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SUMMARY

There are aspects of wire and tube drawing processes which have
not received sufficient attention by the past workers. The equation
relating drawing force and wall thickness in the tube sinking process
includes terms involving the coefficient of friction at the
die-workpiece interface and redundant deformation. The use of this
equation necessitates estimation of the values of these parameters
and often leads to significant errors. The two basic equations of
drawing force and wall thickness in the tube sinking process are:
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Various workers have carried out experiments and theoretical analysis
to develop and verify these equations. Unfortunately, the
fundamental weakness has been determining wvalues of the coefficient
of friction, for wvarious materials, die configurations and
tribological conditions. It has been assumed that the frictional
stress, T, at die-tube interface cannot be greater than yield shear
stress at the interface, 1i.e. T = Mp k where p 1is the absolute
radial pressure and k is the yield stress is shear. There has been
doubt on the wvalidity of the upper bound values of jU attained from
the upper bound hypothesis based on plain strain theory which is far
from an ideal tube sinking process. The work carried out under the
research presented in this thesis includes:

1) Devising an eclemental die theory to facilitate the analysis
of elemental force across a conical die pass

2) The use of the elemental die theory to provide a method for

theoretical and experimental accurate analysis of the coefficient
of friction across a die-pass

3) Employment of the elemental die theory to prove and to
assess theoretically and experimentally the redundant deformation
force at the entry and exit of conical die.

From the results attained, the existence of redundant deformation
was connoted and correction factors to eliminate the under-estimation
by Penny’s proposed redundant deformation theory were deduced and
presented. Both the elemental and the significant wvalues of 7V
attained were employed in conjunction with results of radial pressure
experiment to check the wvalidity of the upper bound assumption as
applied to tube sinking process. It is concluded that the proposed
elemental die theory can be employed to determine accurately the
profile of h across a die pass and most importantly to estimate
accurately the significant V value needed for accurate calculation of
the total drawing force due to redundant deformation.
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CHAPTER |

INTRODUCTION

1.11. Friction

Frictional resistance 1is a redundant energy which engineers
continuously strive to reduce. Only very few engineering situations
occur in which friction does not play some part. In some cases, it
is gainfully employed, as in clamping devices, and friction drives.
More frequently, it exists as an integral part of the situation
merely because it cannot be eradicated, and results in the
dissipation of energy and the gradual erosion of material from the
component involved. This erosion of material, or wear, due to
friction represents a substantial economic loss in engineering.
Because of this, a considerable amount of research has been
undertaken in recent years aimed at a greater understanding of the

processes involved and the development by which it may be reduced.

Rubbing a metal shaft on a metal bearing is not realistic simply
because of surface damage and eventually seizure of the components.
A lubricant is used to separate the components and its beneficial
role is to provide low friction which is essential for efficiency and
economy. As the ceiling for speed and load is raised, the choice of

materials to provide the friction couple and the use of suitable

lubricant becomes the task of specialists.
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The enormous waste of energy through friction resistance is
obvious but we tend to ignore the beneficial role that friction plays
in our day to day activities. If our feet or the soles of our shoes
did not have a high friction as they grip the road surface, it would
be impossible for us to stand firm. Typically, on clay-rich soil in
the rainy season in Africa or on icy roads in Europe, this difficulty
is ever present. If we had not been able to grip roads with our
feet, our evolutionary behaviour would probably have been different
as far as mobility is concerned. The ideal mode for a dynamic system
such as an automobile is that 1t should have sliding or rolling
interfaces completely free of friction, in practice, an interfacial
friction must be present in order to bring it to rest. A brake shoe
relies entirely on the presence of friction for its efficiency.
Examples are many but it is clear that from the tribological point of
view an understanding of friction is very important because of both

its positive and damaging roles in the relative motion of

components.

