0.9024 [0.6018 

0.08] 11,876] 42.676] 14.581141.10011,038310,3792 10.9640 10,5589 
0.10] 12.367] 44.438] 13.327 |41.415|1.0730|0.3466 1.0140 |o.5198 
0.00] 08-514] 30.595] 23.660 [38.603] 0. 7926 [0.6129 36. 413 0.6239 J0.7611 

0.02] 09.649] 34.673] 21.027 139.52310.877310,5447 0.7224 jo. 7094 
8 0.04] 10.537| 37.863] 18.886 [40.184] 0.9422|0.4892 10.8055 |0.6622 

0.06] 11-249] 40.424] 17.124 [40.683]0.9936 [0.4436 (0.8756 0.6191 

0.08] 11.834] 42.523] 15.653 |41.073]1.0353|0.4055 (0.9345 |0.5797 
0,10] 12.321] 44.274]14.410 |41.386]1.0698|0.3733 0.9837 jo.5437 
0 .00| 08-854] 31.818] 24. 726 [38.889] 0.8182 ]0.6358 [36.413 [0.6239 0.7608 

0.02] 09.819] 35.284| 22.478 |39.654|0.8898|0.5780 (0.7037 Jo.7192 
10 0.04] 10.608] 38.120] 20.576 [40.235]0.9474[0.5291 10.7735 [0.6804 

0.06] 11,265] 40,481118,956 140,69310,9948 10,4874 0.8344 jo.6445 
0.08] 11.820] 42.475|17.563 |41.064|1.0344]0.4516 0.8875 jo.6110 | 
0.10] 12.295] 44. 182]16.335 [41.370]1.0680]0.4206 (0.9337 0.5798                         
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TABLE No. A-4.2.4 

Input tube size 

Reduction of area : 

(continued) 

The upper and the lower bound solutions for 

the drawing of Hexagonal 

a cylindrical plug. 

1.0625 in o.d. 

46.00% 

x0.1875 in gauge 

tube from round on 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

                              

3 S UPPEP. BOUND LOWER BOUND 

3 ale AYoraw Mean Mean die}Mean Mean Mean diefMean Mean Mean die 

sas force draw Ipressure yield draw pressurefyield draw pressure 

s 5 i 8 stress stress |stress |/yield Jstress |stress |/yield 

Seay 
vy 3 

3 eice Pp Ora, E Yn, /yield | stress Yn _,|/yield |stress 

& al= =| tonf front in “ttonf in ‘jtonf in-*|stress ltonf in “jstress 

10. 00109.179 [32.986 25.787 89.154 ).8425 | 0.6586 36.413} 0.6239|0.7604 

0. 02110.024 [36,020 [23.805 89.808 P.9048 0.6080) 0.6908]0.7256 

12 0.04|10.736 |38.579 22.082 40.326 P.9566 | 0.5640 0.7507}0.6929 

0. 06|11.345 |40.767 j20.578 40.747 1.0005 | 0.5256 0.8043]0.6620 

lo .08}11.871 }42.656 [19.257 41.097 1.0379 | 0.4918; 0.8521]0.6330 

0. 10]12.329 44.304 [18.090 41.391 fL.0704 {0.4620 0.8947 10.6057 

0. 00|o9.429 4.108 P6.850 B8.401 P.8657 |0.6815136.413]0.6239}0.7600 
10..02)10.246 86.818 25.061 B9.973 p.9211 0.6361 0.6814{0.7301 

14 0. 04|10.897 B9.156 P3.476 40.439 P.9683 | 0.5958 0.7338]0.7018 

10 .06]11.464 41.194 P2.068 40.828 1.0090 10.5601 0.7813 10.6749 | 

l0.08]11.962 42.984 PO.811241.159 §.0444 10.5282 0.8246 |0.6493 

0. 10]12.403 44.569 19.684 f1.438 1.0756 |0.4996 0.8638 J0.6250 

0.009.794 | 35.195] 27.923]39.635]0.8880 10.7045 | 36.4190.6239 0.7595 

l0.02ho0.478 |37.651| 26.282] 40.142 10.9379 |0.6631 (0.6742 [0.7334 

16 lo .04f1.0781| 39.808] 24.808] 40.565}0.9813 |0.6259 10.7206 (0.7085 

(0.06h 1.609 | 41.715] 23.476] 40.924 ]1.0193 10.5923 (0.7632 (0.6846 

lo.08h2.082 | 43.415] 22.274] 41.233|1.0529 10.5620 (0.8025 0.6618 

lo .1012.505 | 44.937] 21.184] 41.502}1.0828 0.5345 (0.8386 {0.6400 

.00f10.089 | 36.254] 29.014/ 39.857 0.9096 |0.7279 | 36.4190.6239 0.7589 

lo ogftO.715 | 38.505 27.487|40.312]0.9552 [0.6897 (0.6685 (0.7358 | 

18 .04]11.273 | 40.509| 26.099] 40.699]0.9953 10.6548 (0.7100 0.7136 

lo .06 [11.773 | 42.304] 24.835] 41.033|1.0310 (0.6231 (0.7486 j0.6922 

ly ogil2.222 | 43.920] 23.680 41.323}1.0628 [0.5941 0.7845 j0.6717 

lb.10h2.629 | 45.382| 22.623] 41.579]1.0915 |0.5676 (0.8178 }0.6520 

.00{10.379 |37.297| 30.131] 40.070]0.9308 |0.7520 36.4190 .6239 j0.7583 

0 .02h10.959 | 39.380] 28.697] 40.483|0.9727 |0.7162 (0.6639 {0.7376 

20 bb .04/11.480 | 41.254] 27.380} 40.839 1.0102 j0.6833 (0.7014 (0.7176 

b.06 1.952 | 42.942| 26.170] 41.150]1.0437 |0.6531 j0.7365 j0.6982 

b.08)12.381 | 44.489] 25.057] 41.424]1.0740]0.6253 0.7694 {0.6796 

b.10h2.772 | 45.895| 24.029| 41.667|1.1014 |0.5997 0.8002 9.6616 

D . 00 
b.02 

2 2 p.04 

D.06 

OB 
D.10       
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TABLE No. A-4.3,1 The upper and the lower bound solutions for 

the drawing of Octagonal tube from round on 

a cylindrical plug. 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

          

Input tube size 1.000 in o.d. x 0.1875in gauge 

Reduction of area 16.36% 

oO ‘o UPPER BOUND LOWER BOUND 

TS) eles Draw Mean Mean diej/Mean Mean Mean diefMean Mean Mean die 

= Ae force |draw pressure }yield draw pressure} yield draw pressure 
< 

Pats o 2 stress stress |stress/ |/yield Jstress |stress/ }/yield 
o ile = is 
5 Epa Ss P 0; mn Ya yield stress v, ield stress 
= ole Za y 

l= =} tont_|tontin2ltont in-2tont in-24} stress tonf in-2] stress 

0.00105. 234113.076|44.845 |32.891 0.3976 |1.3634 | 27.317] 0.1813] 0.9313 

0.02]08.068}20.155}33.302 [35.684 [0.5648 |0.9332 0.3237] 0.8593) 

2 0.04] 09.626|24.047126.170 [36.891 |0.6518 [0.7094 0.4438] 0.7944! 

0.06]10,.606|26.495]21.497 [37.971 ]0.7052 j0.5722 0.5499] 0.7360) 

0.08] 11.278|28.174|18.222 [38.008 [0.7413 |0.4794 0.6301| 0.6832 

0.101 11.767| 29.396 |15.806 |38.313]0.7673 JO.4125 0.7016] 0.6354 

0.00 05-662|14.144/48.606 [33.381 [0.4237 1.4561 | 27.317] 0.1813] 0.9312) 

0.02197. 450118.612141.596 135.153 10.5295 }1.1833 0.2554] 0.8943 

ie 0.04] 08.724|21.795|36.089 |36.214 |0.6018 |O.9966 0.3235} 0.8593 

0.06] 09.674] 24.167]31.783 [36.925 0.6545 |0.8607 0.3861| 0.8260} 

0.08110, 408126.000128.359 137.437 10.6945 |0.7575 0.4435] 0.7944 

0. 10|10,992|27.458|25.583 |37.824 0.7259 0.6764 0.4962] 0.7645 

0.00] 06.030}21.065]51.947 [33.780 [0.4460 {1.5378 | 27.317] 0.1813} 0.9312 

0.02] 07.373118.420146.761 [35.084 |0.5250 }1.3328 0.2313} 0.9063} 

6 0. 04| 08.433] 21.067] 42.318 35.983 |0.5855 |1.1761 0.2786] 0.8824 

0.06| 09: 288 [23-203 |38.560 [86.643 [0.6332 [1.0523 0.3232] 0.8593 

0.08] 09.991] 24.959135.371 [37.150 |0.6718 |O.9521 0.3655] 0.8369) 

0. 10| 10.579] 26.428 |32.646 |37.553 [0.7038 |0.8693 0.4053] 0.8153 

0.00106. 196115.480153,495 [33,953 10,4559 11,5755 1 27,317] 0.1813} 0.9311 

0.02] 07.398] 18.482|48.867 135.106 |0.5265 |1.3920 0.2243] 0.9098 

7 0. 04] 08.377] 20.924] 44.804 [35.937 [0.5823 |1.2467 0.2652] 0.8891) 

0.06] 09,186122,940]41.282 136,567 10.6276 |1.1289 0.3042} 0.8691 

0.08] 09.867| 24.648 138.229 |37.063 |0.6650 |1.0315 0.3414] 0.8496} 

0.10] 10.446] 26.095135.571 137.463 10.6965 0.9495 0.3769] 0.8307] 

0. 00| 06.353|15.870|54.982 [34.113]0.4652 {1.6118 J 27.317 0.1813} 0.9310 

0.02] 07,353] 18.596 150.786 135,147 10.5291 11,4450 0.21891 0.9124 

8 0.04] 09.121] 20.868]47.034 |35.918 |0.5810 |1.3095 0.2551] 0.8942} 

0. 06] 09.121] 22.787] 43.720 [36.518 [0.6240 [1.1972 0.2897 0.8765 

0.08] 09 778| 24.426 | 40. 798 [37.000 ]0. 6602 |I. 1026 0.3220) 0. 8ST 

0,10] 10.345] 25.842|38.215 ]37.394]0.6911 1.0219 0.3547] 0.8425 

0.00 06-644] 16.598[57.847 [34.402 ]0.4825 ]1.6815 | 27.317 0.1819 0.9309 

0. 02} 07.572] 18.915|53.273 |35.260}0.5364 {1.5392 0.2114 0.9160 

1 0 0. 04] 08.372] 20.914]50.996 |35.933 0.5820 {1.4192 0.2406 0.9019 

0. 06| 09-068] 22.652 [48.022 [35.478 /0.6210]1.3165 0. 2686) 0.887 

0.08] 09.678] 24.1771 45.335 [36.928 10.6547 |1.2276 0.296 0.873 
0.10] 10.217] 25.524] 42.905 |37.307]0.6841 {1.1500 0.3224 0.859                 
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TABLE No. A-4. 3.1 (continued) 

The upper and the lower bound solutions for 

the drawing of octagonal tube from round on 

a cylindrical plug. 

Input tube size 

Reduction of area : 
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TABLE No. A-4. 3. a The upper and the lower bound solutions for 

the drawing of Octagonal tube from round on 

a cylindrical plug. 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Input tube size 1.1250 in o.d. x 0.3125 in gauge 

Reduction of area : 35.97% 

wu . UPPER BOUND LOWER BOUND 

TD wafe ‘Oraw Mean |MeandiejMean Mean Mean diefMean Mean [Mean die 

€ 2 3 force draw pressure yield draw pressure} yield draw pressure 
< 

we i ee stress stress |stress/ |/yield {stress jstress/ |/yield 
Sy ie Ss Act 
a5 os P Oza Da Nn yield stress a yield stress 

J l= =} pont [rong inzitont in-Ztont in-2] stress tonf in-2} stress 

0.00] 10.657|20.965|24.577 [35.657 0.5809 Jo.6843 | 33.777] 0.4489 0.8096 
0.02] 15.286|29.928}18.056 |38.443 |O.7785 |0.5027 0.6948] 0.6772 

2 0.04] 17.821/34.892/14.148 39.570 J0.8818 |0.3939 0.8563] 0.5726) 

oe 19.414]38.011]11.607 [40.214 |0.9452 j0.3232 0.9605} 0.6892 

0.08]20.507|40.150}09.833 40.631 |0.9882 |0.2738 1.0262| 0.4224 

0.10] 21.302/41.707}08.526 40.923 [1.0192 [0.2374 1.0663] 0. 3583 

00] 11.262|22.050}25.992 36.293 |0.6075 |O.7162 B3.777 | 0.4489] 0.8095 

0.02] 14.120]27.645 22.082 [37.873 ]0.7290 |0.6084 0.5843] 0.7395) 

4 0.04| 16.149/31.618]19.098 [38.843 |0.8140 |O.5262 0.6945} 0.6773) 

0-06] 17.659] 34.575|16.790 |39.502 }0.8752 Jo. 4626 0.7838] 0.6620 
0.08] 18.826|36.859|14.966 |39.981 |0.9219 [0.4124 0.8559} 0.5727] 

0. 10| 19.753] 38.675|[13.492 |40.345 |0.9596 10.3718 0.9139] 0.528’ 

0-08 11.846|23.194|27.376 |36.640|0.6330 |0.7472 B3.777 | 0.4489 0.8095} 

0.02] 13.966|27.344]24.511 |37.794 |0.7235 10.6690 0.5420] 0.7619} 

6 0. 04| 15.634]30.609]22.118 [38.606 [0.7929 [0.6036 0.6233] 0.7180} 

0.06] 16.978|33.241|20.118 |39.211 0.8477 10.5491 0.6941} 0.6774) 

0.08] 18.083] 35.404}18.434 |39.679 0.8923 jO.5031 0.7557] 0.6399) 

0. 10] 19.006] 37.213|17.000 [40.053 (0.9291 0.4640 0.809T] 0.605I 

0.00} 12.131] 23.751}28.057 |36.805 0.6453 [0.7623 B3.777 | 0.4489) 0.8094! 

0.02] 14.021]27.452/25.510 |37.822 {0.7258 [0.6931 0.5294] 0.7685} 

7 0.04] 15,556|30.457]23.325 [38.570 10.7896 |0.6338 0.6011] 0.7303) 

0.06] 16.825] 32.941}21.455 |39.144 |0.8415 jO.5830 0.6647] 0.6945) 

0.08] 17.890] 35.027]19.846 |39.599 0.8845 0.5392 0.7214 0.6611 

0.10] 18-797] 36-803 | 18.452 [39-970 |0. 9208 |O- 501 OL771a] 0.629 

0.00] 12.410] 24.298128.731 [36.963 [0.6574 |0.7773 B3.777 0.4489} 0.8094) 

0.02 14.122[27.650|26.828 |37.874 [0.7300 JO.7150 0.5197] 0.7784] 

8 0.04] 15.546] 30.650|24.414 |38.565 10.7892 [0.6605 0.5837] 0.7396 

0.06| 16.747] 32.790} 22.657 {39.110 }0.8384 10.6130 0.6415} 0.7077 

0.08] 17.773] 34.799|21.120 [39.550 |0.8798 |o.5714 0.9636] 0.6776) 

0.10] 18.660} 36.534|19.767 39.915 }0.9153 |0.5348 0.7405} 0.6492} 

0.00] 12,955! 25.365130.061 137.263 |0.6807 |0.8067 83.777 | 0.4484 0.8092) 

0.02| 14.407] 28.207|28.110 |38.016 |0.7420 |0.7544 0.5059 0.7804 

1 0 0.04} 15-656} 30.654 26.356 [38.617 10.7938 |0.7073 0.5589 0.7529 

0.06] 16.7431 32.781124.784 139.108 0.8382 |0.6651 0.607Q 0.7267] 

0.08] 17.695} 34.646 |23.374 |39.518 |0.8767 [0.6273 0.6517] 0.7017 

0.10] 18.537] 36.293]22.105 [39.865 0.9104 [0.5932 0.69. 0.                         
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TABLE No. A-4.3-2 ws ee ee seer (continued) 

The upper and the lower bound solutions for 

the drawing of octagonal tube from round on 

a cylindrical plug. 

Input tube size < 1.1250 in o.d. x 0,3125 in fauge 

Reduction of area : 35.97 

° UPPER BOUND LOWER BOUND 

die fn die n A an die 

ssure| yield ssuretyield W ssure 

ess ess ield ess ess ald 

Ges Pm Ym ress Ye ield ress 

fin 2ftonf ing? inv? f in ess 
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TABLE No. A-43.3 The upper and the lower bound solutions for 

the drawing of sctagonal tube from round on 

a cylindrical plug. 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

          

Input tube size 1.1250 in o.d. x 0.2500 in gauge 

Reduction of area : 41.75% 

dH ‘6 UPPER BOUND LOWER BOUND 
wu 
LS apart Draw Mean Mean die|Mean Mean. Mean die#Mean Mean Mean die 

€ nN 3 force |draw pressure |yield draw pressure} yield draw pressure 
< 

=o te stress stress |stress/ |/yield stress |stress/ |/yield 
5 ee - 
2 Sia 2 P Oza Da Yn _|yield stress Ye yield stress 

l= =} tont [rong inéttont in-Ztont in-2| stress tonf in-2| stress 

0.00/99, 430|23.557|21.653 [36.748 JO.6410 |0.5892 | 35.320] 0.5446) 0.7731 

0.02] 13.303/33.233]/14.981 [39.209 [0.8476 |0.4077 0.8287] 0.6138 

2 0.041 15.245|38.083|11.372 |40.228 10.9467 [0.3095 0.9883] 0.4962 

0.06/16 .407| 40.988 {09.150 [40.789 |1.0049 |0.2490 1.0739] 0.4084) 

0.08 17-181|42.919]07.651 [41.144 [1.0431 [0.2082 T. 1163] 0.3419 

0.10)17.732|44.297|06.572 |41.390 |1.0702 [0.1788 1.1340} 0.2909 

0.00] 09-942 [24.837 [22.848 [37.116 [0.6692 [0.6156 ] 35.320] 0.5546) 0.7731 

0.02119, 386130. 941 118.737 138.685 10.7998 10,5048 0.7063} 0,68 

4 0.04} 14.022]35.029]15.899 |39.599 |0.8846 |0.4259 0.8284] 0.6139} 

0.06]15.191]37.949|13.651 [40.201 0.9440 [0.3678 0.9200 0.5507 

0.08 10-067] 40- 138 | 12.002 40.628 [0.9879 [0.5234 0. FESO 0. F965} 

0.10} 16.748|41.839|10.704 |40.947 ]1.0218 j0.2884 1.0378] 0.4493] 

0.00] 10.437 | 26.074|24.018 [37.457 [0.6961 |0.6412 | 35.324 0.5446] 0.7730 

0.02]12.264|30.638|20.973 |38.613 10.7934 |0.5592 0.6571] 0.7145) 

6 0.04]13.641]34.076|18.560 |39.394 0.8550 |O.4955 0.7505] 0.6617] 

0.06 14-713 [36.754 [16.622 [39.960 ]0.9198 [0.4438 0.8280] 0.6140 

0.08] 15.571|38.897|15.039 |40.389 ]0.9631 |0.4015 0.8920] 0.5709) 

0. 10] 16.272| 40.650[13.726 |40.727 |0.9981 |0.3664 0.9445] 0.5319] 

0.001 10.6791 26.677124,594 137.619 10.7091 10,6538 1 35,320 0.5446} 0.7729) 

0.02} 12,311]30.755|21.879 [38.641 |0.7959 |O.5816 0.6421] 0.7225 

0. 04| 13.587|33.942]19.656 [39.365 [0.8622 Jo.5225 0.7254] 0.6762] 

a 0 .06| 14-609] 36.495] 17. 822 [39.907 [0.9145 [0.4738 0. 7963] 0.6339} 

0.08] 15.446]38.586 [16.289 |40.328 ]0.9568 |0.4330 0.8566] 0.5951 

0.10] 16.144] 40.329]14.993 |40.665 |0.9917 [0.3986 0.9077] 0.5595) 

0.00} 10.916] 27.269125.165 137.775 10.7219 10.6662 | 35.324 0.5446] 0.7729) 

0.02] 12.397] 30.969|22.705 |38.691 ]0.8004 |O.6011 0.6306 0.7285) 

8 0.04] 13.587] 33.941|20.642 |39.365 0.8622 [0.5464 0.7056] 0.6875) 

0.06] 14.562| 36.378|18.642 [39.883 [0.9121 [0.5004 0.7708] 0.6495) 

0 oa] 15-376 | 95-411 [17-421 [40.295 [0.9533 [0.4612 0.8274 0.617) 

0.10] 16.065] 40.132{16.148 |40.627 ]0.9878 |0.4275 0.8765 0.5814 

0.00] 11.380] 28. 428 [26.295 [38.072 ]0.7469 [0.6907 | 35.324 0.5446 0.7727] 

0.02) 12.638]31.570124.205 133.832 |0.8130 |0.6358 0.6141] 0.7374 

10 0.04 13.690] 34.200]22.390 [39.421 |0.8675 |0.5881 0.6764 0.7034 

0.06] 14.583]36.430]20.810 |39.421 10.9132 ]0.5466 0.7324 0.6720 

0. 08] 15.349] 38.344 |19.427 |40.280]0.9519 ]0.5103 0.7821 0.6424 

0.10] 16-014] 40. 005|18.209 [40.603 [0.9853 [0.4783 0.8268 0.6144                 
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TABLE No. A-4.3.3 wieees S0 a: (continued) 

The upper and the lower bound solutions for 

the drawing of Sctagonal 

a cylindrical plug. 

tube from round on 

  

  

   

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Input tube size 1.1250 in o.d. x0.2500 in gauge 

Reduction of area 41.75% 

3 S UPPER. BOUND LOWER BOUND 

3 as =N Oraw Mean Mean diejMean Mean Mean diejMean {Mean Mean die 

ae force draw pressurel yield draw pressurefyield draw pressure 

= 5 . 6 stress stress |stress /yield stress [stress |/yleld 

Zz 8 =| P G, Ym .|/yield | stress Yn .|Zyield [stress 

E j= =| tont ronf in-2{tonf in72|stress onf in~4}stress 

0.00l11.830 | 29.554) 27.414] 36.352| 0.7706 [0.7148 [35.320 [0.5446 |0.7725 

0.02|12.932 | 32.305] 25.580] 39.000 0.8283{0.6670 10.6028 JO. 7428 

12 0.04]13.879 | 34.672] 23.941] 39.523) 0.8773|0.6244 10.6559 j0.7145 

(0 .06|14.703 | 36.730] 22.497] 39.955) 0.9193|0.5866 (0.7044 {0.6877 

0 .08|15.425 | 38.533] 21.201) 40.317 0.9557]0.5528 0.7487 |0.6622 

0. 10/16.062 | 40.125] 20.039] 40.626] 0.9877 0.5225 0.7890 {0.6379 

0.00]12.271 | 30.654] 28.528] 38.617] 0.7938] 0.7387 35.320 ]0.5446 [0.7723 

0 .02113.255 | 33.114] 26.881] 39.182] 0.8451]0.6961 0.5945 {0.7468 

4h 0. 04]14.120 | 35.274] 25.391] 39.652] 0.8896 0.6575 10.6408 |0.7225 

10 .06/14.885 | 37.185] 24.044} 40.048] 0.9285|0.6226 0.6835 0.6991 | 

lo .08]15.567 | 38.887] 22.822] 40.387] 0.9629]0.5910 10.7231 }0.6768 

(0. 10(16.177 | 40.412] 21.713] 40.681] 0.9934]0.5622 0.7596 JO.6554 

lo. .00|12.704 | 31.736] 29.643] 38.870] 0.8164]0.7626 35.320 0.5446 0.7721 

0 .02|13.597 | 33.968] 28.139] 39.371| 0.8628]0.7239 10.5882 ]0.7498 

16 lo .04]14.395 | 35.960] 26.762] 39.796] 0.9036|0.6885 10.6290 JO.7284 

l0.06}15.110 | 37.743] 25.500] 40.161] 0.9399|0.6560 (0.6670 |0.7078 

lo .08/15.755 | 39.359] 24.343] 40.479] 0.9723 0.6263 10.7028 j0.6880 

ly. 10116.340 | 40.819) 23.281 40.757| 1.0015|0.5989 10.7361 |0.6689 

lo ..00}13.132 | 32.805] 30.767] 39.113] 0.8387 0.7866 435.320 0.5446 {0.7718 

lo og|t3.952 34,855] 29.376] 39.562] 0.881010.7510 0.5833 0.7521 | 

18 ly .04]14.694 | 36.706] 28.089] 39.950] 0.9188 0.7182 10.6197 |O.7331 

ly .06|15.366 | 38.386] 26.899} 40.288 0.9528]0.6877 10.6540 JO.7147 

lb 98 |15.979 39.917] 25.798] 40.586] 0.9835|0.6596 10.6864 {0.6969 

.10/16.540 | 41.318} 24.777] 40.851] 1.0114]0.6335 10.7168 |O.6796 

lb .00|13.558 | 33.870] 31.907] 39.349 0.8607 |0.8109 435.320 |0.5446 JO.7715 

.02{14.318 | 35.769] 30.607| 39.756] 0.8997]0.7778 10.5792 j0.7539 

20 lb .04|15.012 | 37.502) 29.395] 40.112] 0.9349|0.7470 10.6121 |0.7368 

lb 06 |15.647 | 39.089] 28.215] 40.426] 0.9669 0.7183 10.6432 jO.7202 

lb .08|16.231 | 40.547] 27.212} 40.706 0.9961}0.6915 10.6727 jO.7040 

b.10{16.770 | 41.892] 26.229] 40.957} 1.0228]0.6666 10 . 7007 JO.6884 

b.00 
b.02 

22 p.04 

p.06 

08. 
D.10                         
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TABLE No. A-4.3.4 The upper and the lower bound solutions for 

the drawing of octagonal 

a cylindrical plug. 

tube from round on 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Input tube size 1.1250 in o.d. x0.1875 in gauge 

Reduction of area : 51.95% 

aye UPPER BOUND LOWER BOUND 

5 Oise Draw Mean Mean die|Mean Mean Mean diefMean Mean Mean die 

¢ oq 3g force |draw pressure | yield draw pressure} yield draw pressure 

ee whe 6 stress stress |stress/ |/yield $stress |stress/ |/yield 

5 g 2 xz P Oza Dm Yn yield stress Ni yield stress 

o l= <=! tont front ineitont in-2tont in-2| stress tonf in-2} stress 

0.00108 .074 [30.433 [18.477 88.564 ]0.7891 P.4791 137.909] 0.7402] 0.7032 
0.02}10.992 |41.432 |11.834 40.872 |1.0137 P.3069 1.0551] 0.5064 

2 0.04]12.305 |46.381 08.661 41.750 [1.1109 p.2246 1.1753] 0.3788 
0.06]13.050 [49.188 |06.823 42.215 |1.1652 P.1769 1.2084] 0.2938 

0..08|13-530 [50.996 [05.626 2.503 |1.1998 p.1459 1.2053] 0.2355 

0.10/13.864 [52.257 104.786 42.699 |1.2238 ).1241 1.1891] 0.1943 
0..00/08.445 [31.830 [19.341 Bs.892 0.8184 ).4973 [37.909] 0.7402/0.7031 
0.02]10.324 [38.914 [15.134 40.392 [0.9634 P.3891 0.9321]0.5939 

4 0.04/11.493 ]43.319 [12.388 41.216 [1.0510 .3185 1.0549| 0.5065 
0.06)12 289 |46.318 |10.474 1.739 |1.1097 P.2693 1.1308/0.4361 
0.08|12.865 [48.490 jo9.067 42.101 1.1517 P.2331 1.1753]0.3798 
0. 10]13.301 [50.135 [07.991 42.367 [1.1833 p.2054 1.1986]0.3323 

0.00} 08.800} 33.167] 20.181 |39.194}0.8462 0.5149 [87.909 | 0.7404 0.7030 
0.02] 10.212] 38.490| 17.040 |40.309]0.9549|0.4347 0.8769 0.627 

6 0.04] 11.218] 42.281] 14.710 |41.028]1.0305|0.3753 0.979 0.5627 
a 06] 11.970] 45.115] 12.928 |41.533]1.0862 10.3299 1.0545 0.5066 
0.08] 12.552] 47.312[11.525 ]41.906]1.1290 jo.2941 1.1093 0.4581) 
©. 10{ 13.017] 49.064] 10.394 [42.195]1.1628 ]o.2652 1.1482] 0.4159 
0.00] 08.972| 33.816 | 20.594 |39.337|0.8596 [0.5235 87.909 | 0.7402] 0.7029 
0.02] 10.234] 38.574] 17.788 |40.325]0.9566 Jo.4522 0.8595] 0.6377] 

7 0.04] 11.172[ 42.110]15.625 |40.997]1.0271 Jo.3972 0.9527] 0.5803} 

0.06] 11.896] 44.838] 13.918 |41.485]1.0808 |0.3538 1.0248] 0.5300} 
0.08] 12.471] 47.005[12.541 |41.855 |1.1230 |o.3188 1.0800} 0.4851 
0.10] 12.938] 48.767|11.408 [42.146 |1.1571 }o.2900 1.1216] 0.4456} 
0.00} 09.140} 34.451/21.002 [39.471 |0.8727 10.5320 87.909 | 0.7402] 0.7028 
0.02| 10.285] 38.765]18.458 {40.363 [0.9604 |0. 4676 0.8460] 0.6454) 

8 0.04] 11.164] 42.715|16.437 |40.991 1.0265 |o.4164 0.9313] 0.5940) 
0.06] 11.860] 44.700|14.803 [41.461 |1.0781 |0.3750 0.9996] 0.5481) 
0.08| 12-42 [46.825]13.457 [41.825 |1.1195 |o.3409 1.0539] 0.5069} 
0. 10] Le-889| 48.581 [12.332 42.116 [1.1535 jo.3124 1.0967{ 0.4698} 

0.00] 09.468 | 35.687 [21.809 [89.739 |0.8980 jO.5488 B7.909 | 0.7402] 0.7026 
0.02|10.439/39.344]19.648 40.476 |o.9720 |o.4944 0.8263] 0.6563} 
0. 04|11.220[42.291 [17.351 41.030 ]1.0307 fo.4493 0.8989 0.6139] 

10 0,06]11.863]44.713]16.351 41.463 [1.0784 jo.4115 0.9600] 0.5752) 
0.08}]12.401}46.739|15.074 41.811 |1.1179 j0.3793 1.0108] 0.5397 
0.10] 12-857 |48. 458 [13.978 42.096 |1. 1511 Jo.3518 1.0523] 0.5071)                                   
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TABLE No. A-4, 3.4 

152250 

Sate reioeisis see (continued) 

The upper and the lower bound solutions for 

the drawing of Octagonal tube from round on 
a cylindrical plug. 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Input tube size in o.d. x0-1875 in gauge 

Reduction of area : 51.95% 

6 UPPER BOUND LOWER BOUND 

3 al Aloraw Mean Mean die|Mean Mean Mean die{Mean Mean Mean die 

fas force draw Ipressure yield draw pressurelyield draw pressure 

< * a 3 is tress stress [stress /yield stress |stress |/yield 

3 elg = P Ora, £ Ym_,|/vield | stress Ye _|/ yield [stress 

& vj =] tonf__ftonf in 2ronf in-2|tonf in72| stress itonf in~2|stress 

(0. 00] 09.786 [36.886 [22.607 [39.987 0.9224 P.5654 137.909} 0.7402} 0.7024 

0.02] 10.633 [40.077 [20.713 [40.617 P.9867 P.5180 0.8127| 0.6636 

0.04] 11.338 [42.736 [19.095 j41.111 1.0395 p.4775 0.8756] 0.6277 

12 0.06] 11-935 [44.983 [17.700 [41.510 ft .0837 P.4427 0.9300/ 0.5943 

0.08] 12.445 [46.906 [16.490 |41.839 fL.1211 p.4124 0.9771] 0.5632 

0. 10)12.887 [48.571 [15.430 42.114 [1.1533 P.3859 1.0176} 0.5343 

0.00110.097 138.056 [23.403 [40.223 fo.9461 ).5818 [37.909] 0.7402] 0.7021 

0.02] 10.851 [40.899 [21.706 [40.772 [1.0003 P.5396 0.8026] 0.6688 

1h 0.04] 11.495 [43.420 [20.224 Ja1.217 [2.0511 p.5028 0.8579| 0.6377 

0 .06| 12.051 |45.420 [18.922 j41.586 [1.0922 p.4704 0.9069] 0.6084 

fo . 08| 12.535 [47.246 [17.772 [41.896 [L.1277 p.4418 0.9502] 0.5809 | 

0. 10| 12.961 148.851 [16.949 |42.160 1.1587 p.4164 0. 9883] 0.5550 

> .00110.402 139.208 [24.204 |40.449 0.9632 ).5984 | 37.909] 0.7402] 0.7017 

0.02 11.085 |41.779 |22.658 [40.936 [1.0206 p.5601 0.7949] 0.6727 

16 lo. 04111.678 [44.015 [21.285 [41.340 }1.0647 P.5262 0.8441] 0.6452 

lo. 06112. 198 [45.977 |20.060 |41.681 |1.1031 p.4959 0.8885| 0.6192 

lo .08] 12.659 [47.712 [18.964 [41.973 |1.1367 P.4688 0.9283] 0.5946 

lo. 10113,.068 149.25] 117.977 142.226 11.1665 .4444 0.9640] 0.5713 

lo. 00] 10.707 140.355 [25.018 40,670 Jo.9922 ).6151 | 37.909} 0.74021 0.7014 

ly .92| 11-331 [42.706 |23.590 [41.106 1.0389 b.5800 0.7888| 0.6756 

18 lo.04| 11.882 |44. 783 [22.306 [41.475 ]1.0797 P.5485 0.8330| 0.6511 

b 06 12-371 [46.629 [21.148 Jal. 792 |1.1157 P.5200 0.8734| 0.6278 

b .0g| 12-810 [48.281 [20.098 [42.067 |1.1477 p.4942 0.9101] 0.6055 

-10|13.204 |49.767 |19.144 |42.308 ]1.1763 P.4707 0.9435] 0.5843 

b .00/11.012 [41.505 [25.849 [40.885 |1.0151 .6322 | 37.909] 0.7402) 0.7001 

lb .02| 11.588 [43.676 [24.518 [41.280 [1.0580 .5997 0.7834] 0.6779 

20 b.04| 12-103 [45.617 [23.308 |41.620 |1.0960 p.5701 0.8239] 0.6558 

b06| 12-506 [47.561 [22.205 |41.912 [I.1299 fp.5431 0.8608] 0-6347| 

b .08| 12.984 [48.937 [21.197 [42.174 |1.1604 P.5185 0.8948] 0.6144 

10] 13.363 |50. 368 [20.274 [42.404 [1.1878 f.4959 0.9260} 0.5951 

b.00 
b.02 

a7 p.04 

p.06 

og 
10                         
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TABLE No. A-4.4.1 

Input tube size 

The upper and the lower bound solutions for 

the drawing of decagonal tube from round on 

a cylindrical plug. 

1.0625 in o.d. x 0.3750 in gauge 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

                    

Reduction of area 18.75% 

ae = UPPER BOUND LOWER BOUND 
9 

'S abe ‘Oraw Mean Mean die|Mean jMean Mean diefMean Mean Mean die 

Br force draw pressure |yield draw pressure] yield draw pressure 

Sg ee 6 stress stress |stress/ |/yield stress |stress/ |/yield 
> abe se ss 

25 os P. Oza Pm Yn {yield stress ry yield stress 

JZ =} font tone inZltont in-2tont in-2|stress tonf in-2| stress 

0.00] 09.122] 13.863] 40.671 ]33.255]0.4169|1.2230 P8.290 lO. 2089 jO.9083 

0.02| 13.757] 20.906] 33.506 135.931] 0.5818 |0.9326 10. 3392 JO.8425 

0.04] 16.775] 25.493] 28.104 |37.299|0.6835 ]0.7535 10.4503 j0.7829 

0.06] 18.883] 28.696] 24.110|38.140|0.7524]0.6321 lo.5449 jo. 7288 

0.08] 20.434 31.053] 21.077 |38.711|0.8022 |0.5445 10.6252 |0.6796 

0.10] 21.622| 32.859] 18.708 |39.125|0.8398 0.4781 10.6935 |0.6349 

0.00] 09.769| 14.845] 43.576 |33.687| 0.4407 1.2936 8.290 |0.2089 |O.9083 

0.02| 12.535] 19.049] 39.519 |35.307]0.5395|1.1193 10.2766 [0.8746 

0.04] 14.726] 22.049] 35.901 136.395 0.6149]0.9864 10.3391 [0.8425 

4 0. 06| 16.498] 25.071] 32.785 [37.182]0.6743|0.8818 10.3968 [0.8120 

0.08] 17.956] 27.287) 30.117 37.780|0.7223|0.7972 10.4501 0.7829 

0.10] 19.176| 29.142] 27.823 |38.250|0.7619}0.7274 10.4992 j0.7553 

0.00] 10.369] 15.758] 46.297 |34.067|0.4626 |1.3590 8.290 [0.2089 |0. 9082 

0.02] 12.401] 18.545] 43.386 35.235]0.5348 {1.2313 10.2545 0.8856 

6 0.04] 14.133] 21.477] 40.760 |36.114}0.5947}1.1256 10.2978 |0.8638 

0.06] 15.623 23.742| 38.149 |36.802]0.6451]1.0366 10.3387 0.8426 

0.08] 16.916] 25.707] 35.887 |37.357 0.6881]|0.9606 10.3778 |0.8221 

0.10] 18,048127.4 3.847 137.81610,725310,8950 0.41.47 10,802 

0.09] 19-653 16.190] 47.591 |34.241]0.4728]1.3899 28.290 |0.2089 |0.9082 

9.021 15, asol 18,936] 45.020 67|0.536911.2765 0.248) 10.8888 
"i, 0.04] 14.034] 21.329] 42.569 |36.066]0.5913]1.1803 10.2856 j0.8700 

0.06] 15.416] 23.427] 40.290 |36.710)0.6382 1.0975) 10.3214 |0.8516 

0.08] 16.635] 25.281 38.194 ]37.240]0.6789]1.0256 10.3556 {0.8338 

0.10] 17.719] 26.927] 36.274 |37.685|0.714510.9626 10.3883 |O.8165 

0.00] 10.926] 16.605] 48.845 |34.405]0.4826]1.4197 [28.290 |0.2089 lo. 9082 

0.02] 12.560] 19.0871 46.532 135 010,540411.3174 10. 2433 10.891 

8 0.04] 14.007] 21.286] 44.306 |36.053]0.5904]1.2289 10.2763 }0.8746 

0. 06] 15.295} 23.244 42.210 |36.655]0.6341}1.1515 10.3080 jO.8585 

0.08] 16.449] 24.997] 40.257 |37.161 0.6727 }1.0833 10.3385 j0.8427 

0.10] 17-486} 26.573 38.447 |37.591]0.7069}|1.0227 10.3678 j0.8273 

0.00] 11.443] 17.391|51.235 134, 706}0.5011 11 4763 [28.290 10.2089 jO.9081 

0.02] 12.824] 19.488] 49.292 |35.458}0.5496|1.3901 10.2364 0.8945 

1 0 0.04| 14-076} 21.391 47.399 ]36.086]0.5928]1.3135 0.2630 jO.8812 

0.06] 15.215] 23.1231 45.585 |36.61910.6314|1.2448 0. 2888 JO.8682 

0.08] 16.256] 24.704| 43.865 |37.078|0.6663| 1.1830 10.3138 jO.8554 

0.10] 17.209] 26.152] 42.240 [37.478 0.6978/1.1271 0.3381 J0.8428 |       
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TABLE No. A-4. 4.) 

Input tube size 

(continued) 

1.0625 in o.d. x 0-3750in gauee 

The upper and the lower bound solutions for 

the drawing of decagonal tube from round on 

a cylindrical plug. 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Reduction of area : 18.75% 

Ws UPPER BOUND LOWER BOUND 

a 
oe lee “oraw Mean Mean die|Mean Mean Mean diefMean = |Mean Mean die 

2 a oe J force draw ipressurel yield draw pressuretyield draw pressure 

5 al” 2 stress stress |stress |/yield |stress |stress |/yield 

Z2(s 2) P G, ¥, .|/vield |st Yn .|/yield |st 
2 Sieve 2a, Pm_.| m_» yie stress im yle! stress 

& oJ= =| tonf  jronf in“itonf in “itonf in“*|stress Honf in “}stress 

0.00] 13 ,924/18.121153,.481|34.976 ]0.5181 1.5292 | 28.290) 0.2089} 0.9080 

0.02| 13.137]19.950|51.796 [35.615 JO.5601 }1.4543 0.2318] 0.8967 

0.04] 14.236 [21 635/50. 138 ]36.163 Jo.5983 j1.3864 0.2541] 0.8856 

12 0.06] 15-261] 23.192| 48.532 136.646 0.6330 [1.3246 0.2758 0.8747 

lo. .08| 16.210] 24.634]46.990 37.059 |0.6547 |1.2680 0.2969] 0.8639 

(0. 10} 17.090| 25.971] 45.517 |37.429 [0.6939 [1.2161 0.3175] 0.8534 

0.00] 12.376| 18.808 155.630 [35.222 ]0.5340 |1.5794 | 28.290] 0.2089] 0.9079 

0.02] 13-447] 20. 435/54. 125 [35.799 J0.5712 }1.5128 0.2285] 0.8983 

At 0.04] 14.446|21.953|42.641|36.264 |0.6054 }1.4516 0.2475] 0.8885 

0.06] 15.379|23.371|51.195 |36.693 |0.6369 |1.3952 0.2662] 0.8794 

0.08] 16.251] 24.697] 49.794 37.076 |O.6661 1.3430 0.2845] 0.8701 

0. 10| 17.069] 25.940| 48.443 [37.421 J0.6932 |1.2945 0.3023] 0.8610 

0.00] > g06]19,461157,697135.449 10,5490 11.6276 | 28.290 0.2089] 0.9078 

lo 02] 13.774] 20.932|56.334 [35.939 |0.5824 |1.5675 0.2259] 0.8994 

16 lo. 04] 14.685|22.316|54.334 (36.375 ]0.6135 [1.5116 0.2426 0.8911 

0-06] 15 543123,620153.554134.766 |0.6434 |1. 4596 0.2590, 0.8829) 
0.08] 16.351|24.849|52.378 137.119 ]0.6694 }1.4110 0.2750 0.8748 

lo. 10] 17.115[26.010/51.129|37.440 [0.6947 [1.3656 0.2907] 0.8668 

lo.00] 13,236120,106159,.761135, 668 10,56 6755 | 28.290 0,2084 0.9077 

02| 14.116|21.453|58.508|36.106 |0.5941 [1.6205 0.2234 0.9003} 

18 (0 .04| 14, 956]2 8 157.267 136.501 10.6227 11.5689 0.23871 0.892: 

0.06] 15.751] 23.937|56.047 136.859 }0.6494 {1.5206 0.2532] 0.8856 

08| 16-506 |25.085 [54.853 [37.185 [0.6746 [1.4751 0.2674 0.8784 

lo. 10] 17.224|26.175|53.689 [37.485 ]0.6983 [1.4323 0.2815] 0.8713 

b .00| 13.636 | 20.723 [61.760 [35.871 |0.5777 |1.7217 | 28.290] 0.2084 0.9076 

021 14-454] 21.150|60.598 [36.267 [0.6057 [1.6709 0. 222g 0.9009 

20 b.04] 15.233|23.150|59.446 136.627 |0.6320 |1.6230 0.2354 0.8943 

b .06| 15.976|24.278|58.309|36.957 |0.6569 |1.5777 0.2484 0.8878 

b.og| 16.684] 25.354|57.193|37.260 [0.6805 {1.5350 0.2614 0.8813 

b. 10] 17.360|26.382|56.102|37.540 10,7028 1.4944 0.2740 0.8749 

b 00 
p.02 

22 b.04 

b.06 

og 
b.10                         
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TABLE No. A-4.4.2 

Input tube size 

The upper and the lower bound solutions for 

a cylindrical plug. 

1.1250 in o.d. x 0.3125 in gauge 

the drawing of decagonal tube from round on 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

                        

Reduction of area 32.50%, 

a 6 UPPER BOUND LOWER BOUND 
w 
Sabet Oraw Mean Mean die|Mean Mean Mean dieg#Mean Mean Mean die 

= By ‘@ force draw pressure {yield draw pressureg yield draw pressure 

ade 6 stress stress |stress/ |/yield |stress |stress/ }/yield 
2, er iS 
Seige p O23 Dn Yn |yield |stress Yn yield |stress 

l= =| font |tont in2ltont in-ftont in-2]stress tonf in-2] stress 

0.00] 10.653| 19.788| 27.377 |35.561]0.5564 JO. 7699 2.805 J0.3952 (0.8274 

0.02] 15-469] 28. 732[ 20. 360 (38. 149}0.7532 [0.5725 10.6234 [0.7066 

2 0.04] 18.150] 33.713] 16.056 |39.315]0.8575 |0.4515 10.7821 10.6085 

0.06] 19.851| 36.872| 13.225 |39.984|0.9222 |0.3719 lo.8914 0.5283 

0.08} 21.025] 39.052] 11.233 |40.419|0.9662 |0.3159 (0.9657 (0.4624 

0.10] 21.883] 40.646] 09.759 [40.725/0.9981 [0.2744 1.0152 0.4080 

0.00] 11.274] 20.942| 28.987 |35.942]0.5826 10.8065 82.805 |0.3952 0.8274 

0.02] 14.238] 26.446] 24.805 [37.558]0.7042 |0.6901 lo.5194 (0.7639 

0.04| 16-365] 30. 398| 21.560 [38.556 [0.7884 [0.5999 0.6231 (0.7067 

4 tos 17.961] 33.362| 19.025 |39.238|0.8503 |0.5293 lo. 7097 0.6551 
0. 08| 19-201| 35.615] 17.005 |39.734/0.8976 [0.4731 j0.7818 [0.6086 

0.10] 59,1921 37.504115.364 140,11210,9350 10, 4275 8416 10.5665, 

0.00] 11.871] 22.050] 30.544 [36.293 |0.6076 J0.8416 2.805 |0.3952 [0.8273 

0.02] 14-067] 26.129]27.489 [37.472 |0.6973 {0.7574 0.4803 0.7843 

6 0.04] 15.809] 29.365] 24.905 |38.306 |0.7660 |0.6862 0.5558 0.7442 

0.06] 17-222/31.990]22.725 |38.928 0.8217 [0.6261 lo.6228 [0.7068 

0.08] 18.390] 34,158120,875 139.412 10,8667 10,575: 6822 0.6719 

©. 10] 19.370] 35.979119.293 139.800|0.9040 10.5316 0.7348 0.6393 

0.00] 12-161] 22.588] 31.305 [36.458 0.6196 [0.8586 2.805 [0.3952 p.8273 

9-02] 14.118126.224|28, 592 137,265 10.6993 0, 7842 lb.4686 ).7903 
7 0.04] 15.720] 29.199] 26.238 |38.265 |0.7631 |0.7197 0.5349 ).7555 

0.06] 17.052] 31.672] 24.206 |38.844 |0.8151 |0.6639 0.5948 ).7226 

0.08] 18.175] 33. 759| 22. 445 [39.325 ]0.8585 [0.6156 0.6488 P.6917 

0.10] 19-135] 35.543] 20. O11 [39.708 [0.8951 [0.5736 (0.6975 [.6625 

0.00] 12.445] 23.116|32.053 |36.617|0.6313 [0.8754 B2.805 (0.3952 P.8273 

0.02] 14.2171 26.408 129.604 |37.547 |0.7033 |0.8085 0.4598 0.7948 

8 0.04] 15.701] 29.165]27.439 |38.256 [0.7623 |0.7493 (0.5188 ).7640 

0. 06| 16-960] 31.503/25.534 [38.816 [0.8116 [0.6973 0.5728 ).7348 

0.08] 18.041|33.510}23.856 |39.270 |0.8533 |0.6515 0.6222 ).7071 

0,10] 18.977|35.249|23.373 |39.646 0.8891 JO.6110 0.6674 0.6807 

0.00 12-997] 24.141 [33.520 [36.918 [0.6539 [0.9080 B2.805 jo.3952 p.8272 

0.02]14.499/26.931131.450 |37.686 |0.7145 {0.8519 0.4471 ).8012 

4 0.04] 15-800|[29.347 |29.572 [38.301 |0.7662 |0.8010 lo.4955 P.7762 

0 0.06 16. 936|31.458 [27.875 [38.806 [0.8106 |o. 7551 0.5405 p.7523 

0.08]/17.936|33.316 |26.344 |39.227 ]0.8493 |0.7136 0.5825 ).7293 | 

0. 10|18.823[34.963]24.960 [39.585 JO.8832 |0.6761 0.6215 P.7073     
- A38 -



TABLE No. A-4.4-2 (continued) 

The upper and the lower bound solutions for 

the drawing of decagonal tube from round on 

a cylindrical plug. 

Input tube size 1.1250 in o.d. x 0.3125in gauge 

Reduction of area : 
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TABLE No. A-4. 4.3 The upper and the lower bound solutions for 
the drawing of decagonal tube from round on 
a cylindrical plug. 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Input tube size S 1.1250 in o.d. x0.2500 in gauge 

Reduction of area : 37.73% 

s aH ‘S UPPER BOUND LOWER BOUND 

SS lates Draw Mean, Mean die|/Mean Mean. Mean diefMean Mean Mean die 

s ae ~~ force draw pressure | yield draw pressure} yield draw pressure 

fn eee stress stress |stress/ |/yield |stress |stress/ |/yield 
UD Ve iret = 
2 Elica Pp Cra Da Ye yield stress Yn yield stress 

2 Ml=Z “| tont tone in2ltont in-2tont in-2|stress tonf in-2] stress 

0.00199.3714 21.899223979| 36.246] 0.6042] 0.6616}34.256/0.4766|0.7950 
0.02|13.4184 31.35916.8381] 38.782] 0.8085] 0.4645 0.744110.6488 

2 0.04]15.487q4 36.190 12.874] 39.844] 0.9083] 0.3552 0.9082|0.5368 
0.06116.739q 39.119 10.403] 40.431] 0.9674] 0.2870 1.0063}0.4505 

0.08/17.577d 41.074 08.722] 40.805] 1.0066] 0.2406 1.0627]0.3830 
0.10/18.177 42.476 07.507] 40.064] 1.0344] 0.2071 1.0931]0.3300 
0.00(09-8964 23.124 25.334] 36.620] 0.6315] 0.6918]34.256|0.4766|0.7950 
0.02|12.4391] 29.067 20.963] 38.232] 0.7603] 0.5725 0.6261|0.7170 

jh 0.04]14.164g9 33.100 17.792] 39.179] 0.8448] 0.4859 0.7439|0.6489 
0.06h15.4099 36.008 15.427] 39.806] 0.9046] 0.4213 0.8361]0.5893 
0.08|16.348d 38.202] 13.605] 40.252] 0.9491] 0.3715 0.9079 ]0.5370 
0. 10{17.081d 39.914 12.163] 40.586] 0.9835] 0.3321 0.9635]0.4911 

0.00h9.3999 24.302] 26.645] 36.964] 0.6574] 0.7208 134.256 10.4766 |0.7949 
0.02|12.2985 28.739 23.419] 38.150] 0.7533] 0.6336 0.5800 |0.7418 

6 0.04]13.7439 32.115, 20.824] 38.957] 0.8244] 0.5634 0.6682 |0.6933 
0.06 {t4.8778 34.766] 18.718] 39.543] 0.8792] 0.5064 0.7434 |0.6490 
0..08]15.7910 36.900] 16.986} 39.990] 0.9227] 0.4595 0.8038 |0.6085 
0. 10/6 .5416 38.654] 15.539] 40.341] 0.9582] 0.4204 0.8616 |0.5713 

0. 00}L0.6444| 24.873] 27.281] 37.126] 0.6700] 0.7350 434.256 |0.4766 ]O.7949 
0.02h 2.3406 28.837] 24.413] 38.174] 0.7554] 0.6576 0.5661 |0.7491 

7 0.04{13.6778| 31.962| 22.030] 38.922] 0.8212] 0.5934 0.6443 |0. 7068 
0.064.7573| 34.484] 20.043] 39.483] 0.8734] 0.5399 0.7124 10.6676 
0. 08/15.6462| 36.562| 18.371] 39.920] 0.9159] 0.4948 0.7718 {0.6313 
0.10f16.3904| 38.301| 16.949] 40.271] 0.9511] 0.4565 0.8235 |0.5977 
0. 00fL0.8844| 25.434] 27.918]37.282| 0.68221 0.7488 134.256 |0.4766 |0.7948 
0.02/12. 4224) 29.028] 25.318] 38.222| 0.7595] 0.6791 0.5554 |0.7547 

8 0.04/13.6684] 31.940] 23.111]38.917| 0.8207|0.6199 0.6255 [0.7171 
0. 06[L4.6968] 34.343] 21.231]39, 452}0.8705| 0.5695 0.6877 [0.6821 
0. 08f5.5593| 36.358] 19.621]39.878] 0.9117] 0.5263 0.7428 |0.6493 

0.10/16 .2926| 28.072] 18.229] 40.226] 0.9464] 0.4889 0.7917 0.6186 
0..00f1.3523} 26.528] 29.160] 37.579] 0.7059] 0.7763 {34.256 10.4766 |0.7947 
0.02/L2.6582| 29.579] 26.956|38.358] 0.7711]0.7173 0.5402 [0.7625 

10 0.04/L3.7586| 32.151] 25.022|38.965] 0.8251] 0.6658 0.5981 |0.7319 
0. 06fL4.6974] 34.344] 23.324|39.453] 0.8705] 0.6207 0.6507 |0.7030 
0. 08)5.5071| 36.237| 21.828]39.853] 0.9092] 0.5809 0.6986 }0.6756 | 
0.106.2124] 37.885] 20.504] 40.189] 0.9427] 0.5456 0.7421 jo.6496                         
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TABLE No. A-44.3 fdas ones sok (continued) 

The upper and the lower bound solutions for 

the drawing of Decagonal 

a cylindrical plug. 

tube from round on 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

    

Input tube size 1.1250 in 0.d. x0.2500 in gauce 

Reduction of area : 37.7% 

ic UPPER BOUND LOWER BOUND 

a ae >Y\oraw Mean Mean die|Mean Mean Mean die{Mean Mean Mean die 

= Ae. force {draw pressure} yield draw pressuretyield draw pressure 

< % “a 6 is tress. stress |stress /yield stress |stress |/yield 

5 € ee Pp Cra i Yn_y /yield | stress Yn : /yield |stress 

E& Fx =] tont front in-4}tonf in “[tonf in““|stress fronf in “}stress 

0.00/11.806 27.590 | 30.380] 37.858} 0.7288 0.8025] 34.256|0.4766}0.7946 

0.02)12.949 {80.260 28.4501 38.523| 0.7855] 0.7515 0.5298|0.7677 

12 0 .04]13.939 82.573 26.718 39.061| 0.8339] 0.7057! 0.5789]0.7420 

0. 06]14.803 4.592 25.165] 39.506] 0.8756] 0.6647 0.624410.7175 

0.08/15.564 86.370 | 23.770] 39.881] 0.9120 0.6279 0.6664]0.6939 

0. 10]16.239 7.947 | 22.513] 40.201) 0.9439 0.5947 0.7053}0.6715 

0.00]12.251 ~8.629 | 31.588) 38.123) 0.7510] 0.82864 34 .256]0.4766 0.7945 

0 .02/13.273 B1.016 | 29.859) 38.702 0.8014] 0.7832 0.5222}0.7715 

14 l0.04[14.175 63.124 | 28.282) 39.185] 0.8453] 0.7419 0.5648 |0.7493 

0 .06]14.977 B4.998 | 26.847| 39.593} 0.8839] 0.7042 0.6047 0.7280 | 

l0.08115.694 B6.674 | 25.538] 39.943; 0.9181] 0.6699 0.6420|0.7075 

0. 10/16.339 88.181 | 24.342] 40.248 0.9486] 0.6385 0.6769 }0.6877 

lo .00]12.690 B9.655 | 32.794] 38.377) 0.7727| 0.85454 34.256 [0.4766 0.7943 

l0.02]13.618 61.822 | 31.218] 38.890 0.8183] 0.8135 0.5164 |0.7742 

16 lo.04/14.449 B3.765 | 29.326] 39.326) 0.8586] 0.7756 0.5540 }0.7548 

l0.06/15.198 85.515 | 28.426] 39.703] 0.8945 0.7407 0.5894 {0.7361 

lo.08/15.876 87.100 | 27.191 40.030] 0.9268] 0.7085 0.6229|0.7179 

lo .10|16.493 Bg.542 | 26.051] 40.319] 0.9559 0.6788 0.6544 {0.7003 

.00|13.128 BO.678 | 34.008) 38.623] 0.7943] 0.8805]34.256 0.4766 |0.7941 

02|13-980 B2.668 | 32.555] 39.082] 0.8359] 0.8429 0.5119 j0.7764 | 

18 lo .04|14.752 B4.474 31.201] 39.481] 0.8732] 0.8078 0.5453 ]0.7591 

lo .06|15.456 86.119 | 29.942] 39.829) 0.9068] 0.7752 0.5772 ]0.7424 

ly 9g {15.100 B7.623 | 28.770] 40.136| 0.9374|0 7449 0.6074 10.7261 

lb. 10|16.691 B9.004 | 27.680) 40.410] 0.9652] 0.7167 0.6361 |0.7103 

0 .00|13.568 B1.707 35.242B8 .8636| 0.8158] 0.9068434.256 0.4766 j0.7939 

lo.02{14.358 83.551 | 33.887] 39.279 0.8542|0.8719 0.5082 {0.7780 

20 lb .04|15.081 BS.241 32.615] 39.645] 0.8889} 0.8392 0.5383 [0.7626 

b.06|15.746 B6.795 | 31.424] 39.968 0.9206] 0.8086 0.5671 ]0.7475 

lb .08 {16.359 B8.228 | 30.307]. 40.257] 0.9496 0.7798 0.5946 {0.7328 

b.10/16.926 B9.553 | 29.260} 40.516 0.9762|0.7529 0.6209 }0.7185 

D .00 
b.02 

22 D.04 

D.06 

08 
p.10                         
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TABLE No. A-4.4.4 The upper and the lower bound solutions for 

the drawing of decagonal tube from round on 

a cylindrical plug. 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Input tube size 1.1250: in o.d. x 0.1875 in gauge 

Reduction of area : 46.95% 

ode UPPER BOUND LOWER BOUND 

wpe Oraw Mean Mean diejMean |Mean Mean diejMean Mean |Mean die 

S iS force |draw pressure | yield draw pressure} yield draw pressure 
ret 

s S ie 2 stress stress |stress/ /yield {stress |stress/ |/yield 

2 elo <= Pp Oza Dm Yn yield stress Vin yield stress 

& l= =] pont lrontinzitont in-ttont in-2|stress tonf in-2| stress 

0.00]07.884 [26.912 [20.104 87.681 |0.7142 0.5335 | 30.653) 0.6390] 0.7335) 

0.02|10.949|37.378 13.136 40.087 |0.9324 10.3486 0.9484} 0.5506) 

2 0.04|12.365 [42.210 (09.678 41.015 }1.0291 0.2574 1.0915] 0.4253} 

0.06/13.178 [44.986 [07.678 41.510 |1.0837 0.2038 T. 1500 0.3378 

0.0g8}13.705 46.786 [06.351 41.818 {1.1188 |0.1686 1.1668] 0.2753} 

0.10|/14.075]48.048 ]05.415 42.029 1.1432 |0.1437 1.1634] 0.2297] 

0.00108.232|28.103|21.004 [37.990 |0.7397 10.5529 | 36.653] 0.6390] 0.7335) 

0.02]10.190|34.786 |16- 642 [39.548 |0.8796 J0.4381 0.8216 0.6333} 

0.04]11.430]39.018/13.726 [40.412 ]0.9655 10.3613 0. 9481[ 0.550 

4 0.06] 12.284|41.933|11.664 [40.965 1.0236 J0.3070 1.0342] 0.4823} 

0.08]12.907|44.060]10.135 141.348 |1.0656 10. 2668 1.0913] 0.4253) 

0. 10/13.382|45.681|08.958 [41.631 }1.0973 0.2358 1.1278] 0.3779 

0.00]08.561]29.226|21.863 [38.271 ]0.7637 [0.5713 36.654 0.6399 0.7334 

0.02|10,025|34.222|18.628 [39.426 [0.8680 |0. 4867 0.7676} 0.6646) 

6 0.04] 11.082] 37.831|16.185 |40.178 ]0.9416 j0.4229 0.8688} 0.6041) 

0.06} 11.880 40.555|14.291 [40.708 |0.9962 {0.3734 0.9477 0.5509 

0.08] 12,504|42.683|12.787 141.102 |1.0385 }0.3341 1.0088) 0.5040 

0.10] 13.004|44.39111.565 [41.406 {1.0721 [0.3022 1.0556 0.4625 

0.00 08.719| 29. 765| 22.278 [38.403 |0.7751 |0.5801 36.65q 0.6390 0.7334 

0.02] 10,025] 34.222]19.398 [39.426 |0.8680 }0.5051 0.7509 0.6739 

fi 0.04] 11.007] 37.576}17.139 40.127 }0.9364 {0.4463 0.8421| 0.6207 

0.06] 11.772] 40.188]15.336 40.638 0.9889 0.3993 0.9160 0.5730 

0.08] 12.385] 42.277113.867 41.028 }1.0304 0.3611 0.7654 0.5304 

0. 10] 12.885] 43.986/12.651 |41.335 1.0641 0.3294 1.0234 0.491 

0.00] 08.873] 30.289] 22.686 |38.530]0.7861|0.5888 36.659 0.639 0.7334 

0.02] 10.054] 34.322]20.082 {39.448 |0.8701 0.5212 0.738 0.681d 

0.04] 10.972) 37.455 17.981 ]40.102]0.9340 {0.4667 0.820 0.633 

8 0.06 TT. 705139. 956] 16.262 |40.594|0. 9843 [0.4221 0.889q 0.590: 

0.08} 12.303] 41.998] 14.835 |40.976 1.0249 {0.3850 0.9471] 0.5514 

0.10] 12.800] 43.694] 13.633 [41.283 1.0584 |0.3538 0.9944 0.5159 

0.00| 09.170} 31.302 23.481 |38.769|0.8074|0.6057 [86.653 | 0.639¢ 0.7324 

0.02| 10.167] 34.709] 21.281 {39.531 0.8780 }0.5489 0.7194 0.691] 

1 0 0.04] 10.979] 37.480] 19.432 |40.107}0.9345|0.5012 0.789q 0.652] 

0.06] 11.652] 39.777] 17.864 40.559]0.9807}0.4608 0.8494 0.616 

0.08] 12.218] 41.710} 16.522 {40.923 1.0192]0.4262 0.9014 0.5824 

0.10] 12.701] 43.359] 15.363 /41.223}1.0518 0.3963 0.9464 0.551                                   
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TABLE No. A-4.4.4 

Input tube size 

(continued) 

The upper and the lower bound solutions for 

the drawing of decagonal 

a cylindrical plug. 

1.1250 in o.d. x 0.1875 in gauee 

tube from round on 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Reduction of area : 46.95%, 

Se UPPEP BOUND LOWER BOUND 
o 

ee oraw Mean {Mean die|Mean Mean Mean diefMean = [Mean Mean die 

eq ne Ee force draw pressure] yield draw pressurelyield draw pressure 

4 ~ a & stress stress |stress |/yield stress |stress |/yield 

5 € sc Pp Tra, Pn_o Yn, /yield | stress Yn .|7yield [stress 

& AlX =] tonf front in-“}tonf in “ltonf in““|stress Itonf in “|stress 

00} 09.455] 32.277] 24.257| 38.994|0.8277 [0.6221 6.653 [0.6390 P.7330 

0.021 10.323] 35.241] 22.340|39.64510.8889 |0.5729 lo.7064 0.6978 

12 0.04] 11.053] 37.730| 20.681] 40.158]0.9394 |0.5304 0. 7664 {0.6648 

(0. 06] 11-673] 39.849] 19.239] 40.573]0.9821 [0.4934 0.8196 [0.6339 

0.08| 12, 208] 41.674] 17.978] 40.917}1.0185 {0.4610 l0.8668 |0.6048 

0. 10] 12.673| 43.262] 16.866] 41.206} 1.0499 |0.4325 lo. 9085 |0.5776 

900} 09.734] 33-207] 25.021] 39.208 [0.8475 [0.6385 f36.653 |0.6390 0. 750 

0.02] 10.505] 35.859] 23.316] 39.775]0.9016 }0.5947 0.6970 |0.7027 

a 9.04] 11.168] 38.123] 21.806] 40.230]0.9475 0.5562 0.7494 |0.6741 

1 .06| 11. 744| 40.090] 20. 469] 40.619]0.9870 [0.5221 0.7968 [0.6471 

0. 08| 12.249] 41.814] 19.280] 40.943]1.0213 ]0.4917 0.8396 |0.6215 | 

0. 10| 12.695] 43.336] 18.216] 41.219]1.0513 [0.4646 0.8782 |0.5973 

0.00] 10, 009] 34.167] 25.796] 39.414|0.8669 |0.6545 436.653 JO.6390 ]0.7325 

0.02 10.704] 36.541] 24.246] 39.916|0.9154 |0.6151 0.6897 {0.7063 

16 lo.0a| 11-313] 38.620| 22.855] 40. 334/0.9575 [0.5799 lO. 7362 [0.6812 

0.06} 11.851] 40.455] 21.606] 40.689} 0.9943 |0.5482 lo.7788 |0.6572 

lo.08] 12.329| 42.087] 20.480] 40.993|1.0266 |0.5196 0.8179 [0.6344 

lo. 10] 12-756] 43.546] 19.461] 41.257] 1.0555 |0. 4937 0.8535 [0.6126 

lo. 00] 10.285] 35.109} 26.579] 39.61710.8862 |0.6709 §36.653 |0.6390 {0.7324 

Log 10. 920| 37.277] 25.154] 40.066] 0.9304 [0.6349 lo.6840 [0.7091 

18 lo o4| 11-484] 39.202] 23.862| 40. 448[0.9692 [0.6023 0.7257 |0-0867 | 

lo.06] 11.988] 40.924] 22.687] 40.7771 1.0036 |0.5727 0. 7643 J0.6653 

bos} 12.442| 42.472] 21.616] 41.063|1.0343 10.5456 lo. 8000 Jo.6447 

~10| 12.851] 43.871] 20.637] 41.315]1.0619|0.5209 lo.8330 J0.6250 

b 00] 10-566] 36.068] 27.385/ 39.8180. 9058 |0-6577 6.055 [0-0590 [U-7aaL 

0.02| 11.151] 38.067| 26.062] 40.225]0.9463 |0.6545 lo.6793 JO.7112 

20 b. 04] 11.677| 39.863] 24.850] 40.576/ 0.9824 |0.6241 0.7170 0.6911 

b.06| 12,153] 41.485] 23.737] 40.882] 1.0148 ]0.5961 lo. 7522 ]0.6718 

b.os| 12.584] 42.859] 11.715] 41.151] 1.0439 ]0.5705 lo. 7850 Jo.6531 

b.10| 12-977] 44.301| 21.772] 41.391] 1.0703]0.5468 0.8156 0.6351 

b.00 
b.02 

MD) b.04 

b.06 

os 
b.10                         
  

- A43 -



  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

TABLE No. A-4. 5.1 The upper and the lower bound solutions for 

the drawing of round tube from round on 

a cylindrical plug. 

Input tube size 1.0625 in o.d. x0.3125 in gauge 

Reduction of area : 13.7% 

ae a UPPER BOUND LOWER BOUND 
a 

-S. ahee Or aw Mean Mean die|Mean Mean Mean diefMean Mean Mean die 

= a ‘g force |draw pressure |yield draw pressure} yield draw pressure 
ie 

eo s = 2 stress stress |stress/ /yield }stress |stress/ |/yield 

2 oa 2 P Oza Dm, Yn yield stress Ney yield stress 

J l= =} sont |ront inZltonf in-Ztont in-2| stress tonf in-2| stress 

0.00|3-0611 [4.8201 [30.235 P7.254 P.1768 LT. 1094 6.147/0.1054]0.8946 

0.02]5.0951 |8.0229 J27.716 P9.999 P.2674 P.9239 0.2129}0.7871 

0.04|6.6523 [10.474 [24.970 81.545 P.3321 P.7916 0.3081]0.6919 

2 0.06|6-.8673 [12.388 [22.542 200 ~3005 P.6924 0.3922]0. 6078 

0.08|8.8371 ]13.915 20.476 B3.278 0.4181 P.6153 0.4665]0.5335 

0.10/9.6274 (15.159 [18.724 B3.800 0.4482 P.5536 0.5322]0.4678 

0.00/3.5929 (5.6575 [35.487 P8.089 P.2014 fL.2634 26.147] 0.1054|0.8946 

0.02/4.8702 {7.6688 [34.180 P9.745 P.2578 1.1491 0.1607}0.8393 

& 0.04|5.9874 (9.4279 [32.588 BO.925 P.3048 fL.0538 0.2128]70.7872 

0.06/65 9655 [10.968 [30.962 1.819 0.3447 ).9730 0.2618] 0.7382 
0.08|7-8257 {12.322 j29.397 B2.525 0.3789 p.9038 0.3078]0.6922 

0. 10/8. 5865 [13.520 [27.928 B3.098 0.4085 ).8438 0.35IT[0.6489 

0.0014 1427 6.5232 40.918 P8.852 0.2262 fl.4182 426.147] 0.1054/0.8946 

0.02|5- 1494 |8.1085 [40.016 BO.059 0.2697 [L.3312 0.1426/0.8574 

0.04|6.0723 [9.5616 [88.895 B1.007 0.3085 fL.2544 0.1783]0.8217 

6 0.06 6.9175 {10.892 [87.685 B1.778 0.3428 f.1859 0.2126/0.7874 

0.08}7.6921 {12.112 [36.456 B2.520 0.3736 fL.1245 0.2455|0.7545 

0.10]8.4034 [13.232 [85.244 B2.964 0.4014 L.0691 0.2771|0.7229 

0 004° 4244 6.9668 [43.700 P9.2le P.2365 [L.4960 [26.147/0.1054] 0.8946 

9.0215 .3535 |g.4298 42.920 BO.280 0.2784 fL.4174 0.1373|0.8627 

7 0.04]6.2170 [9.7896 |41.945 B1.145 0.3143 3467 0.1682/0.8318 

0.06]7.0186 {11.051 40.876 B1.865 0.3468 fL.2828 0.1980]0.8020 

0.08|7.7629 [12.223 [89.770 B2.576 0.3764 [L.2246 0.2267] 0.7733 

0.10/6- 4546 (13.312 88.661 3.002 0.4034 [1715 0.2545/0. 7455 

0.00|4.7108 |7.4177 146.529 P9.559 0.2509 [1.5741 | 26.147] 0.1054]0.8946 

0.02]5-5823 8.7900 45.845 BO.520 (0.2880 {1.5021 0.1333] 0.8667 

8 0.040. 4007 [10.0 8 144.986 B1.al6 P.3218 1.4365 0. 1605]0.8395 

0.06]7.1685 {11.287 44.031 B1.992 0.3528 [1.3763 0.1868] 0.8132 

0.08|7-8885 [12.421 43.030 B2.574 (0.3813 [1.3210 0.2123] 0.7877 

0.10/8.5641 [13.485 42.013 83.082 0.4076 [L.2700 0.2371) 0.7629, 

0.00]5-2979 [8.3423 52.328 BO.220 0.2760 fL.7315 | 26.147] 0.1054 0.8946 

0.02)6-0910 [9.5911 [51.794 B1.025 0.3091 [1.6694 0.1277/0.8723 

4 0.04 6.8471 |10.781 {51.115 B1.717 ).3399 fL.6116 0.1496] 0.8504) 

0 0.06|7-5672 [11-915 [50.344 2.320 P.3687 L.5577 0.1709 0.8291 

0.08)8.2525 [12.994 49.515 B2.852 .3955 1.5072 0.1917} 0.8083 

0. 10|8- 9047 [14.021 148.654 83.326 .4207 [L.4599 0.2119] 0. 788                       
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TABLE No. A-4. 5. dl aia) eo eras (sSene (continued) 

The upper and the lower bound solutions for 

the drawing of round 
a cylindrical plug. 

z .0625 in o.d. x0-3125 

tube from round on 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Input tube size in gauge 

Reduction of area : ig575:% 

a S UPPER BOUND LOWER BOUND 

a 
3 alee Floraw Mean Mean die}Mean Mean Mean diefMean Mean Mean die 

Sel 6 force draw pressure yield draw pressuretyield draw pressure 

S 
< al“ se stress stress |stress |/yield stress |stress |/yield 

2 else] P G, Y, .\/yield | stress Yn .|Zyield |stress 
2 5/25 2a) mole m |’) 
& Ax =] tont ron in 4ftonf in “jtonf in “|stress itonf in “|stress 

0.001 5.9051] 9.2989 58.325 30.845 0.3014] 1.8909] 26.147]0.1054|0.8946 

0.02| 6.6494 10.474 57.914 31.542 0.3319| 1.8361 0.1240|0.8760 

10.04] 7.3664 11.599 57.378) 32.156| 0.3607] 1.7843 0.142210.8578 

12 0.06| 8.0564 12.689 56.759 32.703| 0.3879] 1.7354 0.1600|0.8400 

9.08] 8.7194 13.730 56.071] 33.195] 0.4136] 1.6891 Q.1775|0.8225 

f0.10| 9.357 14.739 55.345 33.639] 0.4380] 1.6452 0.1947|0.8053 

0.00] 6-536 10.288 64.534 31.436] 0.3272] 2.0527) 26.147|0.1054]0.8946 

l0.02| 7.2464 11.410 54.235 32.057] 0.3559} 2.0038 Q.1212|0.8788 

4h 0.04| 7.9385 12.500 63.826] 32.613} 0.3833 1.9571 0.1368] 0.8632 

0.06] 8.6099 13.557] 63.334) 33.115} 0.4094 1.9125 0.1522]0.8478 

0 .08| 9.2607 14.582 62.780 33.573] 0.4343] 1.8699 0.1673{0.8327 

9. 10| 9.8914 15.579 62.180] 33.992] 0.4582 1.8292 0.1821]0.8179 

0.00] 7.1851] 11.314 70.969] 32.006] 0.3535] 2.2173}26.14710.1054}0.8946 

l0.02| 7.8780 12.404 70.781] 32.566] 0.3809] 2.1735 0.1192]0.8808 

16 lo.04| 8.5549 13.470 70.493) 33.075{ 0.4073] 2.1312 0.1328]0.8672 

10.06] 9.2158 14.511] 70.127] 33.542] 0.4326] 2.0907 0.1462|0.8538 

lo.08] 9.8605 15.526 69.699] 33.972! 0.4570] 2.0516 0.1594|0.8406 

lo 10} 10.489 16.516 69.222] 34.370| 0.4805] 2.0140 0.1724|0.8276 

lo. 00] 7-861 12.378 77.649 32.553] 0.3803] 2.3853426.147|0.1054 0.8946 

02 8.5405 15.451] 77.576] 33.066] 0.4068] 2.3460 0.1176/0.8824 

18 ly 04] 9.2115 14.504] 77.411| 33.539] 0.4325 2.3080 0.1296 0.8704 | 

ly .06| 9.8679 15.538) 77.171 33.977] 0.4573] 2.2712 0.1415]0.8585 

og} 10.511) 16.552) 76 .870| 34.384] 0.4814| 2.2356 0.1532|0.8468 

l.10] 11.142 17.545] 76.519] 34.764] 0.5047 2.2011 0.1648}0.8352 

ln .00| 8.5649 13.486) 84.597| 33.083| 0.4076] 2.5571}26.147}0.1054 0.8946 

lo.02] 9-2404| Td. 550) 84.645] 35. 559| 0.4336/ 2.5222 0. 1163]0.883' 

20 .04| 9.9068} 15.599] 84.608 34.002} 0.4586} 2.4883 0.1270]|0.8730 | 

b.06| 10.563] 16.634] 84.501} 34.416) 0.4833 2.4552 0.1377]0.8623 

b.og| 11.210 17.653] 84.333] 34.804] 0.5072] 2.4231 0.1482}0.8518 

b.10] 11.848] 18.656] 84.113) 35.168) 0.5305] 2.3918 0.1586}0.8414 

0.00 
p.02 

22 p.04 

D.06 

og 

D.10                                   
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TABLE No. A-4.5.2 The upper and the lower bound solutions for 

tube from round on the drawing of round 

a cylindrical plug. 