1.12. Historical Background of Friction

Even though there is little evidence of tribological practices in
the early Stone Age, but we may still speculate that the first fires
made by humans were created by using the heat of friction. In fact,
usefulness of friction must have been known to primitive man because
it would appear that he was aware of the fact that a spherical object
will move more readily than a flat one. However, one does not know

if the act of rubbing pieces of wood together to produce fire was
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discovered by accident or from some vague notion that rubbing
generates heat since in cold climates, human beings rub their hands

habitually to produce warmth.

In later times to the Stone Age, hand or mouth held bearings were
developed for the spindle of drills, which were used to bore holes
and start fires. These bearings were often made of wood , or bone;
their recorded use cover some four Millenia. Among the earliest made
bearings are door sockets which were first made of wood or stone and
later lined with copper, and potter’s wheels, such as one unearthed
in Jerico and dated at 2000 B.C. It contained traces of bitumen

which might have been used as a lubricant.

1.13. Lubricant

One of the earliest recorded uses of a lubricant, probably water
was for transportation of the statue of Ti, ca. 2400 B.C. Lubricants
were probably used on bearings of chariots which first appeared, ca.
3500 B.C. A considerable development of tribology took place in
Greece and Rome at the beginning of the fourth century B.C. during
and after the time of Aristotle. Evidence of advanced lubrication
practices during Roman times was provided by two pleasure boats that
sank in Lake Nemi in Italy, ca. A.D.50; they contained what might be
considered prototypes of three kinds of modern rolling-element
bearings. The Middle Ages saw a further improvement in the
application of tribological principles, as evidenced by the

development of machinery such as water mills.
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1.14. History of Tubular Products

Tubular products are used over a wide range of industries and
sciences in modern civilisation. The ability to constrain fluids and
efficient structural properties of tubular section, permit a wvast

range of applications.

The existence of tubular products can be traced back to the
history of ancient Egypt. In fact, evidence of such an early
employment of tubular products even in metal can be seen from
photographs of an ancient Egyptian copper water pipe dating from 2750
B.C. An  example is illustrated in reference [2] of a tube
approximately 75 mm inside diameter and 300 mm long. However, in
spite of this use of tubular products, the rapid advances in tubular
products did not take off wuntil the 18th and 19th centuries,
especially following the development of processes for producing
hollows from which seamless tubes could be produced. Among the
materials widely used during this development were wood, iron, stone,

copper and lead.

1.15. Wooden Tubes

Wooden tubes were being produced all over the world at small
expense. They were easily made, and joined together, but the
greatest objection was their lack of strength to resist high pressure
without breaking and their liability to decay. For water-works they
were usually made from elm, or alder; oak, though far preferable,

being too expensive.
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They were best made from small trees of the proper size; and the bark
thought to preserve them was left on [1]. The passage was bored out
by a long auger, turned round by one or two men whilst the tree was
supported in a convenient position on trestles, and bound fast down
upon them by ropes to which weights were attached. In towns where
water-works were established the demand for tubular products was such
as to render this method too expensive and machines were used to bore
them, driven by horses, water or steam engines. One of the early
patents went to Eckhardt and Lyon in 1806 for a method of making
wooden pipes by separate staves, resembling a barrel, but less
curvature and greater proportional length, so as to approach near to
a cylindrical form, particularly inside. They were to be bound by
iron hoops, made fast either by driving them on from the ends, or by
screwing the hoops together; the lengths were joined together by
forming one end of each taper and enlarging the corresponding ends of
others to receive them. The staves were to be fitted by torque,
rabbiting, or dove-tailing. However, the Eckhardt and Lyon methods
were not practised to a large extent because they were very
expensive, being accompanied by all defects of wood tubes and were

liable to speedy decay buried in the ground.

1.16. Iron Tubes

Iron tubes or pipes were cast at the iron-founderies to a wide
range of dimensions. For durability and strength combined were
greatly superior to any other material. They were procured in

lengths of ten feet and united by nuts and screws passed through
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flanges cast on their ends. Within a few years, cast-iron pipes
were adopted by most of the great companies which supplied London
water. However, within these few years, immense quantities of iron
tubes had been laid in all parts of London for conveyance of water.
Great prejudices were excited against them, under the idea that they
would give the water a metallic taste which would be injurious to

health of the inhabitants.