1.0625 in o.d. x0.1875 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

                      

Input tube size in gauge 

Reduction of area 19.64, 

die UPPER BOUND LOWER BOUND 

iS aie ‘Oraw Mean Mean die|Mean Mean Mean die}Mean Mean Mean die 

€ oq ‘3g force |draw pressure |yield draw pressure} yield draw pressure 

sa rae 8 stress stress |stress/ |/yield {stress |stress/ |/yield 
> aie ces ee 

2 elo < Be Oza Da Yn {yield stress vn yield stress 

Sv} =} sont |tontinéttont in-At ont in-24| stress tonf in-2] stress 

0.00] 3.1716] 7.6575] 31.326| 29.737] 0.2575] 1.0534 J28 .630 {0.1823 |0.8177 

0.02] 5-4442| 13.144] 27,512] 32.923 0.3992]/0.8356 0.3530 j0.6470 

2 0.04] 7.0498] 17.021] 23.936134.5661 0.492410,6925 0.4905 10,5095 

0.06] 8.2300] 19.870] 21.039|35.588] 0.5583}0.5912 0.6010 |0.3990 

0.08 9.1306] 22.045] 18.717|36.291] 0.6074}0.5157 0.6899 }0.3101 

0.10 9.8391] 23.755] 16.834 136.806] 0.6454)0.4576 0.7612 |0.2388 

0.00] 3.5184] 8.4950} 31.326] 30.324] 0.2802 1.1460 J28.630|0.1823 10.8177 

0.02] 4.8957| 11.820] 27.512132.271] 0.366311.0147 0.2722 10.7278 

4 0.04] 6.0461) 14.597] 23.936 |33.580] 0.4347}0.9104 10.3528 j0.6472 

0.06] 7.0139] 16.934] 21.039] 34.532] 0.4904|0.8255 0.4252 0.5478 

0.08} 7.8365] 18.920] 18.717|35.261| 0.5366]0.7552 10.4902 10.5098 

0.10] 8.5427| 20.625] 16.834 |35.839) 0.5755]0.6958 10.5484 j0.4516 

0-00] 5 57361 9.3626) a8. 260/30.878| 0.3029)1 2391 foa.630 lo. 1823 |o.8177 
0.02] 4.9175] 11.873] 36.876 132.298] 0.3676|1.1417 10.2432 j0.7568 

0.04] 5.8443] 14.110] 35.321}33.366|0.4229)1.0586 10.2998 }0.7002 

6 0.06] 66684 16.100] 33.752 [34.205] 0.4707}0.9867 10.3525 j0.6475 

0.08 7.4039| 17.876| 32.236 |34.886]0.5124/0.9240 10.4016 0.5984 

0.10| 8.0631] 19.467] 30.800 |35.451]0.5491]0.8688 10.4472 J0.5528 

0.00] 4.0545| 9,7894/ 40,473 131,.14510,314311, 2858 28.630 10.1823 10.81 

0.02] 5.0005] 12.073| 38.845 |32.400]0.3726]1.1989 0.2347 |0.7653 

7 0.04] 5.8555] 13.127]37.484 |33.378]0.4235}1.1230 10.2839 j0.7161 

0.06] 6.6290] 16.005] 36.086 |34.167|0.4684 1.0561 10.3302 |0.6700 

0.08| 7-3301 17.698] 34.709 |34.820/0.5082]0.9968 10.3737 {0.6262 

0.10] 7,9675| 19.237|33.383 |35.37210.5438]0.9438 10.4147 JO.5853 

0.00] 4.2377| 10.231] 41.857 |31.405]0.3258|1.3328 (28.630 |0.1823 0.8177 

0.02] 5- 1098} 12.337 40.795 |32.532]0.3792}1.2540 10.2282 {0.7718 

0.04] 5- 9090] 14.267 39.586 |33.435]0.4267}1.1840 10.2718 (0.7282 

8 0.06 6.6415] 16.035] 38.328 [34.179]0.4691 1.1214 10.3130 (0.6870 

0.08! 7.3137] 17.658|37.070 |34.806|0.5073 {1.0650 10.3521 (0.6479 

0,10} 7-9319|19.151}35.841 |35.342 0.5419|1.01414 10.3891 (0.6109 

0.00] 4.6115] 11.134|45.549 |31.910 0.3489 ]1.4274 28.630 |O.1823 (0.8177 

0.02] 5+ 3804] 12.990 44.694 |32.850]0.3954 |1.3605 10.2191 {0.7809 

1 0.04 6.0991] 14.726/43.714 [33.635 ]0.4378 {1.2996 10.2544 0.7456 

0 0.06 6.7706| 16.347 | 42.673 [34.304 ]0.4765 1.2440 10.2882 0.7118 

0.08] 7: 3981) 17.862 41.609 34.881 0.5121 ]1.1929 10.3205 (0.6795 

0.10] 7-9852]19.279]40.546 |35.387 }0.5448 j1.1458 10.3515 (0.6485     
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TABLE No. A-4. 5.2 wee eeeceee (continued) 

The upper and the lower bound solutions for 

the drawing of round tube from round on 

a cylindrical plug. 

  

  

  

  

  

  

  

  

  

  

  

  

Input tube size: 1.0625 in o.d. x0.1875 in gauge 

Reduction of area : 19.649, 

‘ fs UPPER BOUND LOWER BOUND 

6 gis AYoraw Mean Mean die}Mean Mean |Mean diejMean Mean Mean die 

fe a e a force draw lpressure| yield draw pressurefyield draw pressure 

s al? 2 is tress. stress |stress |/yield stress |stress |/yield 

2 <z|ss| P G, Yq |/yield |st Yq _,|/yield 
3 Sige 2a, = m5 ‘yie stress m 2 yie! stress 

& a= =] tonf  |tonf in “ltonf in “|tonf in“*|stress Itonf in-“|stress 

0.00] 4.9959112.062 149.345 [32.394 Jo.3723 [1.5232 P8.630 P.1823 P.8177 

0.02| 5.6973}13.755 {48.645 33.206 {0.4142 }1.4649 D.2130 P.7870 

0. 04| 6.36194]15.360 47.835 133.904 {0.4530 [1.4109 b.2425 P.7575 

12 9.06] 6-9012|16-879|46. 960 [34.511 [0.4891 [1.3607 Te7LL p- 7289 

0.08] 7.5871 118.318 ]46.052 35.047 [0.5227 {1.3140 b.2986 $.7014 

0.10) 8.1515|19.681|45.128 |35.524 10.5540 }1.2703 0.3252 P.6748 

0.00] 5 3917113.018 153.255 |32.863 J0.3961 1.6205 P8.630 D.1823 0.8177 

0.02] 6.0467 114.599 152.682 |33.581 |0.4347 1.5688 b.2085 .7915 

44 0.04 6.6737 |16.113]52.011134.211 10.4710 |1.5203 b.2339 P.7661 

0 .06| 7.2734 |17.561 [51.275 [34.770 |o.5051 [1.4747 b.2586 ).7414 

.5371 |L.4318 6.2825 ).7175 | 

15674 [1.3913 b.3057 ).6943 

"4203 {1.7195 p8.630 P.1823 P.8177 

74565 [1.6732 b.2051 p.7949 

-4909 {1.6294 D.2274 0.7726 

  

0.08] 7.8468 ]18.945 |50.499 35.270 

0. 101 8.3952 ]20.269 |49.699 135.722 

0 .00| 5.8002 |14.004|57.290 [33.318 

0 .02| 6. 4225115.506 |56.829 |33.964 

16 Ip .04] 7.0228 | 16.956 [56.281 ]34.541 

0.06} 7,6017|18.353|55.669 |35.060 

lo. 08| 8.1595|19.700|55.012 (35.531 

  

  

  

  

  
-5235 [1.5875 b.2490 ).7510 

-5544 {1.5483 b.2701 P.7299 

lo. 10[ 8-6970|20.998 54. 325 [35.960 [0.5839 |1.5107 p.2906 P.7094 

10 

10 

2) 

10 

0 

0 

10 
0 
0 

lo. 00| 6.2227 115.024 |61.463 33.763 |0.4450 [1.8204 P8.630 P.1823 ).8177 

ly 02| 68215 16.470 |61.109 34.352 ]0.4794 {1.7789 b.2025 P.7975 

Oo 
0 

0. 
0 

0 

0 

0 
0 

0 

0 

  

  

  

  

  

  
18 ly .04| 7.4032]17.874 160.674 |34.886 ]0.5124 1. . 7392 p.2222 0.7778 | 

lb 06 | 7-9677]19.237 |60.177 35.372 |0.5438 {1.7013 D.2414 .7585 

lb 08] 8.5151 |20.559 159.634 135.817 10.5740 1.6649 0.2602 0.7398 

0.10] 9.0461 |21.841|59.057 |36.228 |0.6029 |1.6301 b.2786 0.7214 

lb .00| 6.6605 ]16.081 165.787 |34.198 .4702 |1.9237 P8.630 P.1823 0.8177 

b.02| 7.2430] 17.487 165.539 [34.742 [0.5033 |1.8864 1.2003 0.8000 

20 04| 7.8119]18.861|65.215|35.241 -5352 {1.8505 b.2180 0.7820 

b .06 | 8- 3670] 20.201 ]54.830 35.699 [0.5659 [1.8160 0.2353 [0.7047 | 

b.08| 8-9084|21.505 64.399 |36.123 [0.5954 |1.7827 0.2522 0.7478 

bh. 10 | 9-4363|22.783]63.930 36.517 [0.6239 |1.7507 0.2688 0.7312 

0.00 

p.02 

2. p.04 

D.06 

O8 

  

  

  

  

  

  

  

  

  

  

  

  

  

                          
  

- AaT -



TABLE No. A-4.5.3 

a cylindrical plug. 

The upper and the lower bound solutions for 

the drawing of round tube from round on 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Input tube size 1.1250 in o.d. x 09-2500 in gauge 

Reduction of area 30.36 % 

oi . UPPER BOUND LOWER BOUND 
® 
raft Oraw Mean Mean die|Mean Mean Mean diefMean Mean Mean die 

S ae force jdraw pressure lyield draw pressure} yield draw pressure 

ate 6 stress stress |stress/ |/yield stress |stress/ |/yield 
S oalice = 
2 & a2 P Oza Dm Yn yield stress Yn yield stress 

“ 4= <=! tonf [tont ineltonf in-2i onf in-2] stress + onf in-2| stress 

0.00] 6, 4225| 13.419| 30.784 |33.052]0.4060]0.9314 2.179 0.2877 j0.7123 

0.02] 10.358] 21.648] 26.000 |36.166]0.5984 |0.7189 10.5258 0.4742 

Zz 0.04] 12,995] 27.152| 22.094 |37.744|0.7194 0.5854 10.5933 jO.3067 

0.06] 14,867| 31.064| 19.111 [38.7139 0.80240.4937 0.8106 }0.1894 

0.08} 16.261] 33.976] 16.804 |39.373 0.8629 |0. 4268 10.8922 j0.1078 

0.10] 17.338] 36.227] 14.979 |39.851)0.9090 0.3759 10.9485 0.0515 

0.00] 6.8784|14.371}32.970 |33.48110.4292 10.984 2.179 10.2877 10.7123 

0.02] 9.2157| 19.255] 30.376 |35.378|0.5442 |0.8586 10.4170 j0.5830 

is 0.04] 11.104] 23.201] 27.889 |36.643 }0.6332 {0.7611 10.4156 j0.4744 

0.06] 12.652] 26.437] 25.669 |37.555|0.7039 |0.6835 lo.6167 lo.3833 
0.08} 13.942] 29.131|23.723 |38.24810.7616 |0.6202 10.6930 }0.3070 

0. 10] 15.030] 31.404] 22.023 |38.793|0.8095 |0.5677 IO.7659 j0.2431 

0.00} 7.3422] 15.341|35.194 |33.985]0.4526 |1.0383 2.179 [0.2877 0.7123 

0.02] 9.0702| 18.951|33.386 |35.272|0.5373 |0.9465 10.3762 (0.6238 

6 0.04] 10.567] 22.080/31.571 |36.302|0.6082 |0.8697 10.4550 j0.5450 

0.06] 11.872|24.806|29.847 |37.10710.6685 |0.8043 10.5252 10.4748 

0.08] 13.017] 27.198] 28.248 [37.756 |0.7204 |0.7482 0.5876 (0.4124 

0.10] 14.028] 29.311|26.778 |38.292 |0.7654 |0.6993 0.6431 (0.3569 

0.00} 7-5775| 15.832 36.321 |34.097|0.4643 ]1.0652 82.179 jO.2877 P.7123 

0.0219,1243]19.064|34.747 |35.312|0.5399 |0.9840 0.3641 0.6359 

A 0.04] 10.493] 21.924|33.146 136.254 |0.6047 |0.9143 10.4332 (0.5667 

0.06|11.708|24.464|31.599 |37.010|0.6610 |0.8538 0.4959 0.5041 

0.08] 12.793] 26.730|30.137 |37.633 |0.7103 |0.8008 j0.5525 (0.4475 

0.10113.766] 28.763|28.770 138.156 |O.7538 ]0.7540 10.6038 0.3962 

0.00/7.815 |16.329|37.461 |34.296 0.4761 |1.0923 B2.179 j0.2877 P.7123 

0.02]9-224 |19.273|36.064 |35.384 0.5447 {1.0192 0.3548 0.6452 

8 0.04] 10.491] 21.921}34.634 |36.253|0.6047 [0.9553 0.4164 0.5836 

0. 06| 11.633$24.307}33.231 36.965 ]0.6576 |0.8990 10.4729 P.5271 

0.08} 12.666 | 26.465 |31.887 [37.563 0.7046 j0.8489 10.4246 2.4754 

0.10 13.604] 28.425 |30.613 [38.071 [0.7466 |0.8041 0.5720 P.4280 

0.00|8-2983]17.338 139.777 [34.686 0.4999 ]1.1468 2.179 [0.2877 P.7123 

0.02|9-5134]19.877 {38.640 {35.591 0.5585 |1.0857 10.3417 0.6583 

1 0 0.04] 10.631|22.213|37.462 [36.343 |0.6112 |1.0308 (0.3921 P.6079 

0.06]11.661]24.364 136.285 |36.982 10.6588 {0.9812 10.4391 D.5609 | 

0.08]12.611]26.350|35.134 [37.532 |0.7021 {0.9361 10.4830 0.5170 | 

0.10]13.490] 28.186 }34.020 |38.011]0 7415 ]0.8950 10.5239 P.4761                         
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TABLE) NOs A-45:5°53 9 9 9 he ke saree (continued) 

The upper and the lower bound solutions for 

the drawing of round tube from round on 

a cylindrical plug. 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Input tube size: 1.1250 in o.d. x 0.2500 in gauge 

Reduction of area : 30.36 % 

‘S15 UPPEP. BOUND LOWER BOUND 

z ahs = oraw Mean —_ |Mean die|Mean Mean Mean dief{Mean Mean Mean die 

= ale force draw pressure] yield draw pressurefyield draw pressure 

3 9 cae stress stress jstress /yield stress |stress |/yield 

5 Elen Pp Ora, 4 Yn_y /yield | stress a , /yield |stress 

& BIZ =| tonf front in “ttonf in ‘|tonf in *|stress Honf in-“|stress 

0.0018.7929 [18.372 42.147 85.067 b.5239 | 1.2019}32.179|0.2877 0.7123 

10 .02}9.8789 j20.641 41.196 85.844 D.5758 {1.1493 0.3327|0.6678 

12 0.04|10.894 j22.762 40.203 B6.511 0.6234 {1.1011 0.3753}0.6247 

lO .06}11.843 j24.746 89.197 7.090 D.6672 | 1.0568 0.4154}0.5845 

10 .08]12.732 \26.603 88.197 87.599 P.7075 1.0159 0.4534] 0.5466 

0. 10{13.565 8.344 [87.216 88.051 P.7449 | 0.9781 0.4892] 0.5108 

10. 00}9.3004 [19.432 44.580 85.439 b.5483 | 1.2579§32.179]0.2877 0.7123 

l0.02]10.295 |21.511 43.774 86.124 P.5955 12017 0.3262]0.6737 

Ap l0.04[11.237 \23.478 42.925 86.725 P.6394 1.1688 0.3630] 0.6370 

lo .06/12.127 \25.339 42.057 67.256 P.6801 | 1.1289 0.3980]0.6020 

lo .08/12.970 27.101 41.185 87.731 ).7183 | 1.0915 0.4313 0.5687 | 

0. 10[13.769 28.769 40.318 B8.158 ).7539 1.0566: 0.4630} 0.5370 

lo .00/9.8058 20.522 47.080 65.505 b.5732 | 1.3149} 32.179|0.2877 0.7132 

l0.02]10.751 \22.464 46.396 86.420 P.6168 1.2739) 0.3213] 0.6787 

16 lo .04/11.638 \24.317 45.669 86.938 P.6578 1.2354 0.3536} 0.6464 

lo .06]12.485 [26.087 |44.919 87.461 0.6964 | 1.1991 0.3845]0.6155 

1) .08]13.294 \27.777 |44.157 B7.906 0.7328 | 1.1649 0.4141/0.5892 

lo. 10]14.066 [29.391 43.392 68.312 D.7671 1.1326) 0.4425]0.5575 

lo. 00]10.359 |21.646 49.658 6.167 P.5985 1.3730] 32.179]0.2877| 0.7123 

lb 02 11.240 [23.485 49.080 86.727 P.6394 LL. 3363 0.3174] 0.6826 

18 lo .04]12.087 |25.255 48.452 87.233 $.6783 | 1.3016! 0.3461 0.6539 | 

lo.06|12.901 \26.956 47.816 7.693 P.7151 | 1.2686 0.3737|0.6263 

lb 08 13.684 [28.593 47.155 88.114 p.7502 1.237¢| 0.4003] 0.5997 

ly. 1014. 438 |80.167 46.484 BS.500 D.7835 | 1.2074) 0.4259]0.5741 

lb .00}10.915 j22.805 [52.321 66.524 D.6244 | 1.4325§32.179]0.2877 0.7123 

lo .02]11.759 \24.570 51.842 87.040 0.6633 | 1.3996 0.3143] 0.6857 

lb 04} 12.576 26.276 [51.323 87.512 P.7005 | 1.3682! 0.3400] 0.6599 

20 lo .06|13.366 |27.928 [50.776 37.945 0.7360 | 1.3381) 0.3649 0.6350 | 

lb .08 14.131 |29.526 [50.209 [88.345 0.7700 | 1.3094) 0.3890] 0.6110 

lb. 10]14.871 [31.072 49.628 88.716 P.38026 1.2819) 0.4123] 0.5877 

b.00 
Pp .02 

27 b.04 

p.06 

Q8 

p.10                     
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TABLE No. A-4.5.4 

Input tube size 1.1250 in o.d. 

a cylindrical plug. 

The upper and the lower bound solutions for 

the drawing of round tube from round on 

x 0.1875 in gauge 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

      

Reduction of area : 37.78% 

oy UPPER BOUND LOWER BOUND 

o BI? 
3 ale = Oraw Mean Mean die}/Mean Mean Mean diejMean Mean Mean die 

= his force draw pressure yield draw pressurefyield draw pressure 

3 a} 6 stress stress |stress |/yield stress |stress |/yield 

i me = 
ze) es oep G. Y, .\/yield [stress Y, .|/yield |stress 
2 afec 225 =o m My 
E& A= =] tonf front in 4|tonf in-|tonf in“*|stress ttonf in-“|stress 

0.001 6.5008 [18.918 [31.160 [35.261 0.5365 1.8837 | 34.2691 0.40551 0,594 

0. 02| 10.347 |30.114 25.088 |38.488 0.7824 ).6518 0.6959] 0.3041 

0.04 [2.736 37-066 [20.666 [40.023 (0.9261 ).5164 0.8691] 0.1309 

2 (0 .06]14.351 |41.766 ]17.499 |40.934 1.0203 P.4275 0.9705} 0.0295 

0.08] 15-913 [45.148 T5.151 [41.539 [1.0869 P.3647 1.0282{-0.0282 

10. 10]16. 389 [47.698 |13.348 [41.970 [1.1364 P.3180 1.0594}+-0.0591 

0. 0016.8355 [19.893 32.765 |35.596 0.5588 _P.9205 4.269 10.4055] 0.5945 

10 .02/9-1246 j26.554 29.395 [87.586 0.7065 p.7821 0.5689} 0.4311 

i 0.04 10.889 {31.692 |26.418 I88.860.0.8155 P.6798 0.6956] 0.3044 

(0 .06|12.285 |35.752 j23.901 [39.752 P.8994 P.6013 0.7935] 0.2065 | 

lO .08/13.413 [39.035 [21.782 40.416 P.9658 P.5389 0.8688] 0.1312 

0. 10]14.342 141.740 {19.988 40.929 [1.0198 D.4883 0.9264] 0.0736 

0 .00| 7.175 |20.881 |34.392 85.922 .5813 P.9574 4.269 |0.4055]0.5945 

l0.02| 8.852 [25.761 82.033 87.372 P.6893 P.8571 0.51871 0.4813 

6 l0.04110.257 [29.851 [29.812 88.424 ).7769 D.77S9) 0.6144] 0.3856 

lo .06{11.447 [83.314 27.799 89.227 P.8493 D.7087 0.6951] 0.3049 

lo .08|12.466 186.279 25.994 B9.862 p.9101 ).6522 0.7631]0.2363 

ro: 13.347 68.843 24.390 40.378 p.9620 P.6040 0.8203|0.1797 

lo. 00] 7.346 21.381 85.216 B6.083 D.5925 ~9760_ $34.26910.405510,594 

02 8.839 25.725 B3.158 B7.362 D.6885 P.8875 0.5036 0.4964 | 

z boalio.121 29.457 1.186 PS-328 P-7685 p-8137 0.5885] 0.4115 

FT bh 96|11.232 B2.688 29.362 B9.087 P.8363 0.7521 0.6619]0.3381 

08l12.200 5,50’ 697 89.706 0.8944 10.6796 0.725410. 2746 

l..10]13.051 87.984 P6.185 40.209 ).9447_ 10.6512 0.7801.10,219 

ln .00| 7-520 b1.885 86.045 B6.242 P.6039 0.9946 [34.269 0.4055|0.5945 

l.02] 8.872 P5.820 B4.220 B7.388 P.6906 |0.9152 0.4919]0.5081 

8 .04|10.056 29.255 B2.448 88.281 -7656_ 10.8476 0.568210.4318 | 

lb .06]11.098 82.300 BO.782 B8.999 8282 (0.7893 0.6354 |0.3646 

b.08|12.022 64.988 P9.237 B9.591 ).8837 |0.7385 0.6945]0.3055 

b.10|12.845 B7.384 P7.813 fO.088 -9325 {0.6938 0.7465{0.2535 

b.00| 7.871 22.908 B7.732 B6.555 .6267 [1.0322 4.269 |0.405510.5945 

10 D.02] 9.023 p6.260 B6.240 B7.508 P.7001 ).9662 0.475310.5247 

b.04|10.060 P9.277 B4.767 B8.284 ).7647 ).908L 0.5384 {0.4616 

b.06 [10.996 B2.003 B3.351 B8.931 ).8220 |0.8567 0.5955 {0.4045 

og}il.845 p4.474 B2.007 89.481 ).8732 ).8107 0.647110.3529 

b.10|12.618 B6.722 BO.741 89.953 P.9191 10.7694 0.6937 [0.3063                     
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TABLE No. A-4.5.4 seen eeceee (continued) 

The upper and the lower bound solutions for 

the drawing of round tube from round on 

a cylindrical plug. 

Input tube size: 1.1250 in o.d. x0-1875 in gauge 

Reduction of area : 37.75, 

UPPER BOUND LOWER BOUND f 

an diejMean an die an ‘an die 

ssurel yield essure aw essure 

ress ield Tess ield 

‘e ress ield ress 

21 ont in~2 ress 

-863 0702 . 4055 5945 

-196 0136 4638, 5361 

-370 vy 9628 5176 4824 

3959) 9167 -5670 10.4330 

471 8749 -6125]0.3875 
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TABLE No. A-5.1.1 Experimental results of the drawing of square tube from round on a cylindrical plug 

mean draw speed = 5 ft re lubricant TD 50 

Meat Equiv. | mubelord (Ca) lane nie cata Rigecea Purest ry roree,P pes Gea Remarks 
wo,| Tube reference No.| Die WDibsemt) | cougs (in) (ies 4 rae >| (tont) | (tont) |iont/in2) 

Jan gle co -d, in) |‘“p in 

07* |_4/a25007/02-80 4JB 7 138% 0.500 0.437 40.58 0,5092 | 10.5641 130.1821 

b14 | 4/a2507*/08-80 4JB Lae% 0.500 0.470 44.57 0.8143 | 11.2634 134.4969 

33* | 2/a18709/08-80 4JB 1 x 3/16 0.625 0.557 46.44 = = = T. failure 

b34* | 4/a25008/08-80 4JB Pay 0.500 0.495 47.79 = 11.6129 [37.7584 T. failure 

b35* | 4/a25008/08-80 4JB Ux % 0.500 0.495 47.79 = 11.4561 37.2486 T. failure 

b3s* | 4/a25008/08-80 4JB Lx % 0.500 0.495 47.79 - 11.4516 [37.2340 T. failure 

)36* | 3/a21908/08-80 4JB 1 x 7/32 0.5625 0.495 42.71 0.9413 | 10.9140 ]|35.9407 

lo2 | 15/a2197*/04-81 4GB 8 1 x 7/32 0.5625 0.470 39.19 0.9722 9.4355 |28.8984 

has | 15/a2197**/05-81 | 4GB 1 x 7/32 0.5625 0.485 41.28 1.3426 9.6775 |30.6731 

bo6_| 15/a21908/04-81 4GB 1 x 7/32 0.5625 0.488 41.71 1.5741 9.9193 ]31.6950 T. failure 

los | 14/al8708 /04-81 | 4GB 1 x 3/16 0.625 0.488 34.61 1.5092 _| 10.0968 [32.2619 

37 | 16/a2507*/04-81 4GB 1 x %(.255) [0.490 0.470 | 45.29 1.8518 | 11.2903 |34.5792 T. failure 

flol | 16/a25008/04-81 4GB Tx %(.255) [0.490 0.485 47.56 1.5741 | 11.8548 [36.3082 T. failure 

26 | 15/a2197*/05-81 4HA 8 1 x 7/32 0.5625 0.470 39.19 1.8055 | 10.4032 [31.8623 T. failure 

30 | 15/a2197**/05-81 | 4HA lx 7/82 0.5625 0.485 41.28 1.4815 | 11.2903 [35.8133 

fi32 | 16/a2507*/05-81 4HA 1 x %(.255) [0.490 0.470 45.29 1.9599 | 12.2581 [37.5432 

33 | 16/a2507**/05-81 | 4HA 1 x %(.255) [0.490 0.485 47.56 1.7940 | 12.1371 [38.7813 

27 | 15/a2197*/05-81 4DA a 1 x 7/32 0.5625 0.470 39.19 1.8518 | 10.6452 [32.6033 T. failure 

b56* | 15/a21908/01-81 4Mc 7 L x7/a2 0.5625 0.495 42.71 2.5926 | 12.0968 [39.3318 T. failure 

b57* | 16/a2507*/01-81 aMC Te 0.500 0.470 44.57 1.5741 [11.9355 |36.5552 T. failure 

24 | 15/a2197*/05-81 amc 1 x 7/32 0.5625 0.470 39.19 1.3796 8.7097 |26.6754 

28 | 15/a2197**705-81 | 4MC lx Toe 0.5625 0.485 41.28 1.2685 9.2097 [29.2134 

31 | 16/a2507*/05-81 4Mc 1x %(5255)! 10.490 0.470 45.29 2.2222 111.7742 136.0612 T. failure | 

hes | 15/a2197*/05-81 4KD. 7. 1 x 7/32 0.5625 0.470 39.19 1.0833 8.5968 126.3296 

29 | 15/a2197**/05-81 | 4KD. 1 x 7/32 0.5625 0.485 41.28 1.3889 9.4355 _}e9.9297 T. failure 

Test number with asterisk (*) denotes the first stock of tubing, batch A T. failure: Tensile failure 
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tube from round on a cylindrical plug 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

                            
  

TABLE No, A-5,.1.2-1 Experimental results of the drawing of hexagonal 

mean draw speed = 5 ft cin lubricant TD 50 

draw 

Test! tune reference No.| Die aeen Tube Oran aa Siar tty. ontree fores, Fp 1588. ee Oza Remarks 

No. aged x gauge (in) Kid, in) (4, in) & (tonf) ont) \tong/in2) 

009*} 5/b12811/2-80 6NB At 11/16 x 10g} 0.806(5)|_ 0.67: 22 295. 1.1574 2581 25.0686 

013 | 11/b17711/3-80 6NB Lo L/ 16) fe 0.708(5)| 0.677 41.20 2.3148 8.7097 30.0823 

017*| 7/b21910/8-80 6NB 1 1/16 x 7/34 0.624(5)| 0.620 40.05 2.0648 13.6710 39,3305 

018 | 11/b17710/8-80 6NB LasG) xore 0.708(5)}| 0.620 29.40 1.1481 7.1048 0.4401 

021*| 2/al8710/8-80 6NB 1% 3/16 0.625 0.620 Bios 2.0222 10,8742 31.2843 

037*] 37a21909/8-80 6NB a fer 0.562(5)| 0.557 24.41 1.5336 9.5363 23.4982 

047 [117b17711701-81 6NB 1/16, Ke 0.708(5)} 0.682 42.28 2.2222 9.8387 32.9127 

039%] 5/7b12811/12-80 6WB 8 1 1/16 x 10g] 0.806(5)}| 0.682 24.37 0.9954 7.0564 24.8295 

040 7 11/b17711/12-80 6WB PMG 47s 0.708(5)| 0.682 42.28 2.0833 9.5693 31.2476 

041*| 8/c16011/12-80 GWB. Uy 8g 0.805. 0.682 4114 1.8518 11.1290 39,1600 

042*| 6/b16011/12-80 6WB 11/16 x88 0.748 0.682 37.35 1.9444 11.7742 41,4304 

043*| 2/a18710/12-80 6WB 1 x 3/16 0.625 0.620 27.37 1.6088 9.6774 27.8412 

044 J11/b17710/12-80 6WB 1 1/16. = 7g 0.708(5){ 0.620 29.40 0.8680 6.6734 19.1989 

045*17/7b21910/12-80 6WB 1 1/16 x 7/34 0.624(5)| 0.620 40.05 1.6898 12.7419 36.6575 

046* | 1/al7610/12-80 6WB 1 x 7g (.177)} 0.648 0.620 23.70 1.2963 8.2258 23.6650 

O83 [167a2507**703-81 | 6NB 7 Tx % (.255) | 0.490 0.485 22013 120339 8.1720 | 17.5835 

084 [157a21909703-81 6NB 1 x 7/32 0.562(5)] 0.557 24.41 0.8218 7.3185 | 18.0335 

085 _|14/a18710/03-81 6NB 1 x 3/16 0.625 0.620 27,37. 1,4043 8.5484 1 24,593) 

086 |17/b16011/03-81 6NB 11/16 x 8g 0.748 0.682 37.35 1,9290 8.7634 30.8363 

1088. | 16/a2507**/08-81 6WB 8 1x % (.255) | 0.490 0.485, 22.13 1.0741 7.3064 15.7211 

O89 [157a21909703-81 6WB 1 x 7/32 0.562(5)| 0.557 24.41 0.6481 6.3710 15.6986 

O90 [147al8710703-81 6WB 1 x S/16 0.625 0.620 27.37 1.5586 8.0376 23.1237 

(091 [1/4 17610/03-81 6WB 1 x 7g (.176)}] 0.648 0.620 23.70 1.2963 7.9032 22.7370 

092 |17/b16011/03-81 6WB 11/16 x 8g 0.748 0.682 37535 1.4815 8.0645 28.3769 

1093 $9/c18711/03-81 6WB 1% x 3/16 0.750 0.682 48.54 - - - T. failure 

T. failure: Tensile failure 
Test number with asterisk (*) denotes the first stock of tubing, batch A
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TABLE No. A-5.1.2.2 Experimental results of the drawing of hexagonal tube from round on a cylindrical plug 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

mean draw speed = 5 ft mint lubricant : TD 50 

E I Actual |Reductim | Plu Draw Mean draw 

me Tube reference No.| Die is nl ate ey plug) dia, ee fores. tp atk Me |e 
. langle 0 9 i.dy, in) (4, in) (tonf) tonf/in“) 

095| 5/b_12812/4-81 6WB 8 1 1/16 x 10g 0.806(5} 0.745 43.16 e793. 8.2258 |38.5131 T. failure 

094 2/a.18710/4-81 6 WB 1 x 3/16 0.625 0.620 27637 1.8518 8.0645 | 23.2010 

105 9/c,18710/5-81 6WB 1% x 3/16 0.750 0.620 37.06 2.4190 11.3306 | 32.5974 

106 | 8/c 16011/5-81 6WB 1% x 8g 0.805 0.682 41.14 1.7824 10.0000 [35.1874 

107 10/0"25010 5-81 6WB 1% x % 0.625 0.620 49.42 1,9444 13.0645 |37.5856 [fag failure 

114] 20 /b 23509/5-81 |6WB 1.040 x .235 0.570 0.557 31.71 1.2037 9.1935 | 22.6536 

Ts: 20 /b 23509/5-81 IG6NB 1.040 x .235 0.570 0.557 SIT 1.4815 10.2621 | 25.2866 

123] 1/a'17610/5-81 i6NB 1 x 7g (0.176) 0.648 0.620 23.70 1.3079 7.1371 [20.5329 

031] 11/b17711/8-80 GAA 10 11/16 x 7g 0.708(5] 0.682 42.28 1.9546 9.2645 | 32.5994 

118] 15/a21909/5-81 GAA 8 Lx 7/32 0.562(5} 0.557 24.41 1.0262 7.8360 | 19.3086 

120} 11/b17710/5-81 GAA 10 11/16 x 7g 0.708(5} 0.620 29.41 1.6204 7.8226 | 22.5050 

135 | -16/a2507**/5-81 iG6AA 8 1 x %(.255) 0.490 0.485 22.13 221991 9.6169 | 20.6925 

032 | 11/b17711/8-80 i6BA x 11/16 x 7g 0.708(5} 0.682 42.28 2.3148 10.1075 135.5657 j|T failure 

119] 15/a21909/5-81 6BA Lx 7/32 0.562(5}] 0,557 24.41 0.8796 7.7419 |19.0767 

121] 11/p17710/5-81 6BA 11/16 x 7g 0.708(5} 0.620 29.41 1.8981 8.3266 | 24.2968 

122] 1/a'17610/5-81 6BA 1 x 7g 0.648 0.620 23.70 1.7438 8.1452 | 23.4330 

136 | 16/a2507**5-81 i6BA lik 4(5255) 0.490 0.485 22.13 1.8171 9.0726 |19,.5212 
  

  

  

  

  

                            
  

Test number with asterisk (*) denotes the first stock of tubing, batch A T. failure: Tensile failure
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TABLE No, A-5.1.3-1 Experimental results of the drawing of octagonal tube from round on a cylindrical plug 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

                          
  

Test number with asterisk (*) denotes 

mean draw speed = 5 ft ming? lubricant TD 50 

Test Equiv.| wine o d Gn) | mternel | Actual Re ee Pte | eaketee lem o., Homaxk’s 
N_| Tube reference No.} Die [Die semi) aie. ciny |, ai® ae ay) (tonz)” (tont) a 

langle 9] iedy in) |(¢) ind ktonf/in?) 

lo04_|11/b17711/1-80 8PB 7 11/16 x 7g 0.708(5) 10.677 29.50 0.7246 5.8871 | 16.9589 

loo8* |8/c16011/2-80 8PB 1% x 8g 0.805 0.677 28.43 1.2963 8.8710 | 25.5546 

l010* [5/b12812/2-80 SPB 1 1/16 x 10g | 0.806(5)|0.740 26.28 1.4815 6.5726 | 23.7256 

lo12* [107¢25010/2-80 SPB ike 0.625 0.615 40.33 2.1296 [14.0742 [34.8106 

lo20* |7/b21910/8-80 8PB 1 1/16 x 7/32 | 0.625 0.620 30.12 1.3229 10.8089 | 26.6753 

028* [8/c16012/8-80 8PB 1% x 8 0.805 0.745 44.09 2.5463 [11.2097 [41.3345 

lo29* ]6/b16011/8-80 SPB 1 1/16 x 8g 0.742 0.682 24.65 1.3194 8.8710 | 25.9536 

058 [11/b17711/01-81 SPB 1 1/16 x 7g 0. 708(5) |0.682 30.58 1.0818 6.0484 | 17.6956 

(068 |16/a2507**/03-61  |8PB Tx % (.255) | 0.490 0.485 12.48 0.4333 4.2200 | 8.0786 

(069_|157a21909703-81 SPB Tx 7732 0.562(5) [0.557 13.68 0.4630 3.9314 | 6.4831 

i070 [147a187 10703081 |8PB I x 3/16 0.625 0.620 15.34 0.7870 4.7581 | 11.7425 

lo71_[197c18711/03-81 8PB 1% x 3/16 0.750 0.682 38.10 2.5463 [11.2500 [32.9137 

lo72_ [19/c18712/03-81 8PB 1% x 3/16 0.750 0.745 50.89 1.3426 |11 2500 | 41.4832 

i079 [17/b16012703-81 8PB 1 1/16 x 8g 0.748 0.745 40.22 T. 2500 7.7a18 | 28.4733 

los2_ }11/b17711/03081 8PB 11/16 x 7g 0.708(5) [0.682 30.58 1.0802 6.1021 |17.8528 

3. 116/a2507**/03-81 SWB 8 eA ot 255) 0.490 0.485 12.48 0.5401 4.8387 9.2631 

l073_|15/a21909/03-81 8WB a x 7/s2 0.562(5) ]0.557 13.68 0.4961 4.2338 9.1356 

075 _[14/a18710/03-81 ‘WB ee S/6 0.625 0.620 15.34 0.9259 5.1613 | 12.7376 

1076 _|19/c18711/03-81 8wB 1% x 3/16 0.750 0.750 38.10 1.8518 9.8790 |28.9026 

b77 _ {17/b16012/03-81 swe h 1/16 x 8g 0.748 10.745 40.22 vt 7.1371 |26.3173 

p78 [19/c18712/03-81 WB h% x 3/16 0.750 [0.750 50.89 1.4444 {l0.4516 [38.5319 

p80_{11/b17710/03-81 BWB h 1/16 x 7g 0.708(5) |0.620 Iga 0.0926 3.8710 9.5532 

psi _{11/b17711/03-81 SWB h_ 1/16 x 7g 0.708(5) |0.682 30.58 1.2778 6.6935 19.5829 

hi3 |20 /b 23509/05-81 [SWB n.040 x .235 |0.570 10. 557 22.02 0.9259 6.9355 |14.9652 

fil2 [20 /b 23509/05-61 |@PB 7  |l.040 x .235 [0.570 0. 557 22.02 0. 9259 6.8952 114.8762 

the first stock of tubing, batch A T. failure: Tensile failure 
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TABLE No. A-5.1.3-2. Experimental results of the drawing of octagonal tube from round on a cylindrical plug 

mean draw speed = 5 -£ti min lubricant : TD 50 

Internal | Actual Reductim | Plug Draw an draw 

Tube o d (in) a e lug dia.| Of area | force, F, force,P ress Oza Remarks 

x gauge (in) kid, in) |(4p) ind (%) (tont) | (tonf) |tong/in?) 
Equiv. 

Tube reference No.}| Die semi 
ngle 

11/b17711/01-81 85D ik 11/16 27, 7 
5/b12812/01-81 8SD 1 1/16 x 10g |0.806(5) | 0.745 1,8055 9.3548 134.4948 

8/c16012/01-81 8SD 1% 308: 0.805 0.745 

5/a21909/05-81 8SD i xgfse 0.562(5) | 0.557 1,2268 8.54845 118.44 

0 /b 23509/05-81 8SD 1.040 x .235 [0.570 0.557 = 11.169: 

       

fest number with asterisk (*) denotes the first stock of tubing, batch A T. failure: Tensile failure
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TABLE No. A-5.1.4 

mean draw speed 

Equiv. 
Tube reference No. semi 

gle 0 

10/c2 -80 Z % x } 
- 1/16 _x 7/32 

11/b17711/8-80 11/16 x 7, 

6/b1601218-80 1 1/16 x 8g 

9/c18712/8-80 1% x 3/16 

15/a21909/03-81 1 x 7/32 

14/a18710/03-81 1 x 3/16 

17/b16012/03-81 1 1/16 x 8g 

19/c18712/3-81 1% x 3/16 

16/a2507**/03-81 1 x &(.255) 

20 /b 23509/05-81 1.040 x .235 

20" /d25011/05-81 1 3/160%% 

Tube o d (in) 
x gauge (in) 

= 5 ft min? 

Internal 

dia. 
i.dy, in) 

0.625 

6 

~708(5 

748 

750 

-562(5) 

625 

748 

-750 

+490, 

570 

-687(5 O
/
o
l
o
]
l
o
j
o
j
o
j
 

oj 
o
j
o
j
o
 

Actual 
lug dia. 
d p in) 

oO. 

O
}
S
}
O
}
o
}
o
]
 

oj 
o
j
o
j
o
 

62) 

lubricant 

Reductia 
of area 

(%) 

Test number with asterisk (*) denotes the first stock of tubing, batch A 

TD 50 

Plug 
force,Fp 

(tonf) 

w
J
o
l
o
l
e
l
R
j
o
]
o
}
m
i
n
j
o
 

2355 

- 7639 

-6389 

-7315 

2778 

- 8642 

+3194 

-4815 

+3704 

+7870 

8704 

Draw 
force,P 

(tonf) 

13.9548 

5.2016 

10.7258 

12.9032 

3.0107 

3.9247 

7.0968 

10.8871 

3.5484 

5.8468 

15.0806 

tT. 
        

failure: 

Experimental results of the drawing of decagonal tube from round on a cylindrical plug 

T. failure       Tensile failure
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TABLE No. A-5.1.5 Experimental results of the drawing of round tube from round on a cylindrical plug 

-1 
mean draw speed = 5 ft min lubricant ;: TD 50 

Equiv. Internal | Actual |Reductim| Plug Draw an draw 

Test) qube reference No Tube ‘od (in) lug dia.| Of area |force,Fp| force,P |sress Oza Remarks 
: ia. 

i ake a © Suge (in) tldy in) |(4p in) (h) (tont) | (tont) |tont/in?) 

015*| 10/c25010/8-80 7, 1% xh 0.625 0.620 29.65 ~2955. 12.4419 | 25.7335 

022*} 6/b16012/8-80 1 1/16 x 8g 0.748 +745 22.96 -5819 8.1634 | 23.3585 

023*| 9/c18712/8-80 1% x 3/16 0.750 0.745 36.71 - 5639 11.5097 | 32.9335 

024 | 11/b17711/8-80 11/16 x 7g 0.708 0.682 14.68 . 1852 2.6613] 6.3351 

061 | 17/616012/0381 1 1/16 x 8g 0.748 0.745 22.96 +4630 5.0000 | 14.3069 

062 | 19/c18712/03-81 1% x 3/16 0.750 0.745 36.71 -8449 9.0323 | 25.8447 

0 0 

0. oO. 

  

+570 

687(5) 
108 | 20-/b~23509/05-81 1.040 x .235 2557 8.85 a 3.2258 5.9546 

109 | 20°/d25011/05-81 13/16 x% 682 42.92 3148 14.4931 | 34.4999 

       

Test number with asterisk (*) denotes the first stock of tubing, batch A T. failure: Tensile failure
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TABLE No. A-5.2-1 Tensile test results of the drawn square tube from round on a cylindrical plug 

Tensile Tube Actual duction] Tensile an flow} Mean yield 

test No, [rube “et. No. Tube o d (in et apea|plug dia] of area] force |gtresso,]| stress, Y 
5 rooms | x gauge (in) | (A in*) | (dpin) (%) (tonf) Gonsin2 

-4786 0.488 34.61 13.25 | 42.7608 35.1218 

- 5369 0.485 41.28 1.25 36.0423 | 29.6035 

+0369) 0.470 39°19 ai 36.4438 | 29.9333 

{32 -5369 0.470 39.19 12. 38.5598 31.6713 

0 
0 

0 

0 

7/32 0.5369 0.485 41.28 12, 38.4299 | 31.5646 

7/32 0.5369 0.470 39.19 10. 32.6663 26.8306 

0 

0 

0 

0 

  

3/16 
7/32 

V73e 

79 14/a18708-/ 1 
80 15/a2197**/ 1 
81 15/a2197*/ 1 

S/ai 

83 15/a2197**/ 
84 15/a2197*/ 

85 15/a2197*/ 
86 15/a2197**/ 

87 16/a2507*/ 
88 16/a2507**/ 

7/32 5369 | 0.470 | 39-19 14. 43.2385 | 35.5142 

7/32 .5369 | 0.485 | 41.28 13. 43.1788 | 35.4651 

% (.255)| 0.5968 | 0.470 | 45.29 14. 43.5544 | 35.7736 

% (.255)| 0.5968 | 0.485 | 47.56 14. 49.9144 | 38.5334 be 
lb

s 
| 

Le
 
Te
 
Le

r 
ee

t 
ee

il
ip

e 
16

 

  Test number with asterisk (*) denotes the first stock of tubing, batch A
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TABLE No. A-5.2 .2.1 Tensile test results of the drawn hexagonal tube from round on a cylindrical plug 

Tube Ae Reduction] Tensile lean yield 

ee seo aee Tube ref. No. Die reel ae o d (in)}inlet area aaa ot area] force ae eee vo 

: i angle 0° enue CREA ns | “opt? @) (tont) | (pon evaey|“ton/in 2) 

009 17 5/b12811/ 6NB ih iL 1/16 x 10g 0.3758 0.677 22.95 11.85 41.4851 30.9899 

037 18 3/a21909/ 6NB 1 x 7/32 |.0.5369 0.557 24.41 17.50 43.5699 34.1615 

021 19 2/a18710/ 6NB 1 x 3/16 | 0.4786 0.620 27.37 15.75 46.0094 35.2348 

013 20 11/b17711/ 6NB h 1/16 x 7g 0.4924 0.677 41.20 1255 43.3505 34.8225 

018 CAN 11/b17710/ 6NB f 1/16 x 7g 0.4924 0.620 29.40 1375 39.3240 31.3922 

017 22 7/b119107 6NB 1/16 x 7/32 [0.5798 0.620 40.05 17.9. 51.7957 41.0992 

085 49 14/a18710/ 6NB 1 x 3/16 |0.4786 0.620 27.37 14.60 42.2762 34.7238 

083 50 16/a2507**/ 6NB 1 x %(.25p)0.5968 0.485 22.13 16.5 36.0884 29.6414 

086 SL 17/b16011/ 6NB 1/16 x 8g 0.4536 0.682 37.35 10.7 38.2723 31.4409 

084 52 15/a21909/ 6NB 1 x 7/32 10.5369 0.557 24.41 14.4 36.0647 29.6219 

088 53 16/a2507**/ 6WB 8 Icey 0.5968 0.485 22.13 16.5 36.0351 29.5976 

087 54 16/a2507**/ 6WB 1 x &%(.256) 0.5968 0.485 22.13 16.5 36.1345 29.5976 

091 55 1/ahi7610/ 6WB 1 x 7g(.176)0.4556 0.620 23.70 15.0 43.5121 35.7389 

089 56 15/a21909/ 6wB 1 x 7/32 [0.5369 0.557 24.41 14.25 35.5661 29.2124 

090 57 14/a18710/ 6wB 1 x 3/16 |0.4786 0.620 27.37 14.75 42.7360 35.1014 

092 58 17/616011/ 6wB f. 1/16 x 8g 0.4536 0.682 37.54 11.00 39.1938 32.1920 

094 66 2/a18710/ 6wB 1 x 3/16 | 0.4786 0.620 27.37 18.75 54.6652 44.8995 

114 67 20-/b~23509/ 6wB .040 x .235 0.5943 0.557 SLe71 LS, 43.1486 35.4403 

105 68 9/-818710/ 6wB 1% x 3/16 0.5522 0.620 37.06 15.5 44.9224 36.8972 

106 69 8/eh16011/ 6wB 1% x 8g 0.4851 0.682 41.14 14.5 51.5932 42.3762 

123 70 1/ah17610/ 6NB 7 1 x 7g(.17B) 0.4556 0.620 23.70 18.25 53.1655 43.6678 

115 1a 20 /b~23509/ 6NB 1.040 x .235 | 0.5943 0,557 SLe7L 17.25 43.0239 35.3379 

136 72 16/a2507**/ 6BA we 1_x (.255)] 0.5968 0.485 22.13 16.35 35.7075 29.3285 

122 73 1/a17610/ 6BA 1 x 7g(.176) 0.4556 0.620 23.70 13.15 38.3537 31.5020 

11g 74 15/a21909/ 6BA Lx 7/82: 0.5369 0.557 24.41 14.26 35.4783 29.1403                         
  

Test number with asterisk (*) denotes the first stock of tubing, batch A 

 



= 
T
9
v
 =
 

TABLE No. A-5.2.2.2 Tensile test results of the drawn hexagonal tube from round on a cylindrical plug 

Ps Tube Actual duction] Tensile |Mean flow| Mean yield 

ST) Tensile bbe ref. No. Equiv. | tube o d (inJiniet apea}plug dia] of area} force |stress of | stress, Ym 
No.|test No. ate eens x gauge (in) | (A in*#) | (djin) (4%) (tonf) (ton /in 2: 

Tet 1176177107 1 x 7g 0.4924 | 0.620 29.41 13.5 39.4366 | 32.3915 

135 76 16/a2507*/ 8 1 x %(.255) | 0.5968 | 0.485 22.13 16.75 36.5451 | 30.0165 

11 7 15/a21909, 8 1 x 7/32 0.5369 | 0.557 24.41 14.50 36.0864 29.6398 

120 78 11/b17710/ 10 1116: Xe7; 0.4924 0.620 29.4 13 

   
Test number with asterisk (*) denotes the first stock of tubing, batch A
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TABLE No. A-5.2-3-1 Tensile test results of the drawn Octagonal tube from round on a cylindrical plug 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

                          

Tube Actual |Reduction] Tensile an yiel 

aia ee lrube ref. No. Die ae Tube o d (in)}inlet area | plug ne of area| force ee Rees % 
angle ao | * ssuege (in) (A, in*) (dpin) (%) itent) lions uP) (ton in2) 

004 | 10 11/b17711/ 8PB a 1 1/l6 x 7g |0.4924 [0.677 29.50 [13.5 39.2237 | 31.4207 

o29*] 11 6/b16011/ 8PB 11/16 x 8g |0.4536 [0.682 24.65 | 19.75 58.1170 | 47.1691 

o10*| 12 5/b12812/ 8PB 1 1/16 x 10g J0.3758 [0.740 26.28 [12.5 45.2936 | 36.7613 

oos*| 13 8/c16011/ 8PB 1% x 8g 0.4851 [0.677 28.43 | 15.4 44.8151 | 34.6722 

o20*| 14 776219107 8PB T 1/16 x 7/32]0.5798 [0.620 30,12 | 21.0 52,3441 | 41.2915 

o12*| 15 10/¢25010/7 8PB 1% x % 0.6872 0.615 40.33 | 21.5 53.0667 | 42.2959 

o28*| 16 B/e16012/ 8PB 1% x 88 0.4851 10.745 44.09 | 13.1 48.8241 | 39.1239 

068 | 34 16/a2507**/ 8PB Tx %(.255) [0.5968 [0.485 72.48 [16.0 31.0710 | 25.5203 

069 | 35 15/a21909/ 8PB 1 x 7/32 0.5369 [0.557 13.68 [13.4 29.2900 | 24.0575 

070 | 36 14/a18710/7 BPD T x 3/13 0.4786 {0.620 15.34 [15.0 37,5441 | 30.8370 

082 | 37 11/b17711/ 8PB 1 1/i6 x 72 |0.4924 [0.682 30.58 | 13.5 40.0968 | 32,9337 

O71 | 38 19/e18711/ SPB 1% x 3/16 0.5522 10.682 38.10 | 16.65 49.5210 | 40.6743 

079 | 39 17/b16012/ BPB T 1/16 x 6g Jo.4536 [0.745 40.22 | 11.45 42.8370 | 35.1844 

072 | 40 197¢18712/ BPB 1% x 3/16 0.5522 40.745 50.69 [14.6 54.1159 | 44.4484 

073 | 41 16/a2507**/ 8B 8 Tx %(.255) [0.5968 [0.485 72.48 | 16.55 32.0947 | 26.3611 

074 | 42 15/a21909 SUB Tx 7732 0.5309 B57 13-68} 14,50 31, 7088 | 26.0606 

075 | 43 14/a18710/ 8B T x 3/16 0.4786 10.620 15.34 | 15.65 39.1479 | 32.1543 

080 44 11/b17710/ 8WB jl 1/16 x 7g 10.4924 0.620 ay itp 13.20 33.0454 | 27.1420 

081 | 45 11/b17711/ 8WB 11/16 x 7g  fo.4924 [0.682 30.58 | 12.6 37.3537 | 30.6807 

077 | 46 17/616012/ 8WB T 1/16 x 6g [0.4536 10.745 40.22 | 10.65 39.9697 | 32.8293 

076 | 47 T97e18711 BWB 1% x 3/16 0.5502 0.682 38,10 | 16.0 47.5456 | 39-0518 

078 48 19/c18712/ SWB 1% x 3/16 10.5522 0.745 50.89 13.05 49.5220 | 40.67.52 

13 | 62 20 /b 23509 8B 040 x .235 |o.5943 10.557 22.02 | 18.5 40.5176 | 33.2793 

ile | 63 20° /b 23509 8PB 7 1.040 x .235 |o.5943__|0.557 22.02 | 18.65 39.5476 | 32.4826 
117 | 64 20-/b-123509/ | 8SD 7 1.040 x .235 Jo.5943 [0.557 22.02. | 18.75 41.0165 | 33.6891 
  

Test number with asterisk (*) denotes the first stock of tubing, batch A 
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TABLE No. 

ST] Tensile 

No. test No. 

A-5.2.3.2 Tensile 

ube ref. No. 

  
test results of the drawn octagonal tube from round on a cylindrical plug 

Mean yield 
stress, Yp 

(ron /in2 

Eauie Tube Actual duction] Tensile |Mean flow 
auiv- | Tube o d (inJinlet apea|plug dial of area} force |stress of 

n*) (d,in) (%) (tonf) giorsent x gauge (in)] (Ai 

¥ 7/32 

Test number with asterisk (*) denotes the first stock of tubing, batch A
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TABLE No. A-5.2 -4 Tensile test results of the drawndecagonal tube from round on a cylindrical plug 

  

an flow] Mean yield 
tress Of | Stress, Yn 

(%) (tonf) ton /in2) 

ni 

ST Tens! t¢ lrube ret. No. Die Equiv. | tube od (in we ea ate aio ae 
No, |test No. die sem)) x gauge (in) | (A in2) |” (dein) 

025] 05 11/b17711/ 10QB 7. 1x 7g (.176 
0194 06 7/b21910/ | 10QB 11/16 x 7/32 

6) 07 10/¢25010 10QB 1% x % 
26%] 08 6/b16012 10QB 1 1/16 x 8g 

027%] 09 9/c18712/ 10QB 1% x 3/16 
067] 29 16/a2507**/ | 10QB Lisi (6255, 
063 [30 15/a21909/ | 10QB 7 (G2 
065 [31 177b16012/__ | 109B 1 1/16 x 8g 
064 [32 14/a18710/ 10QB x 3/16 

¢ x 3/16 

110 61 20 /b 23509/ | 10QB 1.040 x .235 

    

lo -682 24.97 1 

-620 +34 2 
-620 -02 21. 

745, oL3 16. 

+745 -89 14. 

-48' 
yOD7 ~54 16. 

+745 +13 11.6 

620 -56 14. 
+745 .89 15. 

557 soe, 18. 

-4924 

-5798 
-6872 

+4536 

20522 

-5968 
+5369 

+4536 

+4786 
25522 

+5943 S
}
A
O
]
O
}
J
o
l
o
 
j
o
j
o
}
 
o
j
o
 

©
]
 O
}
O
]
O
]
O
}
9
 

Jo
]/
90
} 
O
}
9
 J
o
 

  Test number with asterisk (*) denotes the first stock of tubing, batch A
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TABLE No. A-5.2.5 Tensile test results of the drawn pound tube from round on a cylindrical plug 

  

ST] Tensile Tube Actual duction] Tensile |Mean flow] Mean yield 

be ube ref. No. Tube od (inYimet agea}plug dia] of area] force |stressos| stress, Ym 
No, |test No. , x gauge (in) ] (A in#) in) (%) (tonf) (ton /in2 

+745 22.96 18.7 
-682 14.68 13.32 

022* o1 6/b16012/ 1/16 x 8; 0.4536 | 0 

024 02 11/b17711/ 1/16. x7, -4924 | 0 

015* 03 10/c25010/ % x% +6872 | 0.620 29.65 23015 < 38.3545 

023* 04 9/c18712/ % x 3/16 +5522 | 0.745 =72 16.85 : 

061 2h 7/b16012/ 1/16 x 8 +4536 | 0.745 22.96 12.0 s 

062 28 19/c18712/ % x 3/16 5522 | 0.745 36.71 16.35 . 38.9177 

108 59 O-7b 23509/ -040 x .235 +5943 | 0.557 8.85 16.75 : 25.7717 

109 60 20+/d25011/ 3/16 x % -7359 | 0.682 42.92 : 37.3640   Test number with asterisk (*) denotes the first stock of tubing, batch A
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TABLE No. A-5.3-1 The mean coefficient of friction determined from the split rotating die method 

a 
mean draw speed = 5 ft min lubricant : TD 50 

Intenay Actual duc tion Draw Drag Mean press- an coeffi- 

lug dia.jof area orce, P orce, Q ure, Pm cient of 
dia. 

No. tube | x gauge (in) idNin dy in) | (4) (tont) | (tonf) |(tont/in? friction, 

- 3226 81906 72.4654 0.042 

-4355 . 0000 66.2379 0.042 

3145 81667 65.3885 0.042 

+7850 - 73333 68.4915 0.042 

4758 - 76667 66.5208 0.042 

2016 73333 71.6160 0.042 

0 

0 

Oo 

0 

* 

  

‘ube reference lygonal] Tube od (in) 
      

  

14/a1877**/05—! wars 1x 3/16 0.625 | 0.485 34.61 

14/a1877**/05: Square 1 x 3/16 0.625 | 0.485 34.61 

14/7a1877**/05-41 Square 3/16 0.625 +485 34.61 

14/al878 /05-81]| Square 0.625 +488 34.61 
-1613 .80000 | 71.3331 042 

9516 -80000 | 62.8409 +042 

.8710 .83333 | 62.2751 +042 

+9747 +77147 | 63.0031 042 

-4032 - 80000 se EEX 

15/a2197*/05-8 Square 0.562 485 39519 
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16/a2507** /08-41 hexagon:   **** The rotor drive was off when one of the die tips broke
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TABLE No, A-5.4.1 The mean coefficient of friction from the experimental determination of redundant 

work and the apparent strain method 

  

  
  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

                                  

mean draw speed = 5 tt nines lubricant : TD 50 

Test [Tube reference|Die [Tube odin) x [Inlet |Reduct-|Homoge-}Mean [Mean |Mean |Mean |HomogejHomoge-|Friction|Mean |Mean 

No |code gauge (in) area ion of Jmeous jdraw flow equiva- Jyield neous |neous  jwork pressuracoeff. o 

area strain |stress |stress [lent stress yield st-Jwork friction 

Ay oe E} Gra OF strain Xm ress Yy] Wh We Pin } 

in? (%) tonfin@itont it] Em |tonf in-4tront intent in-Itont in@}tont in’ 
103 _|14/a18708 AGB Tax 3/26 (0.8786 [34.61 |0.425 2.262 | 42.761] 0.715 | 35.122131.363] 13.323] 7.156]7.751 |0.059 

126 }15/a2197*/ 4HA 1 FAS2 10.5369 J39.18 0.497 [81.862 | 43.238] 0.752 | 35.514] 32.455} 16.136] 5.146]7.971 J0.022 

1130_$15/a2197** 4HA 1 x 7/32 10.5369 J41.27 JO.532 84.813 | 43.179] 0.748 | 35. 465] 32.940] 17.532] 9.302]18.144 10.044 

132 [16/a2507*/ 4HA 1 x %(.255) 0.5962 [45.29 10.603 [87.543 | 43.554] 0.778 | 35.774] 33.848] 20.416] 9.715]8.595 [0.040 

24 [15/a2197* 4MC Le 4/32 0.5369 [39.18 0.497 26.675 | 38.560] 0.444 | 31.671] 26.675] 16.136]12.603]5.915 j0.118 

128 [15/a2197**/ AMC 1 x°7/32 0.5369 41.27 40.532 _ 9.213 | 38.430] 0.437 | 31.565] 32.940] 17.532]15.404 15.667 0.172 

88_|16/a2507**/ SWB 1 x %(.255) J0.5968 22.13 0.250 [15.721 | 36.035] 0.325 | 29.598] 27.949] 6.989] 6,088110,592 ]0.062 

1089 |15/a11909/ 6WB 1 %.7/32 10.5369 j24.40 0.280 [15.699 | 35.566] 0.306 | 29.212]28.637}) 8.008] 6.747]8.237 0.074 

(092 }17/b16011/ |6WB 11/16 x 8g ]0.4536 [37.35 }0.468 [8.377 | 39.194] 0.479 | 32.192] 32.025] 14.975]12.959]5.512 {0.092 

1083 |16/a2507**/ IG6NB 1 x %(.255) JO.5968 J22.13 j0.250 [17.583 | 36.088] 0.328 | 29.641]27.949] 6.989] 7.871]11.499]0.082 

(084 [15/a21909/ I6NB Lx 7/32 10.5369 J24.40 0.280 18.033 | 36.065] 0.327 | 29.622] 28.637] 8.008] 8.356]9.305 ]0.086 

1009* |[5/b12811/ I6NB 11/16 x 8g |0.3758 J22.95 313 PS.069 | 38.183] 0.313 | 30.990] 29.703] 7.743115.371 14.787 0,148 

1032* |3/a21909/ IS6NB 1 x77/32 10.5369 [24.40 (0.476 3.498 | 42.090] 0.476 | 34.161]30.191] 8.443] 7.231]11.617]0.042 

021 |2/al18710/ ENB 1x 3/16 10.4786 |27.37 -544_ B1.284 | 43.413] 0.544 [1 35.235]31.146] 9.960]12.114 ]11.893 10,061 

18 |15/a2507**/ GAA 1k 7/32 10.5369 [24.40 0.280 [19.309 | 36.086] 0.328 | 29.640/28.637] 8.008] 9.599] 9.772 ]0,1C1 

120 _[11/b17710, GAA 1 1/16 x 7g }0.4924 |29.40 |0.348_ 2.505 | 37.437] 0.399 |30.946]30,035]10.458]10.144 | 6,039 J0,076 

135 }16/a2507**/ GAA 1 x %(.255) ]0.5968 j22.13 [0.250 0.692 | 36.545] 0.347 |30.016]27.949] 6.989]10.271 }13.134 Jo. 102 

{119 }15/a21909/ 6BA L x 7/32 10.5369 [24.40 [0.280 19.077 | 35.478] 0.303 |29.140]28.649] 8.008]10.248] 9.394 jo.122 

21 411/b17710/ GBA 1 1/16 x 7g 0.4924 29.40 [0.348 P3.955 | 39.437] 0.493 |32.391]30.035]10.458] 7.995] 6.631 |0.043 

122 1/a"17610/ I6BA 1 fp) 10.4556 (23.70 0.271 3.433 | 38.354] 0.434 |31.502]28.431] 7.692] 9.776 J10.301 |0.063 

36 |16/a2507**/ GBA 1 x %(.255) J0.5968 22.13 0.250 [19.521 | 35.707] 0.312 |29.328]27.949] 6.989]10.368 |12.079 Jo.120 

D73 [16/a2507**/ [SWB 1 _x %(.255) Jo.5968 [12.48 3133 9.263 132.095] 0,191 126,361]24.373] 3,248] 4,255 J12.181 JO,086 
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The mean coefficient of friction from the experimental determination of redundant 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

TABLE No. A-5.4.2 
work and the apparent strain method 

=-1 
mean draw speed = 5 ft min lubricant TD 50 

Test ]Tube reference|Die |Tube od(in) x |Inlet |Reduct-|Homoge-jMean ean |Mean |Mean |HomogedHomoge-|FrictionjMean |Mean 

No. |code gauge lin) area ion of |neous |draw flow equiva- lyield neous |neous  |work pressuracoeff. o 

area strain |stress |stress [lent stress |yield st-Jwork friction 

Ay oes eh, Qa OF strain Ym ress Yp, Wh, We Pry # 

in? (%e) tonfin2|tont ig2] Em _Itont in-Ftont in@ront infront in2|t anf in- 
074 | 15/a21909, BWB Vix oe 0.5369] 13.67 |] 0.147 79.136 ]31.148]0.181 26.061 ]24.897 |3.659 4.411] 9.620 P.092 

080 | 11/617710/ BWB T 1/16 x 7g | 0.4924)/17.71 [0.195 |9.553 [33.045[0.219 [27.142 [26.474 5.160 3.621 [4.281 p.048 

O81 J 117b177117 WB T 1/16 x 7g [0.49247 30.58 [0.365 (9.583 [37.354/0.384 30.681 ]30.346 11.078] 3.804 7 6.1T O72 

077 | 17/2 16012/ BWB 1 1/16 x 8g | 0.4536] 40.22 | 0.514 P6.317 |39.970]0.524 132.829 [32.697 16.823] 9.111 | 5.880 [0.065 

068 | 16/a2507**/ PB 1 x % (.255)] 0.5968] 12.48 ] 0.133 [8.079 |31,om1}0-165 [25.520 [24.373] 3.248 3.879 |10.496 f0.083 

004 | 11/b17711/ BPB 1 1/16 x 7g | 0.4924] 29.50 | 0.350 16.959 38 888) 0.416 [31.421 ]25.321]10.573] 3.899 | 5.075 P.026 

008* 8/c16011/ BPB 1% x 8g 0.4851] 28.43 [0.335 P5.555 |42.720]0.508 [34.672 |31.474]10.530] 7.954 | 5.212 P.034 

116 | 15/a21909/ BSD 1 x 7782. 0.5369] 13.67 |0.147 [8.445 [32.012]0.189 26.293 |24.897] 3.659 |13.480 [15.477 fP.272 

117 |20 /b: 23509/ BSD 1.040 x .235] 0.5943] 22.02 [0.249 P4.101 [41.016]0.590 [24.101 27.916] 6.944] 4.216 [15.551 0.019 

067 | 16/a2507**/ fiogp] 1 x %(.255) | 0.5968] 7.85 [0.082 ]6.452 ]30.346]0.148 |24.925]21.914] 1.791] 2.770 [14.261 p.064 

065 | 17/b16012. OOB LA/TG 8g 10,4536] 34.13 | 0.417 P3.750 139.286]0.484 [32.267 ]21.267 |13.044 | 8.128 | 7.005 (0.052 

061 | 17/b16012/ bRA 1 1/16 x 8g | 0.4536] 22.96 [0.261 }4.307 }35.023]0.286 [28.767 [28.207 7.358 | 6.094 | 7.341 [0.067 

108 | 20 /b 23509/ 4cRA 1.040 x .235| 0.5943] 8.85 [0.093 [5.955 [31.377]0.172 [25.772 ]22.520] 2.086] 1.516 10.307 PP.027 
  

  

  

  

  

  

  

  

                                  
  

 



A-6 

A-6.1 'Brookes' 

Manufacturer: 

Primary drive: 

Hydraulic delivery: 

Nominal speed range: 

Stroke: 

A-6.1.1 Rotary drive 

Primary drive: 

Variable speed unit: 

Reduction gear unit: 

'Reynolds' chain: 

A-6.2 ‘'Sheffield' hydraulic 

Manufacturer: 

Primary drive: 

SPECIFICATIONS FOR THE EQUIPMENT AND INSTRUMENTATION 

hydraulic drawbench 

Brookes Ltd. 