1.17. Stone Tubes

The prejudice the public at first entertained against iron tubes
induced many projectors to find out other substances which possessed
the strength and durability of metal. Sir George Wright proposed
stone and invented a machine for cutting out cones from the hollow of
the tube. Sir George first employed a boring or drilling machine to
pierce a small hole through the centre of the block of stone in the
axis of the intended pipe. Sir George obtained a patent for his
invention in 1805 and his method was widely practiced for some time
and many large stone pipes were laid but unfortunately great

difficulties arose in making good joints [1].

,1.18. Modern Manufacture of Tubular Products

The methods of tube manufacture continue to develop in two basic

forms, namely, seamed and seamless.
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1-19. Seamed Tube

Seamed tube is manufactured by the forming of sheet or strip and

the application of a joining process. Present techniques include:

1) Forming strip of suitable width around a mandrel using form
rollers and seaming by welding.

ii) Drawing through a bell shaped die and seamed in the axial
direction by welding. Dies have been so shaped and the
material characteristics selected such that butt welds are
achieved during the drawing process.

1i1) Strip wound on a mandrel in helical form and seamed by

welding.

1-20. Seamless Tube

Seamless tube is produced either by rolling, casting, extrusion
or drawing. The rolling, extrusion and drawing processes are
initiated from hollows produced by piercing billets and continued by
various methods of plastic deformation. Some of the methods of
manufacture are described briefly as follows:

(1) Rolling Process:

Well developed techniques such as the Mannesmann and Assel
processes use rolls with axes which are inclined obliquely
relative to both each other and the workpiece. The workpiece is
plastically deformed by being subjected to combined rotary and
axial force relative to a piercing tool or mandrel. The

Mannesmann process is used to pierce billets and produce seamless

28—



hollows. The Assel process is used to provide elongation [21].
Also see Figures (1.1), (1.2) and (1.3) reference [22].
(i1) Drawing with a fixed mandrel or plug:

Drawing through a die with mandrel or plug positioned in the
internal diameter. This process is used for simultaneous control
of external and internal diameters, Figure (1.4b), reference
[13].

(1i1) Drawing with a floating plug:

Drawing through a die with a shaped plug retained in
position relative to external diameter and die entrance by
frictional forces, see Figure (1.4c), reference [13].

(iv) Drawing with a moving mandrel:

Drawing through a die with moving mandrel in the internal
diameter such that it travels at approximately the same velocity
as the drawn tube. The frictional resistance at the
mandrel-tube interface is in the opposite direction to the
frictional resistance at the die-workpiece interface, thus
reducing the drawing force required due to frictional resistance.
One disadvantage which can arise is the difficulty in removing
the mandrel, see Figure (1.4a), reference [13].

(v) Expanding:

A conical plug is drawn through the tube, thus causing the
internal diameter to be expanded. This process is used where the
inside diameter is required to be precise and for tubes of large

diameter and thin walls, see Figure (1.5), reference [13].
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(v) Other methods:
Include rotating roller dies (usually for non-circular tube)

and rotating ball dies which it is desirable to reduce drawing

stress.

In all cases, tube drawing is initiated from hollows produced by
piercing billets using hot rolling or from hollows produced by

rolling and seaming.
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CHAPTER 2

2.11. Objective of this Study

In the process of inward and outward plastic-elastic bending of a
tube workpiece at both entrance and exit of a conical die
respectively there is a considerable internal shear distortion of the
workpiece in excess of that required to produce the desired change of
shape, 1i.e. from Dt at entrance to D2 at the exit from the die.
Energy is therefore dissipated in producing this shear deformation,
which makes no useful contribution in effecting the desired change of
shape. A number of methods for making an allowance for the drawing
stress of this wasteful phenomenon, termed redundant deformation,
have been proposed. Most are based upon velocity fields and
shearing which assume either a thinning of the material during
passage through the die, or a thickening of the material at the die
entrance, followed by thinning at the die exit. Neither of these
assumptions appear to be applicable from the evidence of experiment.
Clarke and Swift showed by experiment [20] that bending occurred at
die entrance and die exit. The proposed method for making allowance
for redundant deformation in tube sinking thin walled tube made by
Penny [12] appeared to have reduced the risk of under-estimation of
total drawing force of a tube drastically. However, in the absence
of experimental data to support either Penny’s proposed theory or the
bar drawing redundant deformation theory on which Penny based his
Proposed method, the scepticism on the wvalidity of Penny’s method