3-phase induction motor; 

40 hp, 50 Hz and 1440 rev min ~ 

2 =) 
25.2 g min at 1440 rev min and 

ane 
a pressure of 100 lbf in ; 

maximum working pressure of 

-2 
2000 lbf in at 30 tonf 

3 
0 to 15 ft min 

54 in 

3-phase induction motor; 7.5 hp and 

= 
1435 rev min 

'Crofts' belt drive with speed ratio 

of 4:1 

'Crofts' gear unit with reduction 

ratio 16.61:1 

Duplex chain 5/8 in pitch; 

Serial No. 

drawbench 

Department of Mechanical Engineering, 

Sheffield University 

‘Crompton Parkinson' 50 hp motor; 

3-phase, 50 c/s, M.C. rating, 

1440 rev mane 415 V Ellison starter: 

50 c/s, and 76 Amp 

- A6Q -



Hydraulic delivery: 

Nominal speed range: 

Stroke: 

Capacity: 

"Reynolds' chain: 

DS 240 pump ('Langdale Engineering Co.'); 

a =: 
29.5 g min at 1250 rev min for a 

pressure of 4400 lbf i on continuous 

duty; working intermittently at 1500 rev 

wo 2 min pressures of 5500 lbf in are 

developed; at a maximum speed of 1650 rev 

=i 5 a ., 72 
min the oil pressure is 6500 lbf in 

. wk 
0 to 100 ft min 

120 in 

Capable of 30 tonf at 100 ft “er 

Duplex chain 1 in pitch; No. 114 088 

A-6.3 Equipment for the measurement of drawing parameters 

A-6.3.1 Load transducers 

A summary of the load transducers on the 'Brookes' bench is 

given on Table A-6.1. 

A-6.3.2 Speed measurements 

(i) Rotational speed: 

(ii) Draw speed: 

A-6.3.3 Other data recording 

Voltage supply: 

Bridge amplifier: 

"Smith' type tachogenerator; 25 volts 

d.c./1000 rev mee output maximum 

current 100 mA; armature resistance 

39 ohm 

"LAS - 15' photo-cell; supply voltage 

11-20 kHz; light source: 2.5 volts 

accessories 

'Farnell L30 BT' stabilised power 

source; 0 to 30 volts d.c. and 

1 Amp maximum 

"SGA 300 KAP'; provides supply voltage 

="A70 ~



virtually independent of the source 

voltage; potentiometers for zero, span 

and bridge supply adjustments 

Ultra-violet recorder: "S.E. Oscillograph 3006'; 12 channels 

Calibrating meter: Type 'TCAA' advance electronics 

A-6.4 Testing machines 

Load cells calibration 

‘Denison' universal hydraulic testing machine 

Model 7104 DCJ 

Machine No. £62404 

Tensile testing machine 

"Denison' universal testing machine 

Model T42B4 

Serial No. 28176 

Metrology equipment (for the verification of die angles) 

'Nikon', Nippon Kogaku (Japan) 

Model Shadowgraph 5A 

Serial No. 2368 

- A71 -



TABLE No. A-6. Load transducers 

  

  

  

  

  

  

                

‘BROOKES’ DRAWBENCH 

a 2 2 a i eae 
on & - azo ox o oo 
vr eo Tc Oo 39 uo + Coz 
Ss vy or oo ss eo wy 
ows wo te Pe Eo on 

OTD Ss £ aa oO ot oo 
o Q as cn ao 6° os 
eos Ch sant ie ao aS 
oga oa So 38 > &§ 
ao eH =o me Oo g a >a oes be Bu 3 13 

n =o c > 

Draw Saunders | 1100 7 force Soe a RCaRoe 9043 £ 
TAG LOAD 

_ mao Torque | 29 ohm as 5 

Plug Tinsley B450 PLUG Bla 
Brg SOP force Ocbns |ingicon lel) 22165 e 

RING LOAD Axial A1000 a 5 
(split-die) force 2-298 2 

Drag 1120 ohm " 20 force 9037 1 
CUP LOAD ee 
(split-die) 

Torque | 50 ohm 
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140 
channel: | 4 
galvo :|M100 9043 

voltage:|6.5 V 
120 range :|50 tonf 

100 fail 

b 

80 = 

60 Za 

40 

20 ee 

0 2 4 6 8 10 12 1h 16 18 20 22 

Load (tonf) 

Fig. A-7.1 Calibration curve of the load transducer at the tag holder.
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  70 

  

afoehl: Vv 
  50-— --— ie 

  40 J 

30 4   

  20 

  10 
ue 

ce                 
  

0 1 2 3 4 5 

Load (tonf) 

Fig. A-7.2 Calibration curve of the plug load cell 

channel 

galvo 

voltage 

range 

8 

B-450 2-165 

s6.5 V 
10 tonf
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140 
channel: | 9 

galvo : | A1000 2-89 
voltage: | 6.5 V 
range : | 50 tonf 

120 

100 
g 

& 
g 
°° g 
© 80 
o 8 e 
o 8 
& 

£60 
o 
€ 2 
A 
> 

a 
240 pe 

20 sa 

0 2 i 6 8 10 12 1h 16 18 20 
Load (tonf) 

Fig. A-7.3 Calibration curve of the ring load cell of the split rotating die.
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140 
channel: }1 ~~ 

galvo : {M20 9037 

voltage: |6.5 V 

120 range _: |50 tonf 

100 A 
é Wa 
8 Pa 

8 80 

3 

$60 
5 
q : 
Ss 4.0 ae 

20 Val 

0 2 i, 6 8 10 12 1h 16 18 20 
Axial load (tonf) 

Fig. A-7.4 Calibration curve of the cup-load cell of the split rotating die.
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140 
ichannel: 10 

galvo M40 

120 5 
Note:- | points shown are Jrean readings 

100 ee 

E 
8 
° 3 80 

ee ° 
o a 
a 
o 
0 Mee 
w 3 60 
> - 
& 
° 
a eee 
a 
&40 ee 

0 5 10 15 20 25 30 35 40 45 50 55 60 

Rotational speed (rev mins) 

Fig. A-7.5 Calibration curve of the rotational speed transducer of the split die rig.



A-8 Deformation pattern for the upper bound solution of the 

drawing of polygonal tubes from round stock on a cylindrical 

plug. 

A-8.1 Banding the exit plane with N-2 hyperbolic curves. 

   

  

  

Fig. A-8.1 Double symmetric section at the exit plane. 

zis
 

OP is a line of symmetry and the included angle 6 = 8 = 

The section is banded by N-2 hyperbolic curves and the inner 

limiting curve corresponds to the plug surface. 

- AT8 -



The equation of the hyperbola is given by:- 

es he) me Ie: (A-8.1) 

  

with respect to Xi» ys axes, or 

y a iz x a 7 2 
(X sing + cos 1,) ¢ acoss ¥ sing) 

= = a (A-8.2) 
2 

  

2 a, b, 

where be ( sing - “a R= 17sing 
as a i 

vy cos— - sin€ y. - 1,cosé 
(A-8.3) 

The intersection of the hyperbola i and the straight line 

  

  

= = -tand. X + 1, tang is denoted by (v,w) = yy yi)» where 

-1,tan* = 1,*tan®d + (1 - tan") (a,* + 1,?tan"d) 
vox 

i 

i 

(1 - tan"6) 

for > = B<m/4 (A-8.4) 

  

or + 1, 

. = eT for ¢ = 8 = 1/4 

21, 
i 

and w= y, = tand Cv+ 1.) (A-8.5) 

The cross-sectional area enclosed by the hyperbola i, the straight 

line v= -tand x* 1, tand, the plug surface and the YX, axis is found 

==ATo =



to be 

AyG) = cotd 

  

tand - ¢.r? (A-8.6) 

q@ =a) = ¥ (A-8.7) 

ays the distance from the origin (0,0), to the vertex of the hyperbola 

iis adjusted as the (x ) axes translate along the straight line 
aL 

x, = tang . Te or the line of symmetry. The value of a, is selected 

to suit the corners of the asymptotes drawn for every 1,- In particular, 

. 0.1, so that the hyperbola corresponding to the outer surface 

    

The diagonal wall thickness, < = KH, is divided into N - 2 elemental 

lengths. Let the elemental lengths be At, Atg, Resins: Aty_y ade that 

es At, sth. Then, 
a a 

i=2 

  

If At, a Ot. cere <S Aty a = At, then 

KH, 
Ate and 

(N-1) 

reat (4-2) At 

x + (1-2) .At 3<i<N (A-8.8) 

- A80 -



A-8. 

  

2 

Fig. 

Dividing the entry plane into (N-2)X (ti-1) sectors. 

Each sector is further sub-divided into a small and 

a large triangle. 

Sy (b) 

  

A-8.2 Section at the entry plane. 

- A81 -



Assuming a constant reduction of area, the outer radius ua) 

of the cross-sectional area at the entry planecorresponding to the 

material enclosed by the hyperbola i and the plug at the exit, can be 

determined. 

= Area at entry 

af a Area at exit 
pee. 

A 
a 

26 aah? 26 2 then Z . GL qi) AyG) 3 A. aS - Tr 

27 vce 2 
ie. 0-8 Ue Gi) AG) . A. +6 .7r 

By substituting for AnG) and simplifying, 

= fess DT RD ee 
UG) SQRT { cotd . viv ay a, 

(A-8.9) 

a. 
   

in + che : sano ba, + nd eras) 

The area banded by the radii UG +1) and uid) is divided into 

M - 1 sectors each subtending an angle a0) where j refers to the 

element between the radial lines j and j + 1. If the inclination of 

the radial line j to the Y_ axis is $., then dd. = 9, - >,. 
b a J J+1 J 

Also note (i) y 4%, = do, + do, tem wis eibie é + 

doy 4 = 26, and 

if dd, = dg,, .... = db, = dg, then 

= 2¢ a= es (A-8.10) 

ii) = + da ¢ 9; O54 5-1



u S oi tu 2 S 

‘ 2 aD ae » 

The elemental area of each sector, 

(A-8.11) 

say ABCD in fig. A-8.2(b) is 

divided into a large triangle ADC and a small triangle ABC. If the 

angle subtended at the centre is ao = da and the radial increment 

AD = 6R, where od) = R, then the area of the large triangle ADC, 

> " 46R(R + OR)Sa 

4R. OR. Sa + $6R? . 50 

and the small triangle ABC, 

b= aR. OR. 6a 

From equations (A-8.12) and (A-8.13), 

A. = A -A, = #6R? . 60 

From equations (A-8.14) and (A-8.15), 

> " 2(ABCD + A) 

> " (ABCD - A_) 
s 

Substituting for area ABCD and Ay the 

areas of the large and small triangles are: 

= oO 2 eee ee er ere { (% Cet e= "Ue «) 

=a {(u2a +1) - v.29) 

= AS - 

(A-8.12) 

(A-8.13) 

(A-8.14) 

(A-8.15) 

(A-8.16a) 

(A-8.17a) 

general expressions for the 

2 
+ (va +a - va) } 

r ri 

(A-8.16b) 

2 
- (va+n aw)" 

r 2 

(A-8.17b)



The co-ordinates of A, B, C, D, are readily determined. e.g. at B, 

Kis J reat), ae ye 

(A-8.18) 
¥, (455 + 1) Urs) cosoy eo 

With known co-ordinates of A, B, C, D the centroids of the large and 

the small triangles are calculated. The centroid of the large triangle 

ACD, 

x chi, J) = {ye + x, t1i,j+ D+ x,G + un} A 

¥,CuG, dD) = {roots + ¥,G +1 ge 1) ¥,@ ae no} js 

(A-8.19) 

and the centroid of the small triangle ACB, 

X84, 5) [een +HG +1941 +445 + v}/s 

{rite * YG al dee 2 ae ¥, (i045 af »} /a 

(A-8.20) 

Yes, J) 

A-8.3 Mapping the exit plane with triangles corresponding 

to those at entry plane (Fig. A-8.3). 

- A84 -
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Fig. A-8. 
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(b) Entry plane (a) Exit plane 

Conformal mapping of triangular elements on the inlet and exit plane surfaces.



Each triangle at the entry plane is transformed into a corresponding 

triangle at the exit section, with the constant reduction of area AL 

LS ie AA, 

(A-8.21) 

  

= A/A 
s/ r 

Starting from the a axis, and with the intersection of ve axis 

he h: i ete hs i d Key ee) and the hyperbolae i and i 1, the vertices ® an @ (or ¢ 5 me 
oJ 

and (3) , where j = 1) of the large triangle are known. The 
6 ad, 22,9 

problem now remains to find the third point of the triangle. Since 

area (An) is known and the third point is known to lie on the hyperbola 

i+ 1, the co-ordinates of the vertex @ (or 4%) ) can be 
i 41,3 + 1 

determined. The vertex ® of the large triangle now becomes the 

vertex @ of the smaller triangle (A,") and in a similar manner the 

third vertex known to lie on the hyperbola i, can be determined. 

The same procedure is repeated until the whole band area (i), 

between hyperbolae i + 1 and i is mapped with large and small triangles. 

The next band is similarly mapped to complete the whole exit plane. 

Finally the centroids of the mapped triangles are located as in 

the entry plane. 

Location of the third vertex of the triangle 

Area of the triangle, 

At = {2% Se = SS | (A-8.22) 

Two vertices are known and the third lies on the hyperbola, i.e. 

2 2 

(X,sin€ + ¥,cos& 2 ae (K,cosé - ¥ sind) 1 (A-8.23) 
  

a? b? 

- A86 -



Equations (A-8.22) and (A-8.23) are solved simultaneously to yield, 

  

  

  

x3 = ~(ey 

2c, = a3) 

(A-8,.24) 

The computer selects the appropriate value and calculates, 

Ys - =~ - ex, (A-8.25) 

where, 

2 s 2A" - MX) ¥,%,) 

(% - X) 

a in 
x, = x, 

ec, = sin? - k sin2& + k,*cos*E 

cy = m,sin2— - 2lsing - 2k ym, cos*E + 2k Leosé 

cy = m,*cos*£ - 2m,lcosé Sol 

ce tan? {costs + k singe + teint} 

d, = tan? ‘ m,sin2& - ax,a,sinte} 

aa tan? . n,? . sin2é 

The inner curve is a circle and the third point of the triangle 

will therefore be calculated from the simultaneous solution of the 

equations of the circle and the area of a triangle 

i.e. (X,,¥,) satisfies 22 Ee (A-8.26) 
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(A-8.27) 
  

  

Xi Sem = ke (A-8.28) 

The centroids of triangles at the exit plane 

For the large triangle: 

XCL(i, j) {x09 e RG +1,j+1) + x,G + uo} / 

{x09 

For the small triangle: 

¥ CLG, 3) + re TG) Gs 10} 2 

(Ar8.29) 

x,csci, ) {x49 s RG +40 £2) + xj ay »| / 

¥CS(4, 3) {%G9 FXG 41,461) 625 + »} 2 

(A-8.30) 
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A-8.4 Shear surfaces defining the plastic deforming zone at the die, 

Fig. A-8.4 and A-8.5 

A triangular element at the die entry is assumed to shear at an 

elemental surface inclined at an angle t@ to the die axis. The position 

of the element is defined on a general spherical surface (> 8, 6) with 

the centre at the virtual apex of the equivalent die cone. The 

parameter t is used to optimize the shear surface by minimising the 

total shear work. 

Similarly a general pyramidical shear surface is defined at the 

exit of the deforming zone and the parameter t optimizes the geometry 

of the surface. 

Defining the 'entry' plane (4) as the plane perpendicular to 

the die axis through the point where the outermost tube elements (i.e. 

atr= R.) come into contact with the die, and forming starts; similarly 

the 'exit' plane is defined as the plane perpendicular to the die axis 

which passes through the point where the outermost material elements 

start to flow parallel to the die axis, thus:- 

(i) 6G.) is the horizontal distance an element with its 

centroid denoted by (i,j), travels after shearing at the 

assumed discontinuity boundary, measured to the 'entry' 

plane. 

(ii) 6,4.) is the horizontal distance the particle travels 

after shear at the assumed pyrammidical discontinuity 

boundary, measured to the 'exit' plane. 

Therefore, the total horizontal distance covered by the particle in 

the deforming zone becomes:- 

Z,(i,j) = DIEH + 6,€1,35) - 6,(4,5) (A-8.31) 
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A-8.5 Derivation of Z,, 7 and v 

If the centroid of a triangular element at entry Se Re, ag 

and the centroid of its corresponding transformed triangular element 

at the exit is (KX, i) (4,4)? then the vector joining the two centroids 

defines the flow. &) 50} denotes a plane through the centroid of 

the triangular element on the assumed shear surface and parallel to 

' 
the 'entry' plane > Yj): Plane (ay Y) is similarly defined on the 

exit shear boundary. 

The length of the flow path , for each element, and the relative 

angular deflexions n and w as the element flows through the deforming 

zone are determined from the geometry (see fig. A-8.6). The results are 

summarised below. 

6G.) oS 9, (cos8 4, 5) - cos a.) (A-8, 32) 

where 6(i,j) = ae R,G,9) 

2. 
E (A-8.33) 

and R(i,3) = / X43) + ¥,° G9) 

ase = eat Pte) 
¥,G,D 

(A-8.34) 

og(4,5) = tan? I 
YD 

ee 

C.D es aR, G, j)cosd, 3) ie (ASB. 25) 

tan} a on fOr oy <8 

where o,G,9) = YG, 3). (A-8.36) 

u XG,J9) 2s - ta? {7 janet 
  

YG.) 
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4 Plastic deformation zone in the drawing of polygonal 

tube from round stock on a cylindrical plug.
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Fig. A-8.5 
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general spherical 
surface generator i 

     

  

general pyramidical 
surface generator         

spherical (b) Entry: Exit: pyramidical 

General position of shear surfaces at the exit and entry to the deformation zone. 

   
   
  

entry shear 

surface generator



shear surface 
spherical surface 

pyramrdic at 

    

  

     

      

  TetyrGg aS * 2 
[ga el 

Zan 
DIEH 2.   

(a) A space diagram to illustrate the approximate flow path of an element in the 

deformation zone relative to an equivalent axisymmetric drawing condition. 

Exit plane 7 (X.teot cer ~y WL txit' plane Eptan 

t py ic (prc —— > — +t iz aoa 

2 

  

general pyramicical 
urface 

shear surface 

  

  

Zin / P 

(b) 

          (c) The exit plane (or the plane through the ae 
alenent (i,j) whare it ceases to daterm) 

Pr 
che R > 

(d) The pyramidical surface at the exit 
(to tna deformation zone). 

Fig, A-8.6 Detailed sketches for the derivation ot the relative angles, and ds/a . 

and the flow path Z, (sae sections A-8.4 & A-8.5). 
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ayy Ss a Xd ans 
and R,G,9) = X,G,9) + ¥G,5) (A-8.37) 

2 2 

Z(i,3) = [{x, a9 =X,G,g) + 4%, 455) - % G9) } 

FP 2,704.3) | 4 (A-8. 38) 

Se me a ; 
ni, j) = tan (Ae ao (A-8.39 

zacly pad 

where 9, /4(4.3) = ten? ae - tant as (A=8.40) 
YG.) YG, 

= 

and Z (4,3) = (rR, - R, (1, j)e086, 44,4) } 

(A-8.41) 

+2 24,9) | 3 s 

wa,j) = eas = 864) (A-8. 42) 

™ -1 a. A ” 
where 0, j) = tan R,(i,d) - RUG, j)eosd, (4,3) (A-8. 43) 

ZG, 

A-8.6 Velocity discontinuities, U_ and U 
ra rb 

The resultant velocity of the tangential components on both sides 

of shear surface gives the velocity discontinuity. 

From Fig. A-8.7 and A-8.8, the entry shear surface yields, 
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spate ys z : 3 
wy = [F + { U,sinté + Ugeos(1 )0 94 

. 2 a (A-8.44) 

Greene - t6 * 

Substituting for the values of velocity components derived in equations 

(3.6), the above equation reduces to, 

    

2 
is ., costé tann 

oD We [ { Si2o0 . ‘ana | * {- sini 

(A-8. 45) 

2 
cost tan + cost® tan(1 - t)® } 4 

A similar situation occurs at the exit shear surface boundary when the 

velocity of the particle just before shear is Wor Ug, Uy)» but after shear 

the particle travels parallel to the tube axis with a velocity oe From 

the assumption of an equivalent divergent deformation passage, 

‘ . °,' 
Uae mz oS : om (A-8.46) 

where 0,'* and p,'* are given by equations (3.5). 
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general spherical 

surface generator 

(P,» 8 9) 

(virtual apex of an 
equivalent conical die) 
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y Shear surface 

ne penerator 

    
(Up =Up .Up=uy ,Up=Uy ; 

Fig. A-8.7 

U?=U5 +U +U3) 

Velocity discontinuity 0* at the entry shear surface 
in the drawing of nolygonal tube from round stock on 

a cylindrical plug. 
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= -Upsint® + Ugcos(@ - t@) + Upsin(S - t6) Urs1 

(a) Resultant velocity component (U,,;) tangential to the shear 
surface and the 0 - @ plane 

Cc Urs, 

Us 

(Uy = component of velocity normal to 9 - 6 plane) 

(b) The resultant velocity tangential to the shear surface (or the 

velocity discontinuity suffered by an element entering the 

deformation zone) 

2 2\% 
{i, a v5) 

{ie + [-upsint® +Uscos(8 - t0) + Upsin(® - 2)" 

Urp 

" 

Fig. A-8.8 The derivation of the velocity discontinuity of an 

element at the entry shear surface. 
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A-9 Lower bound Numerical integration 

ee 

  

  

        
          

a j=NL z isd i oh 

@ AZ AZ; 4 AZ,|AZ, 
Z, is the position 1 

of surface j(=i) \ | 

ZieLiae Seis 
  

    i | 
mM 

AeA BAY SA A, (b) 

Ay is the X-section 

area on j(=i) > | 

Ata Aj=Aj-1 +O Ai-4 

    | | 
(c) | ssf Say 

Oz, is the stress on 

surface j(=i) 

6 Oz, +A0z, er Oz,=0z, +A0z, 

Oz; 44 -f- 07,= Oz, 1 ine 1 

Fig. A-9.1 Round tube drawn through an elliptical polygonal 

die on a cylindrical plug divided into elements 

for the lower bound solution. 
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A-9.1 Geometrical derivations 

The die length (L) is divided into (NL-1) elemental lengths such 

that, 

NL-1 

tee 
i 

i (A-9.1) 

Using the geometrical relationship shown in Chapter 3.3.2 and 

Fig. 3.6, and starting from the inlet plane, where Zi Be = 0, the 

following calculations are performed: - 

(a) At any section Zs, calculate R(i), AG), AQ), Ai). The 

following relationship is developed in Fig. A-9.1:- 

Fs " (A-9.2) 

(A-9.3) 

  

(b) For the tube element i, between the surfaces i and i+ 1, the 

die/tube surface areas OAL, and Aan and the plug/tube surface 

area AALS are calculated. The change of the cross-sectional 

area of the tube over the element i, AA(i) is determined. 

A-9.2 Development of recursive equations to calculate the draw 

stress and the mean pressure. 

" Starting from the inlet plane, surface i 1, since there is no 

backpull O24 = 0, the stress on the surface i = 2 can be determined 

from the equilibrium equation (3.82). The calculated value of [29 

is used to obtain Cz,» etc. The general equation to determine the 
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stress on surface i is given by, 

(A-9. 4) 

  

The stress esquation (3.82) established from the equilibrium of 

the element i in the horizontal direction and the use of Tresca's yield 

criterion, can be conveniently re-written as, 

  

oz, 1 oe, 

temo ee Is 
(A-9.5) 

K . AA, (4) + K - AA (iy +k, ~ AA, Ci) 

At By a) ey 2 a2 

where, 

K = (sind + wUcosd_) = constant 1 
s s s 

2 

K = (sina + wucosa ) = constant 2 (A-9.6) 
cy ¢ ic 

K =u = constant 3 
Ss. 

2 

Example: 

Starting from 4, =a = 0 and the known conditions of stress the 

a 
Zz 

change of stress over element i = 1, can be determined. Say (=4)- oO, 

¥ 

for element i = 1, 

oz de a a => (- (0). AA, + [:- ©) 
Y (Ay e Aa,) a 

K + OAS Clee K - BALI) . OA «)} 
[s, Sy c cy Sy 8. 

1 
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for element i = 2, 

  

  

  

a{) 2a, cas { (==) . OA, + [> - (=)] 

[*. AAS (2) +R, . DAL (2) + KL. AA «| 
4 1 * 7 9 50 

eee Otc. 

The mean pressure at the die/tube interface can be calculated 

from the total normal force for elements i= 1, 2, ...... NL divided 

by the total die/tube surface area. 

The normal force at the die/tube interface of the element i, 

  

  

NF, (i) =p, - (oa G4) + AA «) 
. s c qf 1 

=p, - AA, (4) 

NF, (i) Oz, 
or 5 p {=)} . OA, 4) (A-9.7) 

Y Y . 

the total normal force for elements i= 1, ...... NL, 

NL-1 ce ee NF, NE (1) 

Y = 

NL-1 Cs 

= ae {: a Aa p(t) (A-9.8) 

LS 4 x 

The dimensionless mean pressure becomes, 

Py (NF, /Y) 

y YY dag 
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A-10 PARAMETERS FOR THE DESIGN OF DIES FOR THE DRAWING OF 

POLYGONAL TUBE FROM ROUND ON A CYLINDRICAL PLUG 

A-10.1 Equivalent die semi-angle 

In the drawing of polygonal tube from round stock on a cylindrical 

plug, a circular section on entry transforms to a polygonal section at 

the exit in a single pass; the die passage comprises the conical and 

the plane surfaces of different inclinations to the tube axis to allow 

for gradual transformation. The conventional term of the die semi- 

angle is therefore, inapplicable; the die angle changes from a minimum 

at the diagonals to a maximum at the mid section of the die. An 

equivalent die semi-angle ies is, therefore, defined to facilitate the 

comparison between the dies drawing tubes with the same numberof sides 

and with different numbers of sides. 

The equivalent die semi-angle ion! is the semi-cone angle of the 

axisymmetric tube drawing die which produces the same reduction of area 

as the polygonal tube drawing die, for the same die length. See Fig. 

A-10.1. 

From the equivalent axisymmetric drawing, Fig. A-10.1 (b), the 

die length is given by, 

= ee (A-10.1) 

Therefore, the inclinationsof the conical and plane surfaces of 

the polygonal tube drawing die become:- 

D =H 
a8 a a, A-10.2 = tan { SL } ¢ ) 

at Dd, mm cosB 

s 2L (A-10.3) 

2 
2 " 
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(a) (b) axisymmetric tube drawing die 
Square tube drawing die 

  
Isommetric drawing of the square and the corresponding axisymmetric tube drawing dies. Fig. A-10.1



For the pyramidical and triangular plane surface die shapes, 

if the diameter of the input stock is different from that used in 

the design, the deformation pattern does not change; however, the 

equivalent die semi-angle changes. If the outside diameter of the 

new stock is Dt) then the effective length, 

oe Pease (A-10. 4) 
e 2 tana 

s 

and the equivalent die semi-angle becomes:- 

D* =D 
=F me) e 

{= ——— A-10.5 a, tan { aL, | ¢ ) 

A-10.2 Design data 

Tables A-10.1 and A-10.2 show die design parameters for the 

input stock of outside diameter of 1 in and 1 1/16 in and 1 1/8 in 

and 1 3/16 in respectively, for different die semi-angles. The 

optimum equivalent die semi-angle of 8° was used in the design of 

dies for drawing of polygonal tube from round on a cylindrical plug. 

A-10.2.1 Details of dies manufactured for the drawing of polygonal 

tube from round (mechanical drawings are given on pages 

A109, A110 and A111) 

(1) Square die 

Reference: 4WB 

Exit section diagonal length A = 1.000 in 

Inlet stock o.d.. DS = 1 in 

Die length L = 0.7191 in 

° 
Conical angle a =0 

Angle of inclination of the plane surface to the die axis 

al = 11). 31 
s 
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(3) 

Equivalent die semi-angle Oe = 8 

However, this die was manufactured with the exit diagonal length 

; : ° * 
1 in, but a conical angle a, = 1° 54 in order to draw tubes with 

Hexagonal die 

. of 1 1/16 in and an equivalent angle of 7° 54. 

Reference: 6WB 

Exit diagonal length qo = 1.000 in 

Inlet stock o.d. oF = 1 1/8 in 

Die length L = 0.767 in 

° ' 
Conical angle Oe = 4 40 

Angle of inclination of the 

  

plane surface to the die axis 

° ' 
ao =9 36 

Equivalent die semi-angle 

a = 8° 
e 

Octagonal die 

Reference: 8WB 

Exit diagonal length HL = 1.000 in 

Inlet stock o.d. D., = 11/8 in 

Die length L = 0.627 in 

; Care 
Conical angle a =5 42 

c 

Angle of inclination of the 

a. 
s 

Equivalent die semi angle 

a 
e 

plane surface to the die axis 

9° 07 
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TABLE No. A-10. et Parameters for the design of dies for drawing polygonal tube from round 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

                                    

Nominal tube o.d. = 1.0000 in Nominal tube 0.d. = 1.0625 in 
EQUIVALENT DIE SEMI-ANGLE e (degrees) EQUIVALENT DIE SEMI-ANGLE Op (degrees) 

4 5 6 1* 8 9 10 4 5 6 ie 8 9 10 

L 1.445 | 1.155 | 0.961 | 0.823 | 0,719] 0.638] 0.573 1.892] 1.512] 1.259] 1.077] 0.941 | 0 835 | 0.750 
g ae | 0-00 | 0.00 [0.00 | 0.00 0.00 | 0.00 | 0.00 0.946] 1.184] 1.422] 1.661] 1.901] 2.142 | 2.385 

sé G, | 5.786 | 7.225 | 8.660 10.089 | 11.511] 12927114. 334 5365] 4 702] 8 035| 9.364 |10.689 112.003 113.323 
ee is 0.823 | 0.719 0.999] 0.872 

ae! 7.000 [ 8.000 7.550| 8.623 

e L 0.648 | 0.518 | 0.431 | 0.369 | 0.322] 0.286] 0.256 1.095] 0.875] 0.728] 0.623] 0.545 | 0.483 | 0.434 
S a, |0.00 | 0.00 |0.00 | 0.00 0.00 | 0.00 | 0.00 1.635| 2.045] 2.457] 2.869] 3.283 | 3.699 | 4.117 
ee a. 5.903 | 7.371 | 8.833 10.290 |11.739]13.180]14.613 5.127] 6.406] 7.681] 8.954 |10,223 |11. 489 |12.750 

FI Le 0.454 | 0,397 0.6661 0.5 
i ae! 5.700 | 6.514 6.560| 7.495 

8 i 0.366 | 0.292 | 0.243 | 0.208 | 0.182] 0.161] 0.145 0.813] 0.649] 0.540] 0,463] 0.404 | 0,359 | 0,322 
=, [_ae [0-00 [0.00 [0.00 [0.00 0.00 | 0.00 | 0.00 2.202] 2.754] 3.308] 3.863| 4.419 | 4.978 | 5.538 

SB] ia, | 5.941] 7.418 | 8.890 10.355 |11.813]13.263]14.703 4.875| 6.091] 7.305] 8.517| 9.727 |10.934 [12.138 

& maletns 0.281 | 0.237 0.511] 0.432 

. Oe! 5.210 | 6.154 6.350 | 7,494 
ie " 0.234 | 0.187 [0.156 [0.133 | 0.117| 0.103] 0.093 0.681| 0.545| 0.453] 0.388] 0.339 | 0.301 | 0.270 
< 
Bg 0.00 | 0.00 |0.00_ | 0.00 0.00 | 0.00 | 0.00 2.626| 3.284] 3.943] 4.604] 5.266 | 5.931 | 6.597 
Sa Gg | 5.958 | 7.439 | 8.915 0.384 |11.846|13,300114,744 4.675| 5.42 | 7.007] 8.171] 9.334 lo. 494 1.652 
at rhe 0.186 | 0.158 0.423 | 0.360 

Og! 5.050 | 5.926 6.430 | 7,546 
L = = = = = = = 0.357] 0.297] 0.254 | 0.222 | 0.197 | 0.177 

3 ae - - - = = = - eel 5 6 7 8 9 10 

EE 4 
oO 

  

* optimal equivalent die semi-angle for the section bar drawing dies 
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TABLE No. A-10.2 Parameters for the design of dies for drawing polygonal tube from round 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Nominal tube 0.d. = 1.125 in Nominal tube 0.d. = 1.1875 in 

EQUIVALENT DIE SEMI-ANGLE e (degrees) EQUIVALENT DIE SEMI-ANGIE Oe (degrees) 
4 5 6 1 8 9 10 4 5 6 1* 8 9 10 

L 2.339 [1.869 |1,556 11.332 | 1:164| 1.033] O.927] _ p 786 _| 2.227| 1.853 | 1,586 | 1,386 |1.230 | 1.105 

By | Gc_}1-543 |1.915 |2.300 [2.686 | 3.074 3.463| 3.855| _ [1.927 | 2.411| 2.896 | 3.382 | 3.869 |4.358 | 4.850 

Sp Ag 5.105 |6.377 |7.647 |8.915 |10.178/11.437 12.694 ie 4.928 6.157 | 7.384| 8.609 | 9.831 |11.050 | 12.266 

io i 1.174 1.026 it 

de! 7.930 | 9.058 

t 1.542 [1.232 [1.026 [0.878 | 0.767] 0.680] 0.611 T.989 | 1.589] 1.323] 1.132 | 0.989 [0.878 [| 0.789 

3 O, [2.321 [2.904 |3.487 |4.071 | 4.658] 5.246 | 5.837 ep 699 | 3.375] 4.053 | 4.737 | 5.412 |6.095 | 6.772 

ee a, |4.801 [5.999 [7.195 |8.389 | 9.582|10.771 11.958) __ 4-621 5.774 | 6.927| 8.078 | 9.227 |10.374 [11.520 

Ref 4, 0.878 | 0.767 

a de! 7.000 | 8.000 SE 

is rf 7.259 |1.007 |0.838 [0.717 | 0.627] 0.556 | 0.499 T. 706 | 1.364] 1.135] 0.972 | 0.849 [0.753 | 0.677 

=, |_ac_ [2.841 [3.552 [4.265 |4.980 | 5.695] 6.413 7.132| — [3.145 | 3.932 [4.721] 5.510 | 6.301 [7.093 7.887 

S@l a, [4.565 [5.704 [6.843 [7.980 | 9.116]10.250]11.383] = fa. 417 | 5.520 6.622 | 7.724 | 8.824 |9.924 [11.022 

aT te 0.741 | 0.627 = 0.972 

& Oe! 6.770 | 8.000 7.000 

vy L 1.128 |0.902 |0.751 |0.642 0.561] 0.498] 0.447 = 1.575 1.259 | 1.048] 0.897 | 0.784 [0.695 0.625 

Ba a, {3.171 | 3.964 [4.759 |5.555 | 6.353| 7.151| 7.952] _ [8.407 | 4.259| 5.112] 5.966 | 6.821 7.678 | 8.535 

ge Og 4.408 |5.509 16.609 |7.708 8.806 | 9.904 |11.000 ce 4.292 5.364 | 6.436 | 7.507 | 8.578 | 9.648 | 10.717 

a Le 0.659 | 0.562 = 0.897 

et 6.820 | 8,000 7.00 

L 0.894 10.714 [0.595 [0.509 | 0.445| 0.395| 0.354] _ [1.341 | 1.071] 0.892] 0.763 | 0.667 | 0.592 | 0.532 

3 Oe 4 5 6 7 8 9 10 ae 4 5 6 7.000 8 9 10 

ge = 
m 5 =                                     
  

* optimal equivalent die semi-angle for the section bar drawing dies
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Developing an elliptical 
surface from a cone 

    
  

‘ 
General tol. + 0010 *   NOTES 

(1) Elliptical surface is obtained when a cone of 
sem-angle 1 54’ is cut by a plane inclined at 
11° 31 to the cone axis 

[2] Die surface heat treated to 64 RC, ground and 
tapped 

  

Title: Square die insert 
  

  
Drawn: Maranga 26/1/80 |Draw 41/80 
  

Material: Tool Steel |No. of parts 1 
      Dimensions: Inches Scale: 2:1 
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NOTES 

11} Elliptical surfaces generated from a cone of semi-angle 
4° 40° cut by six planes inclined at 9° 36° to the cone 

axis. SURFACES NOT DRAWN TO SCALE 
12) Die surface heat treated to 64 RC, ground and lapped 

to mirror finish. 
{3} General tol. ¢ 001; anguar tol + 05° 

  

     
      = Title: Hexagonal die insert   

  

Drawn: Maranga 19/1/80 — |Draw 41/80 
  

  

Material: Tool Steel | No of parts 1 
      

  Dimensions: Inches Scale: 24       
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(1] Elliptical plane surfaces generated trom a 
cone of semi-angle S° 42° cut by 8 planes 
inclined at 9° 7° to the cone axis 

    
(2 Die surface heat tfeated to 64 RC. 

      
ground and lapped to mirror finish 

[3] General tolerance + 0010 
angular tolerance 25° 

     
  

Title: Octagonal die insert 

  
Orawn: Maranga 23/8/80 |Draw 43/80 

  
  

Material: Tool Steel | No. of parts 1 

    Dimensions: Inches | Scale:2:1   
  

 



A-11 DIES USED IN THE DRAWING EXPERIMENTS 

Table A-11.1 shows the set of dies used in the investigations 

on the drawing of polygonal tube from round on a cylindrical plug. 