remains.
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In addition to uncertainty on the accuracy of redundant
deformation theory, another fundamental weakness of the basic drawing
force equation is lack of appropriate method of determining the
values of coefficient of friction P for various materials,
die—configurations and tribological conditions. Several attempts
were made by previous workers, working on the tube sinking process to
develop a method of estimating P but their theories were in marked
disagreement over die radial pressure. It lias been assumed that the
frictional stress, T, at die-tube interface cannot be greater than
yield shear stress at the interface, i.e. T = pp < k, where p is the
absolute radial pressure, and k is the yield stress in shear. Apart
from the fact that the values of P attained from this assumption does
not define the profile of the coefficient of friction across a
die-pass there has been doubt on the wvalidity of the upper bound
values of p attained from the upper bound hypothesis based on plain
strain theory, which is far from an ideal tube sinking process.

Therefore the objects of this study include:

1) To devise an experimental method for proving and for accurate
assessment of redundant deformation due to  plastic-elastic

deformation at the die entrance and the die exit respectively.

2) To observe differences between the redundant work at the entrance

and exit of a conical die.
3) To determine a theoretical and an experimental method for the

accurate assessment and analysis of the coefficient of friction at

die-workpiece interface across the pass of a conical die.
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4) To determine accurately wvalues of the coefficient of friction

required for accurate estimates of the total drawing force.

5) To determine the effect of die half-angle, tribological
treatment, die materials and tube materials on the values of

coefficient of friction.

6) To compare wherever possible the theoretical and experimental

results of the study with the results of previous work.

7) To add the contents of this study to the existing knowledge of

tubing sinking process and to identify the specific areas of work for

further studies.

2«12. Review of Previous Work

2j 13. Theories

Theories have been developed to estimate the stresses and strains
which occur during the tube sinking process and methods have been
Proposed by a number of workers for estimating drawing stress for a
given fractional reduction which are applicable to drawing thin
walled tubes through straight conical dies. The theories proposed to
date are based upon either differential equations of equilibrium or

upper bound methods.
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2.14. Differential Equations of Equilibrium

Sachs and Baldwin proposed a method based upon differential
equations of equilibrium which make allowance for homogeneous
deformation and frictional resistance. When wverified by experiment,
it was shown to provide a method from which estimates could be made
of drawing stress for a given fractional reduction with accuracy
adequate for most manufacturing purposes [5], [6]. For a method of
deriving the equations for drawing stress and, hence, drawing force
for a given fractional reduction, see reference [13]. Derivation of

these equations is shown in an abbreviated form in Chapter

The theory is based upon the following assumptions:

i) that a pressure normal to the die and workpiece interface
operates on both die and workpiece.

i1) that friction at the interface causes a shear stress.

i11) that transverse sections are free of shear stresses.

iv) that the stress in a transverse section is uniformly distributed
and is a principal stress.

v) that wall thickness remains constant.

2.15. Epsey and Sachs - Drawing with Moving Mandrel

Initially, Epsey and Sachs carried out their test on an almost

constant stress flow material (no strain hardening) notably a

cartridge brass (70 percent copper and 30 percent zinc) tube. They
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later did further tests on commercially annealed cartridge brass
tubing of the same dimensions as earlier material and finally
extended their test onto a commercial annealed 0.02% carbon steel of
about 13.87 mm outside diameter and 1.18 mm wall thickness. Having
carried out similar tests with wvariations in mandrel diameter, angle
of tapered dies, and variations in specimen material, Epsey and Sachs
were able to show that tube drawing with moving mandrel can still be
analysed in much the same manner as other forming processes in

general and other drawing processes in particular [8].

Epsey and Sachs were able to show that friction coefficients
derived in their analysis were relatively small compared with ones in
the previous analysis and the reasons for the lower wvalues, better
coefficients of friction were attributed to the particular attention
which they paid to polishing of the tools, preparation of the metal

surfaces and also special selection of lubricant.

2.16. Upper Bound Estimates

The method of obtaining an upper bound estimate of drawing stress
using kinematically admissible wvelocity field as proposed by Johnson
[17] has been shown to be applicable to tube sinking by Moore and
Wallace [5]. This assumes plain strain (no change in wall thickness)
and provides an upper bound estimate. The concept is based upon
development of an element of a conical surface such that plain strain
is applicable. Lines of wvelocity discontinuity are then proposed

whereby the work done 1is plastically deforming the element is

-35-



minimised. By considering a perfectly smooth and non-strain
hardening material, an upper bound estimate for frictionless may be

obtained.

Moore and Wallace also show that an upper bound estimate of
drawing stress with allowance for friction can be obtained by
deriving an expression for work done against friction between the
workpiece and die face. This produces a factor by which the
frictionless drawing stress can be multiplied to obtain an upper
bound estimate with allowance for friction [11]. Both of these
methods have been verified and show correlation between estimates and
experiments which are adequate for most manufacturing process

purposes [7].

Avitzur proposes a theory which is based upon an increase in wall
thickness at the die entrance and a decrease in wall thickness at the
die exit [18]. This arises from the consideration of velocity fields
within the external and internal surfaces of a tube formed by two
cones with apexes at a common point. This theory makes allowance for
deformation which occurs at die entrance and die exit. Application
of this theory to data from work published previously does not appear

to show good correlation with experimental results.

2.17, Blazynski and Cole

With the wuse of Von Mises Criterion, Knights' empirical

expression and Sachs' equation, in 1959 Blazynski and Cole were able
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to show through the results of their experimental and theoretical
investigation on plug drawing process that sinking has a considerable
adverse effect on the magnitude of the redundant work and should
therefore, where possible, be avoided. Lrom their experimental and
calculated results it was shown that mathematical formulae can be
used successfully for the purpose of predicting the behaviour of a

metal during plug drawing [9].

2.18. Wall thickness

Hill showed the relationship between wall thickness and

fractional reduction in diameter [19].

Swift [10] and Moore and Wallace [11] have predicted wall

thickness changes.

Swift’s analysis was based upon assumptions that Do >> to and
concluded that errors involved by neglecting thickness changes in
stress calculations are remarkably small over the useful range of

fractional reduction.

Moore and Wallace in their considerations included an effect due
to the ratio of initial wall thickness to external diameter. They
Predicted that wall thickness increases with fractional reduction up

to 0.5 and thinning occurs beyond this.

However, experimental evidence exists to suggest that thickening

may occur in thin wall tube up to a fractional reduction of 1.0 [14].
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The theory proposed by Moore and Wallace for the effect of strain
hardening of the workpiece upon wall thickness changes, tends to
agree with experiment. The effects of strain rate and temperature

rise are neglected.

2.19. Flinn

Another prominent worker on wall thickness is J.E.Flinn of the
Metallurgical Department, Washington State University. He did some
experimental work on the parameters which influence the changes in
the wall thickness and on the bulk strain behaviour of hollow drawn
tubing. Flinn prepared his specimens from six different materials
of commercial purity. Specimens of each material possessed various
ratio wall to the tubes outer radius values and in some cases
different outer diameters. The highly polished tungsten carbide

drawing die used by Flinn possessed a conical geometry with die

angles of 8§ and 15 degrees.