To facilitate cross-referencing the dies were given 3-part 

identification numbers. The first digit refers to the number of 

sides of the polygon required, followed by a letter designating 

the die and ends with one of the four letters A, B, C and D indicating 

the shape of the deforming zone. 
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TABLE No. A-11.1 Dies used in the drawing of polygonal tube 

from round stock on a cylindrical plug 

Die Ref. Deforming Radius / Material te 
- f Remarks 

Number shape straight fof the die |@egree) 

sae . special 
4DA pyramidical | straight pee ee 

radius tungsten 
4HA u 5 

(1.50 in) carbide 

= 4JB elliptical straight + 7 

Cc 

& tool steel 4 4an Paton i " 7 
= MC triangular (ARNE) 

a 
inverted ‘4 special Pes, E 7 

= Gp parabolic alloy steel 
< 
> tool steel S| 4Kp " « a 
n (ARNE) 

: Design for 
4WB lipt 1 Oe na 8 

cr iip rice jtube drawing 

4GB elliptical " if 8 Design for 
tube drawing 

ie tungsten Industrial 
cal i 

SEA Pyrantoice carbide die 
a 
< radius = ratce | ” " 
S 6AA pyramidica (1..375 in) 

c 

=| exe lliptical Rreient [OO Steet) a S iN elliptica straig (APNE) 

Design for " " " 38 
ie [tube drawing 

8PB " " ” 7 

4 
< = : 
eS 8sp inverted re * 7 

oS parabolic 
< - 

Design for 
eo WB iotieal " " g 

3 = Se : tube drawing 

tool steel 
10QB straight 7 

3 a cthe (ARNE) 
< 
me 
° 
So 
< 
2 
a 

oe GORA conical straight tool steel z 
< 
4 
> 
o 
oe 
4 
oO               
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A-12 THE SPLIT ROTATING DIE (Plate A-12.1) 

The rotating die arrangement consisted mainly of the die shaft 

(4), the conical die (27) and the driving chain wheel (25). The die 

shaft had a cup form of 6 in bore which enclosed the conical die, and 

rotated about its axis in the die casing (2) by means of the chain 

wheel (25) fixed on its external surface. The die shaft was supported 

by the three anti-friction bearings (23, 24 and 26), arranged to carry 

the reaction of the chain and transmit the thrust from the conical die 

to the die casing through a compact axial thrust load cell (15). 

The die inserts (10) consisted of Ns number of blades, equal to 

the number of sides of the polygonal section being drawn. They 

enclosed a converging pyramidical die forming orifice, while their 

exterior formed a surface around which a conical die rotated. The 

holder (5) of the die inserts functioned as a load cell and measured 

the drag force 'Q' (see Fig. 4.2). The special die tip seat (7) 

(and a mechanical drawing on page A118 ) enabled the die inserts to 

be changed without removing the die insert holder. The same feature 

transmitted the drag force 'Q' to the cup load cell (5) through a 

thrust roller bearing (22). This arrangement also made it possible 

to restrict or permit twisting by engaging or releasing the dog 

clutch (6, 11). 

The axial thrust 'R' (see Fig. 4.2) exerted on the conical die 

resulted from the bursting force on the die inserts, as the metal 

deformed. The axial thrust was transmitted from the die to the die 

shaft and through the ring load cell to the die casing fixed to the 

bed of the drawbench. 

A holder (5) was used as a load cell to measure the reaction 'Q' 
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PLATE A-12.1 

A cross-section through the split SECTIONAL ELEVATION 

rotating die rig in Pef (2) Z 22 
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TABLE No. A-12.1 Components of the split rotating die rig shown in Table A-12.1 

Part }No. of pati : Part |No. ; : 
Nom nerts Part Name/Description Material No__|parts Part Name/Description Material 

1 2 Rivet bolt i Mild steel 19 1 Set screw 1/2 x 7.75 x 1 

2 1 Thrust block casing Mild streel 20 6 Grubb socket screw 3/8 x 1.75 a 

3 1 Thrust block cover _ Mild steel 21 4 Grubb socket screw 3/8 x 1 

4 1 Thrust block shaft High S.steel] 22 2 Thrust roller bearing Nth-4472 Torrington 

5 1 Thrust block die housing Vibrac 30 23 1 Thrust roller bearing K81138/G6S89328/VS81138INA 
po t 

6 Es Sliding key bush Mild steel 24 i Cylindrical roller bearing xLPJ 7 1/2 R&E 

7) 1 Die tip seat Vibrac 30 25] 1 Duplex chain wheel 213634 Reynold 

8 1 Back bearing seal Brass 26 i Taper roller bearing LL735449/LL735410 TIMKEN 

3 1 Front bearing seal Brass 27 i Conical die 

10 Ns Die tip High S.steel] 28 2 Gauge cover Mild steel 

Sin) et Die clutch lever EN 11 29] 2 Spring washer 

12 1 Hinge seal Be Mild steel 30 1 Sealing sleeve Brass 

Aa 1 Die tip spacer Silver steel] 31 | 2 Copper ring Copper 

AAuie Sliding pin EN 11 

15 a Back load cell Vibrac 30 

16 |] 12 Set screw 1/2 x 2 x 1.5 

17 4a Set screw 1/2 x 4.5 x 2 a 

18 4 Set screw 5/16 x 1.5 x 1 —-                 
  

 



on the die inserts. The central part of the cupwall was reduced in 

thickness and two sets of strain gauges bonded on the outer surface 

  

of this thin walled portion. One set measured the traction ' 

exerted on the die inserts, and the other set measured the torque 

exerted and transmitted to the die insert holder when the dog clutch 

was engaged. The dog clutch was used to prevent the drawn tube from 

twisting due to the torque transmitted by friction from the rotating 

conical die. 

The drive (see Plate A-12.2) consisted of a 7.5 h.p., 3-phase 

motor coupled to a Crofts variable speed belt-cone unit with a speed 

ratio of 4:1. The output shaft of the combined motor-speed unit was 

coupled to a 16.61:1 reduction gear unit to provide a rotational speed 

range of 30 to 120 rev nin?, A duplex chain transmitted the power 

to the shaft of the rotating die and drove it with infinitesimally 

variable speed range from a minimum of 15 rev mind to a maximum of 

60 rev nin. A marine tachogenerator measured the speed of the 

rotating die. The output shaft of the variable speed unit drove the 

tachogenerator through a chain and sprocket with a speed ratio of eae 
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Title: Hexagonal split de tips 
  

  
  

      

Drawn: S.M.Maranga 4/10/80 Draw 44/80 

Material: High speed steel No of parts 6 

Dimensions: Inches Scale: 1:1 
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Title: Tip-die seat 
    Drawn: SM Maranga 5/10/80 Draw 44b/00 

  
  

Material: Vibrac 30 Na of parts: 1 of each 
  

Dimensions: Inches       Scale: 1:1   
     



    

   
    

  Peduction gear unit. 

w
M
A
N
O
A
N
 

*« 

  

Split die rig 

  

    

  

   PLATE A-12.2 
The split rotating 
die drive systen   



PLATE A-12.3 

Tube drawn through 

the square die tips  



A-13 MAIN COMPUTER PROGRAMME FOR THE DRAWING OF POLYGONAL 

TUBE DIRECTLY FROM ROUND STOCK ON A CYLINDRICAL pLuct 

MASTER MAINPROG 

DIMENSION £AC11,11) YAC11,11),XB(11,11) YB (11,11) -XACS (11,11), 
FY¥ACSC11,91) ,XECSC11 11) pYBCS (14,11) ,XACL O11 17 ,YACLOTT 11) ¢ 
2XBCLO11511) -YSCLO11 11) ,AC10),PL (10),,ER (10) ,ARLTA (10) ,ARLTS (10), 
ZARSTACTG) ,ARSTS (10) RAS (14,11) -RAL (11,11) ,RSS (11,11) -RBL C11 11), 
ATHETALC1111) ,THETASC11 411) ,08LC14,,11) ,08S (11,11) ,DALCT1,11) , 
5DAS (11,11) -PHILBACI1,11) PHISSACI1,11) ,CKIL C1119) ,CKIS (11,11), 
SBETAS (11,11) -SETAL C11 p19) -ELTALC 11-11) ,-ELTAS (11,11) 25 (11,11), 
FUL CAT, 119 2S 11,11), 2TLEAT 11) ,URBL C14 14) URES (11,11) ,X(19), 
TV C10) GAT C19) ,XXNCTTD,YYNCTT) REM C11) ,YYM CTT) XXM1 CB), YYMT CBD 

DIMENSION FOR THE INCOMING STOCK(TUBES) AND THE PROCESSED PRODUCT(SECTION) 
(71), TUSING 0.0 (001) AND THE DIAGONAL 

TH OF THE POLYGONAL STOCK (DHE) ssss-eeeene 
   

n
a
n
a
n
 

READ(1,200) 71,001 ,0HE 
209 FORMAT(3FO.0) 

  

c 
WRITEC(2,2200) DO1,TT,DHE : 

2200 FORMATC//15X,"STOCK DIMENSIONS: *,/20X,*TUBE DIAMETER = "F624, 
1* INCHES", /20X,"TUBE THICKNESS 3 °,F6.6," INCHES’, /20X,*SECTI 
ZON DIAGONAL = ',F4.4," INCHES") 

SPECIFY DRAWING VELOCITY CINCHES /SECOND) 
SPECIFY STRESS-STRAIN CURVE FOR THE DRAWING STOCK 
SIGHA=K*EPSILON**N WHERE K IS IN TON-FORCE/SQ.IN. 

   

a
o
n
n
a
n
a
e
n
a
n
 

DATA VLA,YK,YN/3.0,50.20,0.2521/ 
READ(1,290) VLA,YK,YN 
Pi=S.14615927   

3 
3 

2 
3 
4 
5 
° 
7 

DEFINE LINEAR AND AREA SCALE (LISC 220 UNITS/IN, LASC 2400 UNITS/S@.IN) 

e
a
e
 

    
Lisc=20 

  

40 ¢ DRAWING AND THE UNDRAWN STOCK TO THE ABOVE SCALE 
“7 
42 
43 
44 6 
45 C TO sENEFATE THE NUMSER OF SIDES GF THE SECTION REQUIRED 
46 DO of NOSIDE=2,6 
a7 € REA0(1,205) NOSIDE 
48 C 205 FORMATCI3Z) 
49 
50 C WHEN NOSIDE IS 6,THE DRAWN SECTICN IS ROUND 
Siec 

+ The flow chart is given in Figure 3.7 
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52 IF (NCSIDE.EQ@.6) GO TO 2561 

  

   

  

= NS=NOSIOE®2 
54 WRITECZ,2000) NS 
£5 2000 FORMAT(1H1,5X,°NUMSER OF SIDES OF DRAWN SECTION = *,i2,//) 
$6 GO TO 2562 
37 «2561 wRITEC2,2509) 
53 2500 FORMATC1H1,5X,"NUMESER OF SIDES OF DRAWN SECTION = INFINITY',//) 
s3-¢ 
59 C CALCULATE SECTION PARAMETERS INCLUDED ANGLE(BETA) ,PLUG RADIUSCRP) 
1 0C INLET AREACAS) OUTLET AREA (AA) ,AREA RATIOCAR), PLUG AREACAP) AND 
£2 C REDUCTIONCAED); VEMEMBER THE SCALE TO OBTAIN ABSOLUTE VALUES WHERE APPRCP. 
23 ¢ 

4 2562 3ETASPI/NS 
3 C WHST IF NSSINFINITY 
& Coose-s EASIER OF COURSE BUT. 

IF (NOSIDE.£9.6) GO TO 0 
SPARAM=NS*COS (SETA) *SIN (BETA)/4.0 
GO TO 2311 

2510 SPARAM=PI/4.0 
2511 RPSO.SeTt*(D01/T1-2 0) 

CK=0.5*(1.0-2.0*RP/ DHE) 
AB=PI*T1**2*(001/T1-1.0) 
AA=DHE**2* (SPAR AMP 1*0,254(1.0-2 0 #CK) #*2) 
ARSAB/AK 
A T*RP eez 
RED=1.0—1.9/AR 
REDIOISRED*100.0 
AAA=AA/LASC 
ABB=AE/LASC 
DdOT=DOT/LISC 
RPP=RP/LISC 
WRITE(2,2152) AGB,AAA,R E0100 

2152 FORKATC/2CK,"AREA AT INLET = ',F8.6," SG INCHES',/20X,*AREA A 

    

   

    

aT out = °,F8.4," SQ INCHES", /20X,"REDUCTION OF AREA = °, FB. 
Zh, PER CENT®) 

C RADIUS OF CI2CUMSCRISING CIRCLE AT INLET(RB) AND AT OUTLET CRA) 
R 01/2.0 
RA=DHE/2-0 

C IN CAST OF AXISYMMETRIC DRAWING MAPPING IS GENERALLY 
€ OV.RLOOK=D, 30 A BIG JUMP .....---26 

IF (NOSID -6) GO TO 2570 
C RADIUS OF INSCRIBED CIRCLE AT THE EXITCRAT) 

RAT=D4E*COS(SETAD/2 20 

    

oes&€€ NOTE THAT TO SAVE COMPUTER TIME INSTEAD OF WORKING WITH 
oo RIC SECTION A SINGLE SYMMETRIC SECTION IS 
USED; DENOTED HEREAFTER SY (DOUBLE) SYMMETRIC >>>>--.0---0- 

  

   

  

a
n
a
n
e
 

C BANDING INLET (DOUBLE) SYMMETRIC SECTION INTO M-1 EQUAL SECTORS AND 
C MAP OUTLET WITH N-2 HYPERSOLIC CURVES; (I,J) DEFINES GENERAL    
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INTERSECTION AND (1,1) DENOTES THE ORIGIN 

  

THE FIRST CURVE OF OUTLET SECTION CORRESPONDS TO THE CIRCULAR PLUG 
PL(L) ReFeRS TO THE POSITION OF THE HYPERBOLA VIRTUAL ORIGIN ALONG 
THE LING OF SYMMETRY AND ACT) IS THE FOCAL LENGTH 

T2=0DHE/2.0-RP 
PL(Z)=RP 
PL C1) =0.0 

  

T2 IS THE THICKNESS OF THE SECTION TUBE ALONG THE DIAGONAL AND IS 
DIVIDED INTO N-2 =ZQUAL LENGTHS 

DT=(T2-RP*(1.0/C0S (BETA)-1.0))/ (N=2) 
INCLUDED AREA OF THE PLUG AT(2) ;ATC1) CORRESPONDS TO THE ORIGIN 

AT (2) AP /(NS*2.9) 

    

€2(1)=0.0 
DIFFERENT FUNCTIONS OF THE SYMMETRIC ANGLE (BETA) 

TABSTASTAN (BETA) 
   

  

=1.0/TABETA 
TA2=TSETAR HZ 
T34 a2 
T38=THGee2 

    

T2B5TANCBETA®2.0) 
T2BZ=T25 092 

2227 REAL JO3 OF MAPPING STARTS HERE £££fEELEL 

DO 65 153,N 
PLL) =RP/COS(SETA) + (1-2 )*0T 
ACI)=1.0-CI-1)81.0/N 

TO CALCULATE CO-ORDINATES AT INTERSECTION OF THE HYPERSOLA AND THE 
LINE INCLINED TO (DOUBLE)SETA BY THE YA-AXIS 

IF (NS~€G.4) GO TO 66 
K CLS (HPL CL) TBS +SQRT (PLT) ##Z*TESt(1 O-TES (ACT) #824 

WPL C1) # *2"T646)))/01.0-Ta4) 
GO TO 67 

66 XCID=CPLOCI) e#Z4ACL 2 *#2)/(2.0*PL CID) 
67 YCIISTASETA*C-x C1) +PL (1) 

CO-CRDINATZS OF INTERSECTION TO GLOBAL XA-YA AXES 

   

vex(I) 

wey (1) A 
XACI,M 
YACL,M)=-VrPL (1) 

AREA ENCLO BY THE HYPERSOLA I AND THE PLUG [=2 DENOTED SY ATCT) 
PIL=PL(1)<v 
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167 

V
u
a
e
 

2
3
5
8
 

172 
173 
176 
175 
170 
177 
178 
179 
160 
181 
122 
103 

145 
126 
1:7 
148 
Ved 
150 
131 
192 
193 
194 
193 
196 
137 
198 
199 
200 
2o1 

  

c 

¢ 

c 
c 

J CLIT COBETAR(VHSQRT (Yt *2—A CI) a2) ACL) HAZ *ALOS CCV HSART (VER 2—ACT) ® 
22/8 CT))) /2 O+PIL ee 2" TABETA/2 .O-AT(2) 

ENCLOSZD GY THE CURVE AND THE PLUG REFEPRED TO THE OUTLET 
ABT=AT (I) AR 

EQUIVALENT KAOLUS AT INLET ERC1) 
ER (1) =SGRT CCABT +AP/(NS#2))/BETA*2.9) 

  

  

AREA OF BAND AT THE INLET ENCLOSED BY THE CIRCULAR ARC I AND I-1 
ABAND=BETA® (ERC I) *#2-ER (1-1) #22) /2 0 

DIVIDE A OF THE BAND INTO M~1 EQUAL SECTORS AND ALSO CALCULATE 
THE RADIAL WIDTH OF THE BAND 

ABCD=43AND/(M=1) 
DREERCID-ERCI-1) 
DOA=BETA/CiM=1) 

   

CALCULATE AREAS OF LARGE AND SMALL TRIANGLES AT INLET PLANE 
DDRO.S*#DReRZ*DOR 
ARLT3(1)=0.5* CASCD+DD) 
ARSTS(I)=9.5*(ABCD-90) 

EQUIVALENT TRIANGULAR AREAS AT TI 
ARLTA CI) =ARLT3(1)/48 
ARSTACI)=ARSTECID/AR 

  

EXIT PLANE 

INTERSECTION OF HYPERZOLA I AND YA~AXIS 
XAG, 1929. 
YACZ,1) =PLCID-ACL) 

65 CONTINUE 
CURVE I=2 IS A CIRCLE AND THF CO-GROINATES FOR INTERSECTION WITH 
LIN: INCLINED AT BETA TO YA-AXIS CAN BE FOUND 

YAC(Z,4) SRP *SQRT(129/(1.0+T82)) 
XA(Z,) =YACZ,M) #TABETA 
Go TO 69 

69 YACZ,1)=R? 
XACZ,1) 20.3 

DEFING ORIGIN AT EXIT 
XA(1,1)=0.9 
YAC1,19 20.9 
WRITE (22992) 

2998 FORMATCSX,"THE LIMITING CO-ORDINATES OF CURVES AT EXIT XA/YA *,/) 
WRITEC2,2999) CXACI MD, 
ARITE(Z,2929) CYACL MD, 

2999 FORMAT(7¥,10 (2X ,F5 6) -/) 

  

CO-ORDINATES OF TRIANGLES AT INLET 
po 70 t=2,N 
bo 71 us 
OseQi-1)* 

  

2TAsCH=1) 
RCI) *SINGOI) 

RCI) *CoSs(ou) 
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71 CONTINUE 
70 CONTINUE 

LOCATE CENTROIOS OF LARGE AND SMALL TRIANGLES AT INLET 
00 75 I=2,N-1 
Do 76 J=1,8=1 
KBCLCI+1 441) =(X3 CE 5) + x8 (144 ,5 #xB (141 ,+1)9/3.0 
YBCLCI+1,d¢1)=CY9 CL J) +¥S (141,42 +¥8 (141 ,54+199/3-0 
XBCSC1+7 441) =CX8 CL pd) +X5 (L414 +1) +8 CL 4 +199/320 
YACS(T+1, 341) =CYSCL J) +YE (THI S41) 4¥S (1 4199/3 .0 

76 CONTIN 
75 CONTIN 

    

    

  

MAPPING CORRESPONDING TRIANGLES 4T OUTLET PLANE 
DIFFERENT FUNCTIONS OF 3ETA 

CBETASCOSCEETA) 
CBETAZ=CEETAR #2 
S3ETASSIN (BETA) 
SAETAZ=SSETAREZ 
AZERO=0.0 
00 €0 
do 81 ont 

MAPPING LARGE TRIANGLES 
AR EAARLTA(I+1) 
X12KA (1,0) 
Y1sYA(I,4) 
XZ=KA(I+1,J) 
Y2=YACI41,4) 
IF (4.29.1) GO To &2 

    
pNot 

  

SUBSTITUTE FOR Y3 AND SOLVE FOR X3 USING THE EQUATIONS OF THE CURVE 
AND THE AREA OF THE TRIANGLE 

2G AREA-CX2#Y1-X1 #2) /CX19K2) 
Y2-YUIACK1AK2) 

C3=0K 1**2-Ta2 
C2=-2.0#DM1 0K 142 .090K1 #PL (1 +1) 
C1=OM1*42+PL C141) ##2—-2 0#PL(I+1) #DMT 
SQT=SGRT(CZ*R2—6_O%CECCI-ACI+4) ##2)) 
X3R1=(-C24SQT)/(2.9*C3) 
MBRZ2C$C2—S4T)/ (2.9803) 
Y3R1=DM1-DK14X321 
Y3RZ=DH1-DK14X3 22 

    

      
c 

245 C SELECT THE CO-ORDINATE OF THE THIRD VERTEX 
246 IF CY3R1-LT.¥3R2) GO TO 83 
247 YAC(I#1,d+1) 2382 
268 XACT+1 541 SK 3R2 
249 Go To 84 
250 83 YACI+1,J+1)=¥3R1 

251 XAC1#1,3+195X3R1 

a - A123 -



              

   
   

        

  

252 846 6O TO 85 
233 ¢ 
256 C MAPEING THE INITIAL LARGE TRIANGLES BY SUBSTITUTING X AND SOLVE FOR ¥ 

255 82 oM #AREA=C(X24Y1-X1 #92) /0¥2-¥1) 
236 OK KU=X2)/0Y2-91) 
25% CI=PLCI +1) ##2-TS2*OM1 #2 
236 C2S-2-04PL C141) +20 80K1 xOM1# TE? 
259 C3a1.I-OK 1eezeTs2 
zed ¢ 
261 SAT=SGRTCCZ*H2—4 GCE HC CIAACT#+1) ##2)) 

262 YSR1R(=CZ+S9TI/ (2.0403) 
263 -C2-SaT)/(2.0*C3) 
266 M1-OK Te ¥321 
265 OM I-DKUFY3SRZ 
zs ¢ 
237 C THE THISD VERTEX OF THE TRIANGLE 
268 IF (X3R1.GT-x3R2) Co TO 86 
249 XA CLOT, 541) =X3R2 
275 YACI+1,J341 gre 
271 Go 70 85 
272 86 XACI+1,J¢+1)=x5R1 
273 YACI+1,J+1) 3¥3R1 
27% ¢ 
275 @5 IF (1.6T.2) GO TO 89 
276 C TO “AP SMALL TRIANGLES AT INLET WHERE ONE OF THE CURVES IS CIRCULAR 

   

277 X2=KACI+1,J41) 
276 Y2=YACI+1 ,U+1) 
279 AREASARSTACI+1) 
220 FAT=(2 OAR EAW(X2 #¥ 1-X1 4929) 10K 1-X2) 
28% FRV=CY2=91) /CX19$K2) 

SAT=SARTCCFM14FK1) + #2—-C1OFF KTH 2) *( FAT He 2—RP HZ) ) 
x38 CEM1#FK1) +SQTI/(1 OFF K 1482)    
X3S2=CCRMI*FKID—SQT)I/ C1 OFF K 1842) 

THE THIRD VERTEX OF THE TRIANGLE 
IF (X381.GT.x3S2) Go To 87 
KA CL ,d4+1)=x382 
60 TO 88 

87 XACL,d+4)=x381 
BB YACL,J+1) =FMI-FKTAZACT, J+1) 

    

GO TO 31 

MAPPING SMALL TRIAMGULAR ZLEMENTS SANDED SY HYPERSOLAG I & I+1 

B9 = XZSKACI +1, 041) 

Y2=fACI+1 J+) 
AREASARSTACI+1) 
DM1=( ZAR EAC XZ #V 1X1 412) /CXTHK 2) 

DKT=CY2-¥1)/CK1-X2) 
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302 ¢ 

  

363 C3=ck1*e#2-Te2 
3c4 C2=-2.0*0M1#0K142 .0*0K1 *PL (I) 
3¢5 C1=OM1 #42 +9L C1) ##2-2.08PL C1) #081 
3% SAT=SQRTCC2e*2-4.08C3*# (CIMACT) ##2)) 
3c? X3R1=(-C2+5QT)/ (2.0805) 
3:38 XSRZ3(-C2-SQTI/ (2.0403) 
309 Y3R1SDM1-0K 14K321 
310 YSRZ=DM1-DK1*X3R2 
311 ¢ 
312 C SELCT THE CO-ORDINATE OF THE THIRD VERTEX 
313 IF CY3R1.LT.Y3R2-AND.X3R1.GT.AZERO) GO TO 870 
316 XACL,J+1) =X 3R2 
345 YACL,S+1)5Y5R2 
316 GO TO 81 
317) 870 XACI,J+1)=x3R1 
316 YACL ,J#1)=Y3R1 
319) 81 CONTINUE 
320 80 CONTINUE 
$21.C 
322 C LOCATING THE CENTROIDS OF MAPPED TRIANGLES AT THE =XIT PLANE 

co 90 ohn? 

00 91 J=1,%=1 

  

KACLCI#1, J +1) =CXACE J+ XACI #1, 5) +KACL 41,5 +199/7 20 
YACLCI+1, JT) =CYACE J) YACTH#1, 5 +YACI +1 S41) 9/720 
KACSCT#1, 3+ TD SCKACT J+ XACT ,J#1) XACT #1 041997320 
YACSCI#1, JT) SCYACT J+ YACL Jt1 FY ACI 41 441997320 

91 CONTINUE 
90 CONTIN 

  

C DEFINE X-Y AT THE ORIGIN 
do 95 
XACT J 
Yad 
x31 ,d 
y8Q1,4 

95 CONTINU 
C THE CARD 3ELOW IS USED TO CALL FOR A FRESH PAGE 
€ WRITE(2,2001) 
C2001 FORMAT(1H1) 
¢ 

  

  

C PRINT CO-ORDINATE OF INLET TRIANGLES AND THE EQUIVALENT RADIUS 
WRITE 

2002 FORMAT 
waITE(2,2003) 

ZO03 FORMAT(SX,'1=",5X,"J=1" ,2X," 
46° ,8X,"S=7" 8X, "129", 8X "5 
DO 100 I=1,N 
WRITE(2,2005) C(L, (xB (I,J) ,J=1,),ERCI))) 
WRITEC2,2006) (YBC1,J),J=1,M) 

  

   

  

GF X8,Y5 AT INLET PLANE AND SQUIV RADIUS ER',/) 

* 8X,"3=3" ,8X,1I=b" 8K," 585" ,EX, = 
72K, "AS SHGWN'{/)     

- A125 -



2005 FORMAT(SX,2 
2000 FORHAT(7X,1 
106 CONTINUE 

2,10(2X,F8.6),2%,FE-4) 
G(ZX,F3.6)) 

c 
© CENTROIDS OF THE TRIANGLES AT INLET PLANE AND THE RESPECTIVE AREAS 

wRITECZ,2009) 
Z009 FORAATC//SX,"VALUES OF XBCS,YBCS,XBCL,YSCL AND AREAS OF TRIANGLES® 

en) 
09 105 I=3,N 

WRITECZ,2010) (CCL, CKBCS (1,5) ,d=2 5M) -ARSTS CID)? 
WRITE(2,2011) CYBCS(I J) ,J=2 8) 
WRITE(Z,2010) CCL, CXBCLCE,J) J=2,M) ,ARLT2(1))) 
wRITE(2,2011) CYSCL(L,J),J=2,4) 

34S 201G FORMAT(SK,12Z,5X ,9(ZX,FB~6) -2X,F 826) 
2011 FORMATCISK ,9(ZX ,F8.6)) 

367 105 CONTINUE 
36S C OUTLET PLANE ses cece scene renee ene eenne 
369 wRITE(2,2015) 
375 2015 FORMATC//5K,*VERTICES OF TRIANGLES XA,YA AND FOCAL LENGTH ACI) OF 
371 JHYPERBOLA I',/) 

   

  

372 WRITECZ,2003) 
373 AC2)=RP*(1.5/COSC3ETA)-1.0) 
37% A(1)=0.0 
375 DO 4110 L=1,N 
376 WRITE(2,2025) CCL,CXACT J) -d=1,4),AC1))) 
377 WRITE(2,2950) CYACT,J),J=1,8) 
378 = 199 CONTINUE 
379 ¢ 
3fO WRITEC2,2020) 
351 2020 FORMATC//5X,"CENTROIDS OF TRIANGLES XACS,YACS,XACL AND YABL AND 
332 TAREAS OF TRIANGLES" ,/) 
383 pO 115 I=3,N 
366 WRITEC2,2010) CCI, CXACSCI,J) ,J=2,M) ,ARSTACI))) 
345 WRITE(Z,2011) CYACS(1,J),J=2 6) 
380 WRITE(2,2019) CCL, CXACL (I,J) ,d=2,M) ,ARLTACI))) 
337 WRITE(Z,Z011) CYACL(1,J),J52 8) 
38 115 CONTIN'E 
3e9 c 
390 C MAPPING PER CaNTAGE ERROR IN ARFA AT OUTLET O§TAINED FROM MAPPING 

c 

  

391 C AND GEOMETRICAL VALUE CAA) 
AST=AA/(NS#2) 
OE=CCAST-AT(N)) /AST) "100.0 

  

WRITEC2,2921) DE 
2021 FORMATC//5%,*PER CENTAGE DIFFERENCE OF TOTAL X-SECTION AREA = ° 

TFS .4,//) 

Aekeeseeeeene PLOTTING ON THE RESULTING ENTRY 24ND EXIT PLANES *##eeeee 
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o41 
442 

$43 
he 

445 

446 

447 
646 
449 

459 
451 

CALL GINO THE PLOTTER AND OBSERVE THE ------- 
CALL OPENGINO GP 

SHIFT THE ORIGIN BY SO MM IN TH= X- DIRECTION AND 
BY 30 MM IN THE Y-DIR=CTION FOR THE EXIT PLANE MAPPING... 

CALL SHIFT2(50.0,30.0) 
DEFINE NATURAL ORIGIN TO BE AT (0,0); EACH A4XIS OF LENGTH 100 MM 

CALL AxtPos(G,0.0,0-0,100.0,1) 
CALL AxIPOS(0,0.0,0.0,100.0,2) 

DEFINE SCALING EQUAL AND LINEAR IN BOTH AXCS;1C INTERVALS RANGE O TO 10 
CALL AXISCAC3,19,0.0,10.0,1) 
CALL AXISCAC3,10,0-0,10-0,2) 

DRAW X-AKIS WITH TICK MARKS AT INTERVALS AND SCALING ON 
CLOCKWISE SIDE OF AXIS --- 

CALL AXIDRAC1,1,1) 
THE SAME TREATMENT FOR Y AXIS BUT SCALING ON ANTI-CLOCKWISE SIDE OF AXIS 

CALL AXIDRAC-1,-1,2) 
LAZEL X-AXIS BUT FIRST MOVE PEN TC START POSITION 

CALL mOVTO2(40.0,-15.0) 
DEFINE CHARACTER SIZE: 2.5 NM WIDE BY 3.0 M¥ HIGH 

CALL CHASIZ(2.5,3.9) 
LASEL X-AXIS 

CALL CHAHOL (10HX-A*LXIS*.) 
CALL CHAHOLCIOHIN X 0.1%.) 

MOVE PEN FOR LABELLING Y-AXIS 
CALL MOVTOZ(~15.0,40.0) 

DEFINE ROTATION OF 90 DEGREES FOR ALL FOLLOWING CHARACTER OUTPUT 
CALL CHAANG (90.0) 

LASEL Y-AXIS 
CALL CHAHOL (1QHY-A*LXIS*.) 
CALL CHAHOL(TOHIN X O.1*.) 

RETURN CHARACTER ORIENTATION TO HORIZONTAL 
CALL CHAANG(O.0) 

START ORAWING HYPERSOLIC CURVES AT THE EXIT PLANE NOW >>> -.00-- 
DO 2456 I=2,N 
DO 2451 Jat," 
XXNGSDBYACE J) 
YYNCJ)SKACT,J) 

2651 CONTINUE 
CALL GRACURC(XXN ,YYN,M) 

2450 CONTINUE 

  

DRAW LINES OF SYMMETRY AT THE EXIT SECTION 
CALL #OVTO2(0.0,0.0) 
XXNN=XXN(M) #1020 
YYNN=YYN (4) #10.0 
CALL LINBYZ (XXNN,YYNN) 

NL2=N-2 
JOIN CENTRES OF LARGE TRIANGLES .. 

DO 2640 J=2,m 
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452 

435 

461 

463 
46k 
445 
466 
467 
468 
489 
476 
471 
472 
473 
47% 
475 
476 
477 
478 
479 
460 
aed 
432 

c 
G 

c 

2641 

2462 

2640 

bo 2441 I=3,N 
XXMCL)SYACLCL,J) 
YYMCL)=SXACLOI,J) 
CONTINUE 
K=3 
DO 2442 IK=1,NL2 
HKMT CLK SXXMCK) 
YYM1CIKD=YYMCK) 
K=K+1 
CONTINUE 
CALL GRAPOL CXXN1,YYM1 ,NL2Z) 
CONTINUE 

SHIFT THE ORIGIN FOR THE MAPPING OF THE ENTRY PLANE ~--- 

2461 

2460 

CALL SHIFT2(0-0,130.0) 
CHANGE LENGTH OF AXES AT ENTRY TO ACCOMMODATE DIFFERENT 0.0.°S 
CALL AXIPOS(0,0.0,5.0,140.0,1) 
CALL AXIPOS(O,0.0,0.0,140.0,2) 
CALL AXISCA(3,14,0.6,14 0,1) 
CALL AXISCA(3,14,0.0,16 0,2) 

DRAW AXES FOR THE ENTRY PLANE 
CALL AXTDRAC1,1,1) 
CALL AXIDRA(-1,-1,2) 
LAB=L AXES; FIRST MOVE PEN TO START POSITION R=LATIVE TO NEW ORIGIN 
CALL MOVTO2(50-9,-15-0) 
CALL CHAHOL (11HXB—A*LXIS*~) 
CALL CHAHOL(1QHIN X 0.1%.) 
MOVE PEN TO LABEL Y-AXIS 
CALL MOVTO2(-15 0,650.0) 
ROTATE CHARACTER BY 90 DEGREES FOR Y-LABCLLING 
CALL CHAANG(90.9) 
LABEL Y-AXIS 
CALL CHAHOL(11HY3~A*LXIS*.) 
CALL CHAHOLC1OHIN X O.1#.) 
RETURN CHARACTER ORIENTATION TO THE HORIZONTAL 
CALL CHAANG(O.0) 
START ORAWING CIRCULAR CURVES AT THE ENTRY SCCTION 
DO 2460 1=2,N 
DO 2481 J=1," 
XXNCJ) YB (I,J) 
YYNG BCI ,J) 

CONTINUE 

CALL GRACUR(KXN ,YYN .M) 
CONTINU 
JOIN T 
D0 2470 ” 
09 2671 123,N 
XXM(L)=¥8CL(1,J) 
YYMCIDSXBCL (1,5) 

      

TROIDS OF THE LARGE TRIANGLES BY STRAIGHT LINES 
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550 
551 

c 
c 

c 

2471 

2472 

24670 

2570 
2022 

CONTINUE 
K=3 
DO 2472 I1K=1,NL2 
XAM1 (IK) =XXNCK) 
YYMTCLKD=YYMCK) 
K=K+1 
CONTINUE 
CALL GRAPOL (XXM1,YYM1,NL2) 
CONTINUE 
DRAW LINE OF SYMMETRY BUT MOVE PEN FIRST TO THi ORIGIN 
CALL “ovTO2(0.0,0.0) 
XXNNZYXN CM) #1020 
YYNN=YYN (4) #1020 
CALL LINSY2(XXNN,YYNN) 

CLOSE PLOT ... 
CALL DEVEND 

  

WRITE(2,2022) 
FORMATC10X,"PART TWO BEGINS HERE*) 

To CALCULATE THE EQUIVALENT RADIUS (RE) AT THE OUTLET 
RESSART(CAA+AP) /PT) 
DEFINE THE HOMOGENEOUS STRAIN--EPSILON-H.. 
EPSILOH=ALOGCAR) 
EGSTH=EPSILOK 
CALCULATIONS FOR THE AXISYMMETRIC TUBE DRAWING; NON-FUNCTIONS 
OF THE EQUIVALENT DIE SEMI-CONE ANGLE CALFAE).~..--- 
REZ=REee2 
RBZ=RExe2 

  

v¥ssaRt(3 0) 
BFACTO=1.0/(1.0+YN) 
A MSAN YIELD STRESS OVER THE STRAIN RANGE O TO ZPSILON=H 
IS DEFINED AND THE UNITS ARE IN TONF/S@ IN 
YM=YK*EPSILOH®*YN/ (1.04 YN) 
YHEST=YN 
BFACT=BFACTO 
TERMS APPEARING IN THE MEAN EQUIVALENT STRAIN =XPRESSION FOR THE 
AXISYMMETRIC CASE~ : 

LOGCCR52-RP2) -RP2)) 
LOGCREZ*CREZ=APZ)/ CRBZ* (REZ—RPZ)II/6 20 
B/CREZ-RP2)#eZe(RB Ae 3S—35 CoRBHRPZ+2 CHRP eet) 
B/CREZ“RP2Z)#*2 x(RE#*S—3 CHRERPZ+2 OeRP HHS) 

TERMS FOR FACTORS 12 IN THE EXPRESSION FOR APPARENT STRAIN CALCULATIONS 
FACTOZ1=AL0G( (RA-RP)/(RO+RP) #CREFRP)/ CRE-RP)) 
FACTOZ2=ALOG( (RE2—-RPZ)/ (REZ—RP2)) 
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THE EQUIVALENT DIE SEMI-CONE ANGLES (2,4,6,7,8, 

    

vit 
PERFORM CALCULATIONS FOR 2N ANGLE OF 7 DEGREES. 

@.11) Go To 1111 

    

LONE*PI/180.0 
C ANGLES EXPRESSED IN RADIANS 

SALFAE=SIN(ALFAE) 
CALFAr=COS CALFAL) 
TALFASS=TAN(ALFAED 
COTFAE=1.O/TALFAE 

H OF THE OIE ALONG THE DRAW AXIS 
DIEH=(RB-R=)/TALFAS 

C RADIUS OF THE SHEAR SURFACE AT THE INLET (ROO) 
ROOSSDLEH*RS/ (CALFAE®(RB-RE)) 
RC=RO0R 

      

€ LENS 

    

DIEHH=OL=H/LISC 
WRITE(2,2025) LONE, DIEHH 

2025 FORMATC//SX,*SEMI-DIE ANGLE = ',13," DEGREES*,/5X,*OLE HEIGHT 
T= °,F8.4," INC ",1) 

c BRANCH OFF IF NS=INFINITY , I 
IF (NOSIDE.EQ@.6) GO TO 2571 

  

ROUND TO ROUND 

  

c wastewaters UPPER BOUND PROBLEM FOR POLYGONAL DRAWING *#aeeeeus 
wWRITE(2,2300) 

Z300 FORMATC//15X, "exes ee eee UPPER BOUND SOLUTION FOR POLYGCNAL DRAWIN 
1G seeewnaeee?/) 

c 
C CALCULATION OF RADIAL DISTANCE OF THE PARTICLECR) FROM THE AXIS 
C PHI,NU, --.ETC, AND THE LENGTH OF THE FLOW PATH 
iC 
C CALCULATIONS FOR THE SMALL TRIANGLES AT EXITCA) AND ENTRY(B) 

00 125 1=3,N 
dd. 125 a” 
RASC ,J)=SIRTCKACS C1, J) ee 2+YACS (I,J) *#2) 
RBS(E,J)=SARTCXSCS (I,J) e#2+YECS (1,5 )#*2) 
RRES=RBSCI J) /RC 
THETAS (1,3) =ASINCRRBS) 
DS=ac*(1.C-CALFAE) 
DA=06 
DBSCI,J)=RCACCOSCTHETAS (I,J) )-CALFAE) 

        

If (PHIA.GT.SETA) GO TO 127 
DASCI,J)=DA*(OHE/ (2 .0*COS(PHIA))-RASCI,J))/RAS (I,J) 
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610 

617 
613 

645 
646 
647 
648 
649 
653 
651 

  

127 
128 

125 
125 

GO To 122 
DASCI J) =DA*CDHE/(2 O*COS(BET2—PHIA))~RAS (I,J) )/2AS (1,4) 
PHIBSATANCXSCSCI,J)/Y¥8CS(I,J)) 
PHISBACE,J)=PHIB—PHIA 
2S(L,J) =OLEH+08S(1 ,J)-DASC(I,J) 
LENGTH OF THE PATH OF FLOW IN THE DIE ZONE 

ZTSCL,d)=SORTCCXBCS CL, I-KACSCL, J) )#*2+CYBCSCI J )-YACS (I,J) ) 882+ 
125 (1,3) ##2) 

IPS=SGRT(CRES (I ,J)-RASCI,4) *COS (PHISBA(I,J)))#*2¢ZS (1,4 )¥#2) 
ZITAS(L,J)=ATAN (RAS (I,J )*SINCPHISBACT ,J))/ZFS) 
BETAS CI, J) =ATANCCRES(I,d)-RASCI,J) #COS (PHISBACI,J))/ZS (Ips)? 
CKIS(I,J)=38S (BETAS (Id -THETAS(1,4)) 
CONTINUE 
CONTINUE 

  

  

CALCULATIONS FOR THE LARGE TRIANGLES AT EXIT(A) AND INLET(3) 

132 
133 

131 
130 

2040 

DO 130 1=3,N 
DO 131 J=2,a 
RAL (LJ) =SORT(XACL (I,J) *#24Y ACL (I,d) #22) 
RBLCT,J)=SORTCXACL (I,J) *#2+YOCL (I,J )#*2) 
RRBL=RIL (L,I IRC 
THETAL (I,J) =ASINCRREL) 
D3LCI, Jd =RC#(COSCTHETAL (1,3) -CALFAE) 
PHIASATANCKACLO(I,J)/YACLCI,J)) 
IF C(PHIA.GT.BETA) GO TO 132 
DALCI,J)=DA*(DHE/(2 O*COS(PHIA) )-RALCI,J))/RAL (I,J) 
Gd TO 133 
DAL(I,J)=DA*(DHES/ (2 .0*#COS (BETZ2-PHIA))—RALCI,J) )/RAL CIS) 
PHIS=ATAN(XSCL(I,J)/YBCLOI,J)) 
PHILBACI,J)=PHIS-PHIA 
ZL(1,5)=DIEH+DBLCI,J)-DALCI,J) 

   

  

= LENGTH OF THE PATH OF FLOW IN THE DEFORMATION ZONE 

ZTLCL,J)=SORTCCABCL CL J -KACLCL 3) )#*24(YECL CI p-J)-YACL (I,J) ) 282+ 
ILL, 4) #42) 

ZPLSSORT CCRELCI,J)-RAL CL, J) *COS CPHILSACI J) ))**24Z2L (1,3 482) 
EITALCI,d) SATAN CRAL (I,J )*#SIN CPHILBACI J) /ZPL) 
BeTAL(L,J) =ATANCCRELCI,J)-RAL (I,J) *COS (PHILSACI,J))I/ZL C1 ,4)) 
CKILCL,J)=A5S CBETAL (I,J )-THETAL(I,J)) 
CONTINUE 
CONTINUE 

    

GO TO 2709 
WRITE(2,2060) 
FORMAT(SX,*LENGTH OF PATH OF FLOW IN THE DIE ZONE ZTS/ZTL*,/) 
WRITEC2,2003) 
DO 134 I=3,N 

- A131 -



652 WRITECZ,2061) CI, CZTSCL J) ,J=2,")) 
65 WRITEC2,2042) CZTLC1,J) J= d 
654 2042 FORMATCISX,9C5X,F3.5)) 
$55 2041 FORMAT(SX,12,3X,9(3X,F8 .5)) 
6S6 134 CONTINUE 
657 ¢ 
658 C OPTIMIZATION OF THE SHEAR WORK ; FIND THE VALUS OF T THAT 
659 C MINIMIZES THE SHEAR WORK FACTOR R(S) 

  

  

   

      

650 ¢ 
661 2700 UA=VLA 
6c2 UB=UA/AR 
663 WRITEC2,2045) 
664 2045 FORPAT(5X, "PARAMETER T SHEAR FACTOR R(S)*,/) 
665 ¢ 
666 C GENZRAT= VALUES OF T BETWEEN 0 AND 1 C..------LATER TRY Q----,-1) 
667 © 
968 DO 135 ITGEN=1,10 
057 T=ITGEN*O.1 
676 TP=1.0-T 
671 Rs=0.0 
672 00 135 I=3,N 
673 DO 137 J=2,m 
674 C VALUE OF RCS) FOR THE SMALL TRIANGULAR ELEMENTS 
675 AREASARSTOCI) 
676 THETASTHETAS(I,J) 
$77 €IT ITAS (I,J) 
673 CKISCKISC(I,J) 
679 C RESULTANT TANGENTIAL VELOCITY 
650 URBSCI,J) =U8*SQRTCCCOSCT# THETA) * TANCEITA) / (COS (TP*THETA)*COS (CKI)) 
681 1) # #24 (SIN CT#THETA) COS (T#THETAD *TANCCKI)+COSCT*THETA) *TANCTP*THET 
682 2A))*#2) 
6&3 RSS=URBS(I,J) *AREA/ (UB* COS(T*THETA)) 
S£4 C VALUE OF R(S) FOR THE LARGE TRIANGULAR ELEMENTS 
685 AR EA=ARLTS(I) 
626 THETA=THETALCI,J) 
667 ELTASELTALCI,J) 
688 CKI=CKIL(I,J) 
659 C RESULTANT TANGENTIAL VELOCITY 
690 URBLCL J) =UB*SGRTCCCOSCT# THETA) ®TANCELTAD/ (COS (TP*THETA D*COS (CKI)) 
Cal 1) 42+ (-SIN(T# THETA) #COS (T# THETA) #TAN(CK 1) +COS(T*THETA) *TAN(TP*THET. 
$92 cA) ) #82) 
693 RSL=UPBLCI,J) *AREA/ (UB* COS (T*THETA)) 
094 6 
635 RS=RS+RSS+RSL 
696 137 CONTINUE 
697 «136 CONTINUE 
698 WRITE(2,2046) TRS 
699 2046 FORMATCOX,F5.3,2X,F 10.6) 

o RSV=ERS 
IF CITGEN.EQ.1) GO TO 138 
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752 C SELSCT THC MINIMUM SHEAR FACTOR AS THE COMPUTER PLOUGHS..~..-..--- 
703 IF CRSV.LT.RSM) GO TO 138 
754 Go TO 135 
725 138 RSM=RSV 
706 THST 
707 135 CONTIN 
758 C 

  

709 #RITECZ,2067) TM,RSM 
710 2047 FORMATC//SX,*OPTIMAL T = *,F5.3,5X,"AND MINIMUM R(S) = * 
71 1,719.6 ,17) 
726 
713 T=T4 
714 2S =25" 
715 TP=1.0-T 
716 C CALCULATE SHAPE FACTOR F(S) USING THE OPTIMAL T FOR THE INTERNAL POWER 
77 C 
718 GVALUE=AP/(PI*SALFAE® #2) 

ROOBD=ROOE**2-GVALUE 
R00A=ROOB-DIEH/CALFAE 
ROOAD=ROOA**2—GVALUE 

Fs30.0 
DO 140 1=3,N 
00 161 J=2,6 

= VALUE OF F(S) FOR THE SMALL TRIANGULAR ELEMENTS 
AREASARSTBCI) 
THETASTHCTAS(I,J) 
EITASEITAS (1,4) 
CKISCKISCI,J) 
RAD=RAS(I J) 
ROE=(RC-ZS(1,J))*COS(THETAD 
PHI=PHISBA(I,J) 
BETTY=BETAS (I,J) 
TOLEH=2S (1,4) 

  

SKA=4.0*(RGOA**4/RCOAD* #2) 
SKB=4.0*(R008 x4 /ROOBD #2) 
TKE(1.0+TAN(CKI)# (-T#TAN(T#THETA)+1.0/C0S (CKID+TP*TAN(TPSTHETA))) 

74 Gee? 

  

741 UK=(1.0+8AD#CCS CPHID/ (CRC“ROED *COS (THETAD*SINCTHETA)*COS (CKD) + 
742 TTANCCKID/TANCTHETA) )¥ #2 
743 VKA=(-TANCCKI) * (2 -G#(ROOK*#2/ROOAD) +10 )-T#TAN (T# THETA) +TP*TANC 
744 UTP *THETS) #42 
745 VKS=(-TAN CCK) # (2 -0*(R005**2/RO05D ) +10 )-T*TAN (T*THETA) +TP#TANC 
765 TTPRTHETA)) #92 
747 WK=CCTANCEITA)/COS CCK) )# (-T#TAN CTP#THETAD+TAN (CK) #TAN (THETA) + 
743 ATP #TAN (TP*THETA)~1 .O/TANCTHETA)) #2 
749 XKASCCTANCEITA) /COSCCKI)) ®(2.0* CROOA®*2 /200AD0) +120) Hee 
750 XKB=CCTANCELTA) /COS(CKI)) # (2.0% (ROOB#*2 /2008D)+1.0) )anz 
751 € CALCULATE ROOT (K) FOR SMALL TRIANGLES AND HANCE F(S) 
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ROOTKA=SQRT (2 .0*(SKAFTK +UK) + (VK A HWKFXKA)) 
ROOTKS=SGRT (2.0% (SKB+TK +UK) + (VKB +WKFXKE)) 

ROOTK=0.5*(ROOTKA*ROOA/ROOAD+ROO TKS #ROOB/ROOED )*ZOTEH/ COSC 
FSS=ROOTK*COS (T#THETA) #AREA/COS CTP*THETAD 

    

TH: VALUE OF FCS) FOR THE LARGE TRIANGULAR ELEMENTS 
AR EA=ARLT3 (I) 
THETASTHETAL(L,J) 
ELTASCITAL(I,d) 

=CKIL( I,J) 
ALL, J) 
RE-LL(1,J))*#COSCTHETA) 
KILSACI,J) 

  

   

BETTY 
LOIEHFZLCL 1) 

  

-0*(ROOA*#4/ROOADH*2) 
=0* (R008 **4/R0080*%2) 

TK=C1.0+TANCCKI)* (-T#TAN(T# THETA +1-0/C0S (CKI) +TP*TANCTPTHETA))) 
tee? 
UK= (1 0+RAD#COS (PHID/ CCRC~ROE) *COS (THETA) *SINCTHETA)#COS(CKIDD+ 
TTAN (CKID/TANCTHETA) #2 
VKA=(-TANCCKI) * (2.0 #(ROOA##2 /200 AD) 41-0 )-T*TAN CTXTHETA) +TP*TAN( 

ATP THETA) ) #82 
VKB=(-TANCCKI) (2 .0*#(ROOB**2/2008D)+1.0)-T*TAN (T#THETA) +TP#TAN( 

TTP THETA) #*2 
WKECCTAN CEITA)/COS CCK) )* (-THTAN CTPHTHETAD TAN CCKID +TAN (THETA) + 

ATP TAN CTP*THETA)—1 .O/ TANCTHETA) ) )* #2 
KKA=CCTANCEITA) /COS (CKI)) #02 0% CROOA*2 /ROO AD) +120) ¥ az 
XKB=CCTANCZITA) /COS (CKL)) #(Z-0* CROOB*#2/70089) +10) #¥2 

CALCULATE ROOT (K) FOR LARGE TRIANGLES AND HENCE F(S) 
ROOTKA=SGRT (2 -O*(SKA+TK tUK) + (VKA+WK+XKA)) 
ROOTKE=SGRT (2 .0*(SKS+TK UK) + (VK 4WK4XKE DD 

  

ROOTK=0.5 * (ROOTKA*ROOA/ROOAD4ROO TKE*ROOE/ROOPD )*ZOLEH/COS(BETTY) 
FSL=ROOTK*COS (T*THETA) *AREA/COS (TPATHETA) 

  

FSSFS+FSS+FSL 
141 CONTINUE 
140 CONTINU: 

WRITEC2,2050) FS 
2050 FORMAT(SX,*THE VALUE OF F(S) = °%,F10.6,//) 

FS=FS*1.0/ (2 0*PL*SQRT (3.0) #RBe 82) 

CALCULATE THE MEAN EQUIVALENT STRAIN CEPSILON(M))—-EGSTM AND THE 
HOMOGENEOS SQUIV STRAIN (ZQSTH) 
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c 
c 

a
a
a
n
e
 

¢ 

S 

c 

c 

RS=RS*1 

+E 
M=(UBFABSFS+(2.0/SQRT (3.0) ) *UB*RS) *2.0*NS/VOLF 

TALFAE/SALFAE**2-COTFAE 
TRAPPING VALUES TO SEE WHAT'S UP !t 

  

   
  

EQSTR=2-C#UB*RS #2 .CHNS/ (VOL *SQRT (3.02) +ALFAE/SALFAE**2-COTFAE 
RQSTIN=FS#2.0*NS 
WRITH(2,2090) EQSTR ,2QSTIW 

Z090 FORMATC(SX,*REDUNDANT STRAIN = ",FIO.6/5X,*INTERNAL WORK STRAIN = * 

1,F10-6,/) 
WRITE(2,2051) E@STM,EQSTH 

2051 FORMAT(SX,'THE MEAN EQUIVALENT STRAIN = ',F19.6,//5X,*THE HOMOG. 
1 EQUIVALENT STRAIN = ',F10.6,//) 

wRITE(2,2260) 
2240 FORMATCZ2X, "COEFFICIENT APPARENT YIELD STRESS DRAW FORCE DRAW S 

TTRESS MEAN DIE-PRESS DRAW FOWER DRAW/YIELD MEAN-PRESS/YIELD") 
WRITE(2,2241) 

2241 FORMATC2X,"0F FRICTION STRAIN (TONF/SQ@ IN) “CTONF) — CTONF/S 
19 IN)  CTONF/SQ IN) (H=POWER) STRESS STRESS RATIO*,/) 

TO FIND FRICTION FACTORS I1* AND I2* 

FAI21=2.0/SINCALFAE*2 0 )*ALOSCAR) 
FAIZZ=COTFAE*ALOG CCRA-RP) / (RAtRP)* (REFRP)/ (RE-RP)) 
FAIZ=FAIZ1+FAL22 
ABAR=2.0*3ETA*RB/(M-1) 

GEN-RATE COEFFICIENT OF FRICTION (9,0.02,0-04,-.------2-0,0-1) 
DO 145 ICOEF=1,6 
CMUSCICOEF—1) #0 02 

Go TO 5001 

FI1=0.0 
FI2=0.0 

INTEGRATE THE RESPECTIVE TERMS OVER THE DI1E/TUBSE INTERFACE 
00 146 J=1,"-1 
THETA=THETALCN,J+1) 
EITASGITALON,J+1) 
CKI=CKILON,J+1) 

    

ADBD=SORTCCXACN,J+TI-XACN J) RAZ +CYACN ,S+1)-¥A ONS) D882) 
MEAN SLIDING ELEMENTAL SURFACE AREA 

SLAPEA=0.5* (ADBD+ABAR) *ZTLON J+1) 
FIVSFLI+SLAPEA® (SEN CTHETA) +CMU* COS (THETA) 
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960 
9at 

  

FI2=FIZ2+SLAREA 
146 CONTINUE 

FACTID=(FI1+CMUXDLEH*2.O*BET#*RP)/AA 

FACT20=(FIZ*ALOGCAR)/RED*CALFAE*UB+PLUGTOT / (2-0%NS) )*CMU/VOL 
C FACTORS THUS FOUND FoR COMPLETE SECTION 

ACT10*2.0"NS 
ACT2D#2.08NS 

  

5001 FACTI=((AS—AA)* (1 O4CMUSCOTF PE) +CMUR2.G*PI*RP*UTEH) /AA 
FACT2=FALZ*CHU 

   

      

c 
c FACT2=((AB-AA) *ALOG CAR) /SALFAE+PI#RPADIEH* CT+AR)) #UB*CMU/VOL 
c 
C MATERIAL HARDENING FACTOR ( YM/YMF)...-3FACTOR..- 
€ ALSO AT THIS STAGE CALCULATE THE FRICTION WORK RATIO 

3/04 04ND 
FACT*FACTZ/FACT1 

C HeNCE THE CALCULATION OF THE OBJECT OF ALL THIS w+eAPPARENT STRAIN 
EQSTASEGSTM/(1.0-PFACTO) 

& 
C DEFINE THE MEAN YIELD STRESS  ---~---- YIELDM UP TO MEAN EQUIVALENT 
C STAIN AND YMEAR OVER THE WHOLE STRAIN RANGE CEPSILON-A) 

YMBARSYK*EGSTA®#YN/ (1 .O+YN) 
YIELOM=YK*EQSTM**YN/(1.0+YN) 

c 
C CALCULATE THE DRAW STRESS,FORCE, AND THE CORRESPONDING POWGR OF THE 
C MACHINE ... ALSO THE RATIO OF THE STRESS TO THE MEAN YIELD STRESS 
¢ 

SIGMAZ=YMBAR*EQSTA 
DRAWF=SIGMAZ*AA/LASC 
RSIGYM=SIGMAZ/YMSAR 

c . 

  

DIEPM=EQSTASYMBAR/FACTI 
ROL=YM DIZ°M/YIELDM 
DRAWP=DRAWF #VLA*2240.0/ (550.0%12.0) 

c 
WRITE(Z,2055) CMU, EGSTA ,YMBAR ,DRAWF ,SIGMAZ ,DIEPM,ORAWP ,RSIGYM, 

wRDLZYA 
2055 FORMATCCX ,F5.3,5X ,FBAb LX FB 4 SX p FSG, 4X pF 4 7X FRG, SX pFT 03 SK, 

TFB .5,6X,F8.5) 
145 CONTINUE 

c 
c wanaeateetseekee LOWER SOUND SOLUTION FOR POLYSONAL DRAWING ##eeteuteeeee 
c THE SUB-PROGRAM CALCULATES THE LOWER BOUND SY NUMERICAL INTEGRATION 

WRITE(2,2640) 
2640 FORMATC///,15X,'#4e* THE LOWER SOUND SOLUTION OF SECTION DRAWING * 

ewe?) 
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9G2 ¢ PRINT THE HEADING FOR THe FINAL TABLE OF RESULTS 
903 WRITE(2,2655) 
94 2655 FORMATC//2X,"COEFFICIENT YIELD STRESS DRAW LOAD ORAW STRE or 
gos JE PRESSURE PLUG PRESSURE DRAW/YIELD DIE P/YIELD PLUG P/YIELD® 
9x0 2) 
9c7 WRITEC2,2656) 

99% 2656 FORMATC2X,"0F FRICTION CTONF/SQ IN)  (TONF)  (TONF/S@ IN) (TON 
909 1F/SQ IN) CTONF/SG IN) STRESS RATIO STRESS STRESS") 

CALCULATE CONICAL AND FLAT SURFACE ANGLES ..-.----0 
ALFAC=ATAN((OC1-DHED/ (2 .O#OTEH)) 
ALFAS=ATAN ((DO1-DHE #C OS (GETA))/(2-0*01EH)) 
SALFAC=SINCALFAC) 
CALFAC=COS CALFAC) 
SALFAS=SINCALFAS) 
CALFAS=COS(ALFAS) 
CONSTANTS FOR THE ELLIPSE ~.---------- 
ASE=0501*CALFAC/(2.CHSINCALFAC +ALFAS)) 
BSE=DDOT*SART(CALFACH#2-CALFAS #2) / (2-0 4SINCALFACHALFAS )) 

  

TO GENERATE THE MEAN COEFFICIENT OF FRICTION (¢ 
DO 2645 ICOEFF=1,6 7 
CMU=(ICOEFF-1)*0.02 

  

GpO.02ycawsen Usd?   

    

  

    

NUMERICAL INTEGRATION OF THE DRAW STRESS -.-2----enreernreee 
ACCUMULATIVE SURFACE AT DIECTSURF1) AND PLUG(TSURF2) AND, 
NORMAL FORCE ACCUMULATIVE (SUMF1 AND SUMF2) 
TSURF1=0.0 
TSURF2=0.0 
SUMF1=0.0 
SUMF2=0.0 

FOR NO SACK=PULL, THE NORMAL STRESS AT THE INLET PLANE IS ZTERO--~ 
SIGMAZ=0.9 
CONSTANTS «- 20 cecenrennecoeee z 
CKST=SALFAS +CMUSCALFAS 
CKCI=SALFAC+CMUXCALFAC 
CKS2=CMU 
DLE LENGTH (DIEHH) IS DIVIDED INTO 50 EQUAL ELEMENTS...... 
NH=51 
OZI=OLEHH/(NH-1) 

AL1=AcB/C2.0#NS) 
I REFE S TO THE SECOND FACE OF THE ELEMENT DENOTED GY I-1 
90 2647 1=2,NH 
LESCI-1) #021 
RI=0001/2 .0-ZI*TANCALFAC) 
Y-VALUE OF THE ELLIPSE 
YI=BS eeSQRT(2.O#AS EaZ1*CALFAS-ZIe*2)/ CASE*CALFAS) 
SYRI=YI/RI 
CONICAL ANO FLAT SURFACE INCLUDED ANGLES ALONG 72-XIS 
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CAMDAS=ASINCSYRID 
CAMDAC=BETS-CAMDAS 
AREA AT SECTION ZL. ---+-eeeeneeeereee neces 
AT=O, RI #224 (C05 (CAMDASD#SINCCAMDAS) ©CAMDACD 
GO TO 2645 
CHANGE OF X=SECTIONAL AREA OVER THE ELEMENT I.-.----- 
DAT=-RI#DZI*C( (COS (CAMOAS) *SINCCAMDAS)+CAMDAC)*TAN(ALFAC)*((SSE* 
ISINCCAMDAS) ##2/(ASE*CAL FASR#2*R1)) e(RI* (AS E*CALFAS=2I)/5GRT (2.0% 
TAS EXL1L*CALFAS—Z1=*2)+TANCALFAC) #SGRT(2 -OFASE*ZI*CALFAS~ZI**2)))) 

  

S*BETA #RPP# eZ    

CALCULATE SURFACE AREA OF ELEMENTS -....--- 

  

2646 DAISAI~AL1 
DAST=SSC#SQRT(2.0#ASE*ZINCALFAS-ZI##2)*DZ1/ (ASE*CALFAS*# #2) 
DACI=R1*CAMDAC*DZI/CALFAC 
DASTI=DASI+DACI 
DAS2I=BETASRPP HOLT 
ACCUMULATIVE SIGMAZ/Y(DASTI) AND SIGMAZ/(DAS2I) 
SUMF 1=SUMF 1+SIGMAZ*DASTI 
SUMF2=SUMFZ+SIGMAZ*DASZ1 
ACCUMULATIVE SURFACE AREAS ~----.---.-- 
TSURFISTSURFIFOASTI 
TSURFZ=TSURFZ+DASZI 

DIMENSIONLESS STRESS .... 
DSIGMAZ=(1-O/AI)#(~SIGMAL*DAI# (1 .O-SIGMAZ)# (CKS1#DASI+ 
ICKCI*DACI+CKS2*0AS21)) 
STRESS ON SECOND FACE BECOMES STRESS FOR FACE I OF ELEMENT 

  

   

  

I+t - 
SIGMAZ=SIGHAZ+! 
GO TO 2648 
WRITECZ,2076) YI,SYRL,CAMDAC ,AL,OAI,SIGMAZ,TSUSF1,TSURFZ,SUMFI, 
TSUMF2 

2625 FORMAT (SK,5 (3X,F13 4) ,/5K,5 (3K ,F13 26) 11) 
2648 AT1=AL 
2667 CONTINUE 

ANASAL 
AAS=AAA/(2.08NS) 
ANS=CAAS“AWA) /AAS 
MEAM DRAW STRESS AND FORCE FOR THE LOWER BOUND .....-- 
THE MEAN YIELD STRESS,YMEST, EXPRESSED IN TONF/SQ IN 

IG*AZ*YMEST 
RSIGYM=SIG*AZ 
DRAWF=SIGMAD# ANA®2 ONS 

= MEAN PRESSURE 
PM1=(1.0-SUMF1/TSUR FI) *YMEST 
RPMTYM=PM1/YMEST 
PLUG/SORKPIECE MEAN PRESSURE 
PM2=(1.0-SUMF2/TSURF2)* YMEST 
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RPMZY"=PM2/YMEST 
PRINT COEFFICIENT OF FRICTION 
PRINT DRAW LOADS,STRESSES,DIE AND PLUG PRESSURE. 

  

WRITE(2,2665) CMU, YMEST ,ORAWF,STGMAD,PM1,PM2,2S5IGYM,RPMIYM, 
TRE MZYN 

2665 FORMAT (4% ,F5S.3 8X ,F 8.4 ,204X ,F5-4),2(6X FE -4) 6% FE ~5,2(5X,F 8 5D) 
2645 CONTINUE   

seaeetartaseeeeese THIS ENDS THE LOWER SCUND FCR POLYGONAL DRAW *#*eeeee 
xaetaeenesneree AXISYMMETRIC PROGLEM *enttarectretaeeesere 

WRITE (2,2580) 
2580 FORMATC///,8X,"LOWER AND UPPER BOUND SOLUTIONS FOR AXISYMMETRIC Da 

TAMING" ,//) 
CALCULATE THE MEAN EQUIVALENT STRAINCEPSILON“M) & THE REDUNDANT 
STRAIN CEPSILON-R) - 3 

2571 EPSILOM=AJP+BIP +2 .0/(3-C#VM) #TALFAER(CJP+DIP) 
EP SILOR=EPSILOM-EPSILOH 
WRITE(2,2590) EPSILOH ,EPSILO®,EPSILOM 

2590 FORMAT(SX,*THE HOMOG, EQUIVALENT STRAIN = *,F5.6,/5X,"THE REDUNDA 
INT QUIVALENT STRAIN = ",FB.6,/5X,*THE MEAN EQUIVALENT STRAIN 
2 = ',F8.6,/) 
THE HEADING FOR THE FINAL TABLE OF RESULTS 
WRITE(2,2592) 

2592 FORMATCIIX,*I*,27X,'UPPER SOUND SCLUTION’,25x," 
ISOLUTION® ,6x,°I*) 
WRITE(2,2540) 

2540 FORMAT(2X,*COEFF OF YIELD STRESS DRAW FORCE DRAW STRESS MEAN D TLE~PRESS APPARENT PRESS/YIELD YIELD STRESS DRAW/YIELD PRESS/YI",/ 

   

    76X,"LOWER BOUND   

22x, "FRICTION CTONF/SQ IN) CTONF) = CTONF/QS IN) — CTONF/SQ IN) 5 STRAIN STRESS RATIO (TONF/SQ IN) STRESS  -=-STRESS*,/) 

TO GENERATE THE MEAN COEFFICIENT OF FRICTION 4U=0.00,0.92,.. =10     00 2545 ICOEFFH=1,6 
CMUSCICOEFF=1)*g.02 
EVALUATE THE FACTORS I1 AND IZ ....-ceeeeneene 
FACTOL1=1.C/AA* CCAB=AA) #(1 O+CMU®COTFAE)+CMURZ OeP Te RPHOIEH) 
FACTOI2=CMUSCOTFAEAFACTOZ1+2O*CMU/SIN(ALFAE#2 0) *FACTO22 
USING THE MATERIAL WORK HARDENING FACTOR (8-FACTOR), EVALUATE 
THE PHI-FACTOR, THE APPARENT STRAINCEPSILON-A) ,HENCE TH= APPARENT 
FRICTIONAL STRAINCEPSILON-F) AND THE MEAN STRESSC(YM=3AR) OVER THE 
STRAIN RANGE G TO EPSILON-A ......... 
PHIFACT=3FACTO*FACTOI2/FACTOIT 
EPSILOA=EPSILOM/(1.0-PHIFACT) 
EPSILOR=SPSILOA-EPSILOM 
YMBAR=YK*EPSILOA®*YN/ (1 .04YN) 
HENCE THE MEAN DRAW STRESSCSIGMAD OR THE DIMENSIONLESS DSIGMAD) & THE MEAN TOOL/TUBE PRESSURE(P-MEAN OR D=-MEAN) FOR U-SOUND SOLUTION 
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1052 SIGMAD=YMBAR*=PSILOA 

      

1053 DSIGM#D=EPSILOA 
1056 PMEAN=SIGMAD/FACTOIY 
1555 OMEAN=PMEAN/YMBAR 
1056 ¢ 
1057 DRAWF=SIGNADEAAA 
c53 ¢ 

1059 ¢ THE LOWER SOUND FOR AXISYMMETRIC CASE IS NOTHING SUT..-...--- 
1060 ¢ WATCH OUT IF THE MEAN COEFFICIENT OF FRICTION IS 0.COQC000 
1061 IF CICOGFF.G9.1) Go To 2507 
1062 BUTA=2.O*CMU*COTFAE 
1043 OLSIGHA=C1.0+8UTA) /BUTA #(1.0-C3HA/BHS) **6UTA) 
1066 69 TO 25¢3 
1055 2507 DLSIGMA=ALOG(SHSB/BHAD 
Wee 2568 DLPRESS=1_0-DLSIGMA 
1067 SIGMAL=YM*OLSIGMA 
1063 PRESSL=YM*OLPRESS 
1065 ¢ 
1070 WRITE(2,2555) CHU, YMBAR ,DRAWF,SIGMAD,PMEAN,EPSILOA,DMEAN,YM, 
1071 TOLSIGHA,OLPRESS 
1072 2555 FORMAT(LX,F5.3,2(5% ,FBA4) ,4X F524, 7X,FB 64K ,FS 25,3, FB -5,5X FB ub, 1073 WGK FBG, 2K, FB A6) 
1074 2545 CONTINU 
1075 Cc 
1075 ¢ kettteneeereeeenenss END OF AXISYMMETRIC SOLUTION #eteeenesneneeeex 
1077 9-120 CONTINUE 
1073 60 CONTINUE 
1079 STOP 
1080 END 
1041 FINISH 
1022 wae 

*RARRARRRARARIRRARRERARAARRARRARARRARARRARAP AA ARRRRARRRARARK ARARAARAAPRER A RRRARRRRPRRARR 
*RRRR ERR RRRRAARRARRARRRRRARRERRRRARRR RAK RRARARRARARRARK 
*RRERIAR NUMBER OF PAGES 22 RRARRR ARARRRARARRARR AARRARRARAA RAK RARARRARRRRARR SRRRRARR RRPRRRRRARRRA RE RARRARARARRARRARRAA ARARRARRARAAPR! *RRRRPRERARRRARRRRAARRARAARARARRARARARRARRARRARRRARARARRARRRARRA RRA AK RRAR A RARRERRARARRARRRI 
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A-14 THE AXISYMMETRIC TUBE DRAWING SOLUTIONS CORRESPONDING TO 

THE POLYGONAL TUBE DRAWING ON A CYLINDRICAL PLUG 

In tube drawing the depth of metal shearing at the entry and 

exit to the deformation zone is small. Hence, the redundant work 

calculated at both the exit and the entry shear surfaces will not 

differ appreciably whether the velocity discontinuity assumed is 

tangential to a spherical, a conical or a plane surface. Furthermore, 

the range of the die semi-angles is restricted to 20° (78). A plane 

surface of velocity discontinuity and the convenient cylindrical 

co-ordinate system (r, 9, z) were, therefore, selected for the 

theoretical analysis of the axisymmetric tube drawing. 