From Flinn’s experimental results, he was able to conclude that
thick-wall tubes thin, and thin-wall tubes thicken with reducton. He
concluded that alloying or material, die angle, and initial wall
thickness were the influential parameters on wall thickness changes
in tube drawing, that the reduction per pass or magnitude of draft

had only negligible effect [14].
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2.20. Others

At the same time as Flinn’s experimental work on tube drawing,
S.K. Misra, a senior research metallurgist and N.H. Polakowski, a
Professor of the Metallurgical Department of Illinois Institute of
Technology, directed their experimental work toward the development
of a means for in-process control of residual stress during tube
sinking. 304 and 321 stainless steels, Incoloy 800 and copper tubes
were the main materials employed by Misra and Polakowski for their

experiments.

All the three main classical methods (mandrel, plug, drawing and
sinking) were used for their experiments. On their hydraulic
drawbench was a bolster plate equipped with a holder which
accommodates two dies in tandem, spaced 12.5 mm apart to provide a

lubricant pocket for the second die. Strain gauge cells were used

to measure drawing forces.

Misra and Polakowski demonstrated in their experiments that
drastic in-process modifications of the residual stress patterns left
in tubing after conventional drawing are possible in many important
cases, by means of a second, low-reduction, or ’skim-pass” die. They
claimed that the effect was amplified when the normally cylindrical
bearing portion of the die is given a slight taper form - Also
in their conclusions, they claimed that the reorganisation of the

stress is most pronounced in mandrel-drawn tubes where it results in
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a large reduction of the pressure between the reduced tube and the
mandrel inside it. This in turn lowers the reeling pressure
required to free the mandrel for extraction, an effect that might be

useful in the fabrication of low-ductility crack-prone tubing.

27°21. Folding Phenomenon

Prior to Epsey and Sachs experimental work on tube drawing with a
moving mandrel, Sachs has done some experimental work with Lincus on
the properties of drawn wire and on power consumption in wire drawing
in Berlin around 1931; has also worked with Klinger on the flow of
metal through tools of circular contour. He also then did some

investigations with Baldwin into folding phenomenon in tube sinking.

For the analysis of folding, four different materials which
included hard phosphorus deoxidised copper (Rockwell 30-T, 59-66);
soft phosphorus-deoxidised copper (annealed 1 hour at 485 C in a
forced convection furnace); soft tube brass (66.5 copper, 5" lead,
balance =zinc, annealed | hour at about 485 C); and soft aluminium

(25, annealed 15 minutes at 285 C) were employed.

Baldwin and Sachs drew the tube specimens of approximately 980 mm
long through three different sets of conical steel dies with half-die
angles of ¥ t4 and 27 respectively. They imposed two types of

Points (folded point and a fold free point) on the tube.
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They observed during their experimental work that it was
impossible to collapse any tube with a fold-free point because the
circular contour appeared to be highly resistible to buckling, even
in tubes with thinnest wall and subjected to the maximum possible
fractional reduction. However, it was emphasised that such
fold-free tubes are only attainable if the tubing is free from any
form of dents and seams. It was also observed that any lubricant

entrapped between the die and tube surface resulted in folding.

Baldwin and  Sachs concluded that the results of their

investigation cannot be harmonised with conventional theory of

buckling and collapsing. They claimed that the factors which
determine the existence or elimination respectively of a fold in tube
smking are different from those which determine definite buckling
Phenomena, such as the collapsing of a tube. Baldwin and Sachs also
made it <clear in their conclusions that apart from small
thickness-to-diaiueter ratio which is a conducive factor to both
folding and collapsing formation, other factors, such as length along
which pressure is applied, eclasticity and plasticity of the metal,
which play significant roles in collapsing, have very negligible

influence in folding [16].

Redundant Deformation

Deformation occurs at the die entrance and die exit due to

bending and unbending respectively. This deformation occurs in

addition to that required to change the form of the workpiece from

the initial to the final form.

-41-



A number of methods for making an allowance of drawing due to
redundant deformation have been proposed. Most are based upon
velocity fields and shearing which assume either a thinning of the
material during passage through the die, or a thickening of the
material at the die entrance followed by thinning at the die

exit.