A-14.1 Upper bound 

For the axisymmetric case equation (3.69) gives the mean 

equivalent strain, 

2 Re 2 Ro? <i 2 
aa b Pp a e a b Pp 

Co Ree be) RoR? 
e p b e Pp 

+2) tan 1c, (A-14.1) 

3V¥3 i 

    

[p> = anyayt © ae 
e ep Pp 

  

% epee) Ry a 

The factors I, and I, in equations (3.52) and (3.56) reduce to 

i 
1 = A, {4 = apa P ua cota.) © is . 27 ay} (A-14.2) 

Roe Fe Be +R 

=u cota, in RoR aa 7 

Pa. (A-14.3) 

R?-R? 
Die eB au, cosec ac, in RS Z a? 
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draw stress is evaluated from equation (3.62), i.e. 

  

Toute 

€ 

[nam = 8) 

Ty 
as given by equation (3.59) and equation (3.57) where ¥ = B rE 

w 

  hi ft = gives the value of B Tae 

The mean pressure PL is obtained from equation (3.61), 

pene | eae 
1-¥ 

A- 14.2 The lower bound solution 

The integration of equation (3.82) for the axisymmetric tube 

drawing reduces to 

Be 

h 
seg eeeto Be a8, Oog a Be L (3: (A-14.4) 

Where, B¥ = 2 ta ere, 6 H, cota, 

are the wall thicknesses of the exit equivalent circular tube h 
a 4B 

and the inlet tubular stock respectively. 
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A-15 COMPUTER SUB-PROGRAMS TO CALCULATE THE 

MEAN COEFFICIENT OF FRICTION IN POLYGONAL   

TUBE DRAWING USING EQUATIONS (4.10) AND (4.19) 
 



  

A-15.1 Evaluation of mean coefficient of friction by the 

semi-analytical method (equation 4.10) 

MASTER SEMIMETHOD 
A compu PROGRAM TO EVALUATE THE EXPRESSION TO DETERMINE THE 
MEAN COEFFICIENT OF FRICTION AND THE MEAN PRESSURE IN THE 
SEMI-ANALYTICAL METHOD BASED ON AN EQUIVALENT CONICAL DIE 
SPECIFY THS OLAGONAL LENGTH OF THE OUTPUT STOCK HAsHE=1.0CG INCH 
THE EGUIVALENT DIE SEMI-ANGL= CALFAE IN DEGREES) 
READ(1,299) DHE ,IKONE 

299 FORMATCES.3,2X,12) 
c SPECIFY THE DRAWING VELOCITY CINCHES/SZCOND) AND THE STHESS-STRAIN 
c CHARACTERISTIC OF THE UNDRAWN METAL, SIGMASK*EPSILON*#N, WHERE K 
c IS IN TONS/SQ.IN 

READC1,200) VLA,YK,YN 
200 FORMAT(3FO.0) 

PI1=$.1615927 
c NUMBER OF TESTS SO FAR cos-e----,1DATE 

READ(1,202) IDATE 
202 FORMATCI3) 

    

n
a
a
n
 

    

  

   

          

    

c 
ic THESE SET OF CARDS WRITE THE HEADINGS FOR THE OUTPUT....-IGNORE 

c WRITEC2,2000) 
CZ000 FORMAT(2X,"0RAW DATE SIDES OF INPUT TUBE SIZ& OF EQUIVA 
c ILENT REDUCTION FLOW STRESS DRAW STRESS MEAN PRESS MEAN*,/2X, 
¢ 2*TEST ‘OF POLYGONAL 0.D.(IN) X PLUG DIAM SINK OF A 
c FREA (SIGMA-F) (SIGMAD) (P-MEAN) COEFF OF*,/2X, "NO. 
¢ SDR Aw TUBE (NS) GAUGE CIN) cin) (1000 IN) (PER CENT) 
c STONF/SQ IN  TONF/SQ@ IN TONF/SQ IN FRICTION',/) 
S 
c wer 2,2002) 
C2002 FIRMAT(2x,"ORAW DATE SIDES OF INPUT TUBE SIZE OF EQUIVA 
c JLENT REDUCTION FLOW STRESS DRAW STACSS YIELD STRESS MEAN* ,/2X, 
c 2°TEST OF POLYGONAL 0.D.CIN) xX PLUG DIAM SINK OF A 
¢ REA CSIGMA-F) (SIGMAD) CY-NEAND CCEFF OF", /2xX, "NO. 
¢ LORAW TUSE (NS) GAUGE (IN) (IN) (71300 IN) (PER CENT) 
c STONF/SQ IN TONF/S@ IN TONF/SQ IN FRICTION*,/) 
¢ 

WRITECZ,2001) 
2001 FORMATCIX, "DRAW EQUIVALENT REDUCTION FLOW STRESS DRAW STRESS 

J MEAN PRESS HOMOGEN REDUNDAN HOMOG REDUND FRICTI MEAN Sa APPARE',/ 
21x, °TEST DIAM SINK OF ARE (SIGMA-F) = (SIGHA-D) = (P>MEAN 
           WORK WORK STRN STRAIN STRAIN STRAIN STRAIN',/1X,°NO} 
4 (NS) (/1900 IN) (PER CENT) TONF/SQ IN TONF/SQ IN TONF/SQ IN ¢ 
SW) Cus) CEH) (eR) CEP) cam) Clad" A) 
READ THE DATA FOR INDIVIDUAL POLYGONAL TUBE DRAWING FROM ROUND 
THE INPUT DATA INCLUDE THE TEST NUMBER,DATE OF THE DRAW ,POLYGONAL 

TUSE O.D. X GAUGE, PLUG SIZE, DRAW STRESS, AND TH® FLOW 
S OF THE DRAWN MATERIAL ......... 

09 60 ITEST=1,IDATE 
READC1,205) NOTEST,IDAY ,IMON ,1YEZAR ,NOSIDE,TUBEOD,TGAUGE ,PSIZE, 
ISIGMAD,SIGMAF 

205 FORMATCIS ,4(2X,12) 202% ,F6.4),2X,F5.3,2(2X,F7-4)) 

  

a
a
e
a
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CALCULATIONS FOR SECTION PARAMETERS, INCLUDFD ANGLE (BETA) ,PLUG 
RADIUS (ZP), INLET AREACAB) OUTLET ARFACAA) AREA RATIOCAR) PLUG 
AREACAP) ,REDUCTION OF AREACRED) EQUIVALENT SADIUS AT EXITCRE) 
NS=NOSID 
3ETA=PI/N 
DOI=TUBEOD 
T1STGAUGE 
RPSPSIZE/2.0 
OTHERWISE FOR CLOSE PASS DRAW IN GENERAL RP=O.5*T1#(D01/TI=2.0) 
IF (NS.2@.99) GO TO 101 
SPARAM=NS*COS (BETA) *SIN(BETAD/4 .0 
62 TO 102 

101 SPARAM=PL/4.0 
102 CK=0.5* (129-2 0 «RP /OHED 

AB=PI*T1e*2*(D01/T1-1.0) 
AASDH Ew #2 * (SPARAM=91#0.25 #01 .0-2 08CK) #2) 
AR=AB/AA 2 
APSOT#RP ae? 
RED=1.0-1.0/AR 
RED100=RED*100.0 
CALCULATE THE EQUIVALENT RADIUS AT THE EXIT SECTION 
RESSQRT(CAS+AP) /PI) 
R3=001/2.0 

2/2.0 
NOMINAL DIAMETRAL SINK -----.---0-00e-FQSINK 
RPCLOSESC 5*T1* (D01/T1-2.0) 

  

    

              

TALFAG 
COT 

  

-O/TALFAE 

CALCULATION FOR THE MEAN COEFFICIENT OF FRICTIGN AND THE MEAN 
PRESSURE STARTS FROM HERE DIE LENGTH =DIEH 
DIEH=(RB-RE)/TALFAE 
WI=SIGMAD 
CALCULATE THE MEAN EQUIVALENT STRAIN CEPSILON-“) CORRESPONDING TO 
THE FLOW STRESS, ANO THE MEAN APPARENT STRAIN (EPSITLON~S) AND 
ENCE THE FRICTIONAL WORK (WF).---...... 
EPSILOM=EX? (1.0 /YN*ALOG (SIGMAF/YK)) 
EP SILOA=EXP (10/01 .C+YN )*ALOGCWT#(1.OFYND/YE)) 
WE=_T-YK/C1.0+YN) #EPSILOM*#(1.0+YN) 
EPSILOH=ALOG(AR) 
EPSILOR=EPSILOM-EPSILOH 
EPSILOF=EPSILOA-ZPSILOM 
WH=YK/(1 O+YN)* ZPSLLOH* *C1+YN) 
WREWT-WE-WH 

WHETE WF AND WR ARE THE HOMOGENEQUS AND REDUNDANT “ORK RESPECTIVELY.. 
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G ¢ DETERMINE THE MEAN COEFFICIENT OF FRICTION (CMU) 
¢ THE DENOMINATOR(CMUDE) AND THE NUMERATOR(CMUNU) 

CHUNU=WF*RED/ (19-2 ED) 

m
e
r
 

R
U
N
A
G
S
H
I
O
 

U
P
 
a
N
S
 

CAUDE 1=W7*(2.O/SINCALFAE=2 .0)*AL0G (AR) HCOTFAE®ALOG C(RB~RP)/ CRBTPP) 
Je (RE#RP)/(RE-RPI)) 

F/AAx CCAS~AA) *COTFAE42 Oxpl*RPwOLEH) 
   

  

CMU=CMUNU/CHUDE 
¢ TO CALCULATE THE MGAN PRESSURE(P-MEAN) EVALUATE THE FACTOR I1.... 

FACTI D/C O-RED)# (1 OD +CMURCOTFAE) +2 DePI*RPeOTEH/AA 
PMEAN=SIG"AD/FACTIY 

ING THE RESULTING MEAN YIELD STRESS OVER THE STRAIN 
RANGE OQ TO EPSILON-N .. 
YMEAN=YK/(1.O+YN) #EPSILOA®*YN 
YABARTYMZAN 
YSIGMA=SIGMAD/YMEAN 
Y>MSANSPMCAN/Y! 

    

1 
1 
1 
1 
1 
10, 
awe 
1 
1 
1 
1 
1 
1 
1 9°

 

  

    

TABULATE THE RESULTS ~-------2-- 
WRITE(2,2595) NOTEST,IDAY,IMON, IYEAR,NO SIDE ,TUSEOD ,TGAUGE,PSIZE,- 
TEISINK ,RZD10G ,SIGMAF,SIGNAD ,PMEAN,CMU ,YPMEAN 
TEQSINK ,RED1CO ,SIGHAF,SIGMAD ,YMEAN,CMU -YSIGHA 

2OCS FORMAT (2X ,13,2X 2012p 91") p12 22K p12 4K pF 6 a4 1X5 Xp IX HFG ob 3K F503 y 
WOK FOV, 7K GES 02 SCAN GFT a8) OX pF 6 0b 2X F606 

ANEW ScT OF WRITING 
WRITE (2,2006) NOTEST,NOSIDE,£QSINK ,REDTCS,SIGMAF,SIGHAD ,PMEAN, 
in ,WR,EPSILOH,EPSILOR ,EPSILOF ,PSILOM,EPSILOA, WF 

2006 FORMAT CIN, 13,3% p12 5K pF 4.1 6X pF 5S 02 OX oF Toh 2 (5 Xp FT 04) 92 (2X, FT Ab), 
16 (2X F523) -3X ,F 5-3 1X F724) 
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c 
60 CONTINUE 

STOP 
END 
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15.2 Evaluation of mean coefficient of friction by the 

split rotating die method (equation 4.19) 

MASTER SPLITOIE 
COMPUTER PROGRAM TO EVALUATE THE MEAN COEFFICIENT OF FRICTION FROM 
THE SPLIT ROTATING DIE EXPERIMENTS 
THESE SeT OF CARDS PRINT THE HEADINGS FOR THE INPUT AND OUTPUT VALUES 
wRITe(2,2050) 

2000 FORMAT(ZX,"ORAW DATE SIDES OF INPUT TUBE SIZE OF EQUIVA 
JLENT REDUCTION DRAW AXIAL MEAN APPLIED CHECKING* 
2,/2k,*TEST OF POLYGONAL 0.D.(IN) X PLus DIAM SINK 

FORCE THRUST COEFF OF TORQUE TA QUADRATIC EQUA® 
TEST TUBE (NS) GAUGE (IN) CIN) (74000 IN) 

(PER CENT) PCTONF) QCTONF) FRICTION (TONF-IN) CMUT CMU2",/ 

READ THe INPUT DATA. = AXIAL DRAG AT THE DIE (@) AND THE DRAW 
FORCE (P). ALSO THE TEST NUMEER,DATE,TEST TUS SPECIFICATIONS 
AND THE PLUG SIZE 

PL=i.1415927 
USING DEGREES DEFINE THE SEMI-ANGLE OF THE CONICAL DIE CALFA-D) 
AND THE SEMI-ANGLE OF THE PLANE SURFACES OF TH= SPLIT DLE CALFA-S) 
FOR THE PARTICULAR DESIGN 
THE MEAN RADIUS OF THE SPLIT DIE R-MEAN (INCHES)3 DIAGONAL LENGTH 
DHE (=HA) 
READ(1,299) ALFADALFAS ,2MEAN DHE 

299 FORMATC4FO.0) 
RZA0(1,200) ITDATE 
DO 60 ITEsT=1,ITDATE 
READ(1,205) NOTEST,IDAY ,IMON ,LYEAR ,NOSIDE,TUSEDD ,TGAUGE ,PSIZE, 
PORAW ,QAXIAL,PLUGFO ,AFORCE 

205 FORMAT CIS ,4 (2x ,12) ,202X ,F604),2K pF 5-3-6 (2X F704) 
200 FORMAT(I2) i 

CALCULATION OF SECTION PARAMETERS, INCLUDED ANGLE (BETA) 
PLUG RADIUSCRP) INLET AREACAS) ,OUTLET AREACAA) AREA RATIOCARD, 
PLUG AREACAP),AND THE REDUCTION OF AREACRED) .. S 

NS=NOSTDE 
dot=TUBEOD 
11 GAUGE 

SETA=PI/NS 
RP=PSIZE/Z. 
SPARAM=NS «COS (BETA) #SIN(SETA)/4.0 
6K 29.54(1.0-2 0 *RP/DHED 
ABSPI*T1*#2*(D01/T1-1 0) 
AASDHER*Z* (SPARAM=PI*0.25* (1-0-2 .0*CK) ##2) 
AR=AB/AA 
A TeRP ee? 

RED=1.0-1.0/48 
RED10C=RED*10C0.0 
RPCLOSE=C.S*T1*(DO1/T1-2.0) 
NOMINAL DIAMETRAL SINK EXPRESSED IN 1/CO0 OF AN INCH.~-..-- 
EISINK =(RPCLOSE-RP) *1000.0 
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101 

102 

2005 

69 

  

ALFAG#PI/130..0 
ALFAD=DALFAD*PI/180 .0 
CALCULATC THE MGAN COEFFICIENT OF FRICTIONC(CMU) AND THE 
CORRESPONDING APPLIED TORQUE TA (TONF-IN) 
P=PDRAW 
Q=P-PLUGFO-AFORCE 
TALFAH=TANCALFAE) 
TALFAD=TANCALFAD) 
A=1.0 

P/Q)*(1.0/TALFAE+TAL FAD) 
P/G)*(1.0-TALFAD/TALFAE) 

T2QUAD=SGRT(Bx*2~4 0A8C) 
CMU1=(=B-T2QUAD)/ (2 0A) 
Cuu2=(-8+ UAD)/ (208A) 
TO CALCULATE THE APPROPRIATE VALUE --+---0-+--- 
IF (CMU1.GT.cMU2) SO TO 101 
Cuusceu2 
G9 TO 102 
cmU=CHUt 
WITH CORRECT VALUE OF CMU, EVALUATE THE APPLIED TORQUE 
TNUMS1.0-CCMU+TALFAE) /C1.0-C8USTALFAED 
TASRMEAN* CMU®P/COSCALFAD) #1 ~O/TNUM 
CALCULATE THE MZAN PRESSURE 
DEFINE THE DIE LENGTH L (=DLEH) 
DIEH=0 .5*(D01-DHExCOS (BETA) ) /TALFAE 
R3=001/2.0 
SINTHET=1.0-DIEH/RB*TAL FAE 
THETAI=ASIN(SINTHET) 
AS=NS#RSH#2/(4.0#SINCALFAE) ) #(-SIN(2.0*THETAT) +2.0* (PI/2.0-THETAT) 

») 
PMEANS=P/(A3S#(1.0-CMU*#2 )*#SINCALFAE)) 
TABULATE THE RESULTS ---.------ 

        

WRITE(2,2095) NOTEST,IDAY ,IMON,IYEAR ,NOSIDE ,TUSEOD,TGAUSE,PSIZE, 

JEQSINK ,REDIOO ,PORAW ,GAXIAL ,CHU,TA,CMU1,CMUZ ,PM EAN 
FORMAT (2X ,13,2X,2(12,°/ ") p12 4K p12 ,4K F624 1K, X*,1X,F 6 -4,3% F523, 

10K pO, 7X eFS 92 2OK AFT wh 202K pF WS) 4K pF Bab SVK FT A4)) 

CONTINUE 
STOP 
END 
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A-16 Hydraulic drawbench: Assembly and design of equipment 

t Footnote 

The work set out in detail in this section took a 

substantial fraction of the research time. Initially, 

the object of the research incorporated the installation 

of the tube drawing rig, design and manufacture of the 

equipment to measure the required draw parameters. 

However, the persistent shortage of the technical 

assistance forced the work on this bench to be abandoned 

eventually and the entire experimental work, therefore, 

was carried out on the operating 'Brookes' bench. At the 

time of typing the thesis, all the parts had been 

manufactured and it remained only for the calibration of 

the load and speed measuring transducers and the final 

inspection of the hydraulic system.



A-16.1 INTRODUCTION 

The experimental investigations of the drawing of polygonal tube 

from round stock was initially to be carried out on two separate 

benches. An assembled "Brookes" drawbench with instrumentation (see 

Frontispiece) and a newly installed bench acquired from the 

Department of Mechanical Engineering, Sheffield University (see 

Plate A-16.1). The design capacity for the two benches is 30 tonf, 

but there are differences in the operating performances and the 

length of their strokes. 

A-16.1.1 "Brookes" hydraulic bench 

The drawbench has a stroke of 54 in and a speed of 0 to 15 ft ni 

The bench previously used to draw polygonal bars from round stock and 

polygonal tubes from round on the corresponding polygonal plugs (2, 1), 

was complete with instrumentation. In addition, the drawbench was 

fitted with a split rotating die rig for the direct determination of 

the mean coefficient of friction and the mean pressure. 

The technical specifications of this bench are reproduced in 

Appendix A-6.1. 

The bench in operation is not as stiff as the "Sheffield" bench. 

When drawing, the dog was observed to lift off the bench, thus 

imparting a bending moment to the drawn tube. The dog assembly 

connected to the load cell through a trunion pin; the load cell was 

in turn, bolted to a cross-beam that pivoted freely between the tie- 

bars. The tie-bars were fixed to the head of the ram of the 

hydraulic cylinder and ran freely on the flanged wheels. The wheels 

tended to lift off the track especially when the rotating die was 

used. 
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A-16.1.2. "Sheffield" hydraulic drawbench 

This drawbench designed for drawing tubes of 24 in diameter 

and to withstand a load of 30 tonf at 100 ft eine has a stroke 

of 120 in. 

The technical details of this bench are given in Appendix A-6.2. 

The carriage runs along the centre line between the beams 

fixed to the side frame of the drawbench. The sliding brass 

collars have just the minimum clearance needed to allow free 

relative motion. Therefore, during drawing, the carriage was 

restrained from lifting off the centre line of the bench. 

To restore the drawbench to its operational condition, the 

main motor, the oil reservoir and some of the low pressure piping 

were required. The rest of the ‘chapter’ describes briefly the work 

done on the bench and the design of the essential equipment. The 

mechanical drawings of these components are given in Appendix A-17. 

A-16.2 ASSEMBLY 

The bench as received was disconnected and, therefore, the task 

undertaken included the installation, modification and the 

manufacture of equipment to measure the various parameters to 

verify the theory for the drawing of polygonal tubes from round 

stock. The drive motor and respective starter, the oil reservoir, 

and the low pressure pipework to the pump and the exhaust line, were 

acquired separately. 

A platform of steel U-channels was constructed to mount the 

motor and the oil reservoir. Gravity flow to the pump was found 

adequate; the infeed pipe from the reservoir passed through a square 

manifold, fabricated in the Departmental workshop, before branching 
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off into the four pump inlets. 

The condition of the seals and the valves was examined visually 

and the piping generally cleaned. To economise in space, the pipe 

layout was placed under the bench; this necessitated some bending and 

cutting of the pipes. These pipes were bent cold to avoid formation 

of scale and consequential weakening if heat had been used. General 

precautionary measures were observed also when cutting the pipes to 

ascertain that no abrasive particle or dirt was trapped in the pipe. 

The temperature rise of the chain drive was not of great concern; 

periodical greasing of the chain replaced the initial cost of continuous 

lubrication. The power available to the drive, 50 hp,. was less than 

a half of the design value. Furthermore, the work in the laboratory 

was intermittent. 

A-16.3. MODIFICATION OF THE DRAWBENCH AND THE DESIGN OF EQUIPMENT 

In the drawing tests, the following parameters were measured: 

(i) the draw load 

(ii) the torque at the tag end 

(iii) the draw speed 

(iv) the plug load 

(v) the load at the die and 

(vi) the mean coefficient of friction. 

In order to fit the equipment for the measurement of the above 

quantities, some modifications of the drawbench were necessary. 

These included: 

(1) the thrust block assembly to hold the die, the die load cell 

and the split rotating die rig (see mechanical drawings on 

pages A155,A156 and A157). 

(2) the dog assembly to transmit the draw load and the torque 
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reaction to the tag load cell (see mechanical drawings on 

page A158) and 

(3) the thrust blocks at the tail end of the bench to hold the 

plug load cell (see mechanical drawings on pages A159 

and A165). 

One major consideration put into the design of the thrust block 

assembly at the die was to keep the tag length of the tube as short 

as possible, to avoid wasting stock and to reduce the cost of 

tagging. 

One plug thrust block consisted of a single plate fixed to the 

rear of the bench. The other block fabricated by welding four parts 

together, could be bolted anywhere on the U-channel between the rear 

of the bench and the die thrust block, depending on the length of 

the plug bar. 

A-16.3.1. The dog assembly 

The dog assembly consisted of a trunion pin, two jaw side 

holders, the block housing and the jaws. The conventional wedge-type 

jaws were used to grip the tagged tubes. 

The jaw side holders fitted the ends of the trunion pin where 

it protruded from the cross-holes of the load cell at the tag, and 

carried the drawing force and the torque reaction, and formed the wedge 

angle for the jaws. These side jaw holders fitted inside the 

rectangular housing which resisted the splitting force in the jaws 

and held them in alignment against the torque.reaction, but they did 

not carry any direct drawing force. 

The dog pivoted freely on the trunnion pin and a wheel was attached 

therefore to support it when not drawing. The height of the wheel was 
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such that it lifted clear off the track during the working stroke 

and did not interfere with the self-alignment of the load cell. 

To a lesser extent this arrangement reduced unnecessary pre-loading. 

A-16.3.2. The measurement of the drawing parameters 

The draw force and the torque were measured by a load cell at 

the tag holder of the drawbench, the plug force was measured by a 

load cell fixed at the rear of the bench and a ring load cell at 

the die thrust block measured the die load. The draw speed was 

obtained by a direct method, based on the measurement of finite 

distances and the time to cover them. The determination of the 

mean coefficient of friction by the split rotating die rig was 

carried out on the "Brookes" bench, but the rig could be transferred 

readily to this drawbench with a modified driving system. 

A-16.3.2.1. The load cells 

The load cells were designed for a nominal maximum of 0.1% 

strain in the active direction of the gauges, under the maximum 

expected loading conditions. They were heat treated and lapped 

before bonding the gauges. The three load cells are: 

ql) the load cell at the tag (see mechanical drawing on page A160). 

(2) the load cell at the plug end (see mechanical drawing on 

page A164) and 

(3) the ring load cell at the die (see mechanical drawing on 

page A166). 

A-16.3.2.1.1. The tag load cell 

This load cell, in addition to measuring the draw force, was designed 

also to measure the rotational torque. At a combined maximum draw load 

of 30 tonf and a torque of 500 lbf-in, the principal strains in the 

respective directions of the gauges were slightly less than 0.1%. 
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One end of the load cell was connected to the dog through a trunnion 

pin, while the other flanged end was bolted to the cross-plate of 

the sliding carriage. This load cell was fixed to the plate by 

passing it through from the rear. The clearance between the brass 

collars of the carriage and the two parallel beams along which the 

carriage slides is just the minimum distance required. Therefore, the 

movement is only very slight and is a characteristic of a stiff bench. 

The cross-plates on the carriage were modified to withstand the torque 

reaction in addition to the direct load (see mechanical drawings on 

page A159). 

A-16.3.2.1.2 The plug load cell 

The load cell was machined from a cylindrical block with a 2 in 

bore and designed for a maximum strain of 0.1% for a load of 10 tonf. 

One end of the flanged cell bolted to the rear plate of the drawbench 

with the axis aligned with that of the die. 

A-16.3.2.1.3 The die load cell 

The load cell designed for a maximum axial load of 30 tonf, 

consisted of a continuous ring of a square cross-section. On one side 

were eight integral supports equally spaced and on the other side were 

an equivalent number of the equispaced supports in positions equal to 

half the pitch. The ring was thus formed from a continuous series of” 

circumferentially shaped beams which strained in terms of bending 

and torsion when subjected to an axial thrust. The stress and 

strain distribution, and the stiffness of this type of load cell is 

discussed elsewhere in detail by Basily (2). 

One set of the sectoral supports was bolted to the thrust 

block and the other set to the die holder plate. Care was taken 

to ensure that the presence of threads did not affect the stress 
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distribution at the points at which the strain gauges were bonded. 

A-16.3.2.2. The draw speed measuring device 

An aluminium angle of } in x } in x § in with a row of 2 mm 

diameter holes spaced at 4 in intervals, was fixed to the side 

frame of the drawbench. The photo-cell and the light source were 

mounted on a bracket on the carriage which was fixed to the ram of 

the hydraulic cylinder. Thus the light activated switch receives 

intermittently the illumination, for every 4 in movement of the 

ram. 

The pulses from the photo-cell are recorded on the u-v chart 

against the time signals of the quartz timer installed in the 

recorder. The time lapse between the signals is, therefore, 

measured accurately and the mean draw speed derived. During the 

experiments, the time is set to give a pulse every 0.1 s depending 

on the drawing speed. 
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Sliding carriage 

   PLATE A-16.1 

'Sheffield' hydraulic drawbench



MECHANICAL DRAWINGS OF PARTS 

FOR THE 'SHEFFIELD' DRAWBENCH 

ASSEMBLY AND OTHER TUBE DRAWING 

ACCESSORIES
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Orawn:Maranga 20/3/80 |Draw 51/80 

NOTE te aa 
Generanrals lee Material: Mild Steel No. of, darts 1 of each 

Dimensions: all inches | Scale: 1:2     
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Title: Ore load cell 

  

  
  

  

NOTE 
11] Unspecified Tol. + 0-005 
12) Angular Tol. + 01° Orawn: Maranga 23/3/80 |Oraw 379 

Material: EN 32 No. of parts 1 
      Dimensions: Inches Scale: 1:1 4 

 



- 
L
O
T
V
 

- 

  

Sify 
A gy VI. 
a 

~U4R 

tls 
  

  

  

  

— 2 

eee     
  

Title Taggng de 
  

  
  

Drawn: SM. Marang VINO Oraw 29/79 

Material: Tool Steel No of parts 1 

Dimensions Inches Seale 1:1 
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A BAR SLEEVE Thread #86 BSE 

ial: Silver steel 

Se PLUG-BAR BACK STOP material: Mild steel 
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Pak NOTES 

[a eee {1) Plug material: Sverker 3 i" A 
ia ea rar tT, Tithe: Plugs (tor pedinnary tests) and Plug-bar 

grote and tagged Drewn: Maranga 613779 | Draw 20709] 
Jes ee Ye 

22 ee 2 32 Material: Aw stated | No of parts 1 of eady 
--——---—-— ym Diversions: Inches |ooe. 2.1 

aes unless stated ue         
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PLUG/PLUG-BAR 
material High speed steel 

mt Ptug surface: heat treat to 64 RC, 
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PLUG BACKSTOP 
material: Mild st % Case harden slot 
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Title: Plug/plug bars 
  

lOraw  Maranga EE) Or aw 23/79 
  
Material: Stated for Na of parts 8 sets 
  

[Dimensions: Inches     lunless stated otherwisd Scale: 2:1    



A-18 REDUCTION OF DRAW FORCE WITH DIE ROTATION 
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Figure A-18.1 Forces and velocities in axisymmetric drawing 

From equilibrium of forces in the horizontal direction, 

  

  

    
  

P = Q sina + F cosa (A-18.1) 
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Figure A-18.2 Velocity and friction vector with die rotation at 

position f in Fig. A-18.1 (View normal to the die 

surface, 'q' direction) 

= ALTO) =



u, + velocity of a point f moving along the die surface without rotation 

Ua circumferential velocity of point f relative to the die during 

rotation 

AC=F: friction force vector without die rotation 

When the die rotates, AC swings round a position AD. Since the 

friction force acts in opposite direction to the relative motion between 

the two surfaces, and if 4 =85=0 and the magnitude of the force 

F is unchanged by the motion, 

AD = AC=F (A-18.2) 

There will therefore be a reduction in draw force corresponding to 

BC cosa. By equilibrium of forces the draw force Fs with die rotation 

will be given by: 

2 
r 

" Q sina + F' cosa 

Q sina + F cosy. cosa A-18.3) 

Combining equations (A-18.3) and (A-18.1) gives: 

@-= P.) tana 
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Rotational torque is given by: 

d 
= pr T= F 2 

ae sing d (A-18.5) gee nee : 

Equations (A-18.1) and (A-18.5) can be combined to give: 

F 2Tsina 
a = 4 (A-18.6) 
Q (Pa, sing - 2T cosa) T 

> A171 -



ITANYA RIA IBUKU RIRI 

Matuku-int maya turt unyinyt wa mitukanio irta iganda thuithagtra 

hari guthondeka mithemba ya indo irta andu mabataraga, wendt wa 

kunythia wira, 0 hamwe na unyinyt wa thumo cia hinya uria uhithtkaga 

hart gitwartthia macint na iganda nttratiuma athondeki a mtberetht-ya- 

cuuma ya miena miingt maambiririe guiciriria njtra ingt cta kumithondeka. 

Hart gicunjt kime kia ubundi iieto wa mtberethi kirt bata mino tganda- 

int na ktagiritire kwerekerio mectirta.  Gicunjt kiu nt kirta keigit 

lithondeki wa miberetht ya miena mlingi kuuma hart mtberetht ya 

githttrurt na njira ya kwamba kiingtria miberetht wa githiurirt gtkama- 

int gia githiuirt na kiuhituktria gikama-int kiu thabart trwe nigetha 

wumtre mena wurta ungt urikitie giconguo iigatuika wa mtena ming. 

Ta uthondeki-int wa nati tria thiithtkaga moako-ini na hari kwoha cuuma 

bundi uyu no unythie wira mino o hame na mahuthiro ma hinya wa 

gutwartthia macini. 0 hamwe na tiguo ubundt wa muthemba uyu no uhote 

gitima cuuma tria tthondekete nati tgie na hinya na yagirire makiria 

mahuthtro-int mayo. 

0 na gutuika wira miingt wa tganda-int wa kugerta mawont ma 

mithemba miingt na wa guictiria niurtkitie kurutwo ukonit muguctrie 

wa miberetht wa githtiriirt iitonyetio micuuma mirathu wa githiururt 

trima-in vtagwo kana na njtra ya kugueia uhttikiirio gtkama-int gta 

githiiwirt, gutirt wira mandiki wa ibuku rtrt oot kana aiguite 

irtkitie kixutwo wigit ithondeki wa miberethi wa mena miingt kuuma 

hart miberetht wa githimrir? na njtva ya kuihttuktria ucio wa gtthiimirt 

gikama-int gia githiuriri nigetha uumire mene urta ingt urtkitie 

gueongwo ugatutka wa miena mtingt. Uhoro tda wh thtint wa ibuku virt 

ikonti wira irta mandtki warto artkitie kiruta wa gutetria uria ubundi 

wa mithemba ta ucto ungthoteka o hamwe na wa kugerta na citko urta 

mectria na mawoni maake mangthuthtka ubundi-int thtint wa tganda. 

Gukirt iguo-ri, ttanya ria ibuku rirt nt gukinytria athomi arto 

meciria na mawont ma mandikt o hae na cionererie cia uria meciria 

na mawont maake mangthuthtka iganda-int hart guthondeka miberetht wa 

miena miingt kuuma hart wa githiururt na njira ya kuugueta thabart 

tne uhituktirio gtkama-int gta githiurirt.



Muandtki niagmdieire wira-int wake att maktre wa gtkama kana 

muhaantre wa gtcunji kiria miberethi wa githtuurt ukuingietea nigetha 

ucoke uume urikitie gueongno ugatuika wa miena miingt na irima riaguo 

ria gatagati virt o uria riuma kiambiriria-ini, niguo uxt bata mino 

makirta.  Muakire kana mihaanire wa gikama uria wagiritre makiria nt 

uria ukunythia wira wa guthondeka muberetht na njira tria trendekana 

na ningi utime uitangt wa hinya wa macint tkorwo uri mnyinyt muno 

makiria o uria kungthoteka. 

Muandiki wa thuku nieectritrie njira igirt eta kuonania muigana 

wa hinya uria muingt na urta menyinyt makéria urta ungthuthika hart 

kuguucta muberethi na wa gikama © hamwe na uhihinyt uria ungiendekana 

thiiné wa gtkama. Mutaratara wa komubtuta (macini ya mathabu na uhoro) 

niwathondekirwo wa gukobia mathabu kuuma magerta-init naings na njiva 

nying? ndiganu cia kuguucta miberetht.  Maundu mame maria mangtcenjia 

matume hinya wa kuguueta muberetht o hamwe na unhthinyanu uria wi thitné 

wa gikama o nacto teenjie nita miigana wa ukvamathanu uria wet kurta 

cuuma inyttantire 0 hame na mihaanire wa giomse kirta gieongaga 

muberetht nigetha uume uri wa miena mings. Mathabu maria maarutirwo 

ni komubiuta na maria muandiki wa tbuku aambite guthugunda meetria-int 

maake moothe ni matguantre na njira njega. 

Njtra igtrt eta guthima miigana wa ukumuthanu gatagati-int ga 

cuuma ya miberethi na ya gtkama ni ctectriirio na tkihuthirwo na ithimi 

tria ctonekire kihuthiritwo njira icio eteri ikéiguana o wega. 

Maranga wa Murtuke