Neither of these assumptions appear to be applicable from the
evidence of experiment. Clarke and Swift [20] showed by experiment
that bending occurred at die entrance and die exit. Penny proposed a
method of making an allowance for redundant deformation in 1977.
Penny’s theory which we have employed in this research work was based

upon a method proposed for bar drawing [12].
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CHAPTER 3

THEORY OF TURK SINKING THROUGH A CONICAL DIE

The sinking of a thin-walled tube through a conical die of
semi-angle, to reduce the mean diameter DI 2Rt to D2 2R2, is

illustrated in Figure 3.1(a)

Figure 3.1

(after Slater

2CTgSin(d0/2)t d$
(I G
*'2C"sin(d0/2)tds cosa

Fig.3.1. (a) Tube sinking through a conical die;
(b) Stress acting on an element of the tube;
(¢) Component of the radial force due to circumferential
stress, o( exerted on the element in direction
normal to the die face.

Assumptions:

(i) The wall of the tube is thin at any section compared with the
diameter so that the effect of plastic bending is negligible and the
variation in stress across lhe wall of the tube is insignificant

Gi) Each part of the tube is subjected to the same deformation
as it passes through the die, and

i) The length of the tube is such that steady deformation is

established.
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At any mean radius, r, within the die, the stresses acting on an
element are as shown in Figure 3.1(b) where q is the longitudinal
stress, that is the stress parallel to the die face, ae is the
circumferential stress, p is the normal die pressure and the
frictional stress at the tube-die interface is » = /f§p where /d is the
coefficient of friction. The wall thickness at any mean radius r, is
t and the length of the element is ds, parallel to the die face. The
radial component of the force exerted on the element due to the
circumferential stress, oe 1is 2ae sin (de/2)tds, which has a

component normal to the die face as shown in Figure 3.1(c).

Resolving forces exerted on the element normal to the die face:

p.r.do.ds - 2o0e sin (de/2).t.ds.cosa = 0 (1)

for equilibrium:

p.r.de.ds - oe. de. t.ds.cosa = 0

Therefore:

p = o0 co$a/r )

Resolving forces exerted on the element parallel to the die face:

(q + dg@)(r +dr)(t + dt)de - qg.r.de.t

+ 20e sin(de/2).t.ds.sina + /Jp.r.de.ds = 0 3)
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Simplifying and neglecting small quantities of the second order

and dividing by de.dr, equation (3) reduces to:

r.t.(dqg/dr) + q.t.(dr/dr) + q.r(dt/dr)

+ oe.t + Id p.r/sinoc = 0

Substituting for p from equation (2) gives:

r.t.(dg/dr) + q.t.(dr./dr) + q.r(dt/dr)
+ 0Q.t + AXle.t.cota = 0

or

{d(q. r. t)/dr} + 00.t(1 - /Jcotoc) = 0 @

Equation (4) is the differential equation of equilibrium for tube
sinking. However, if the wvariation of tube wall thickness is

negligible then dt/dr > 0 and equation (4) therefore becomes:

r(dq/dr) + q + Oq(1 - tfcotoc) = 0

or
r(dg/dr) + q + 0Q(1 + B) = 0 (5)

where B = /Jcota.

For a thin-wall tube, (tcosa/r) will be small compared with the
circumferential stress, cr0.

Therefore:

Q>® 0 >°0
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since q is tensile and considered as positive, then <j; is compressive

and therefore negative.

The modified Tresca yield criterion gives:

q - (~<Je) = my for a strain hardening material. (6)
or

oQ = my - ¢ @)
where m = 1.1 and y is the mean yield stress for a strain hardening
material.

Combining equations (5) and (7) yields:

r(dg/dr) + q + (my - @ + B) =0

or
r(dg/dr) - Bq + my (1 + B) =0
Therefore:
dg/(Bq - my(l + B)} = dr/r )
f dq{Bq - my(l + B)} = f dr/r
Therefore:
(/B)2n(Bq + C) = 2nr + 2nA
where C = - njy(l + B)

and 2nA is a constant of integration.



1

Hence (Bq + C)B - rA.

At the entrance to the die, where r = Rt

Therefore:
CB = RXA
or
1
A = CB/Ri
£ £

Hence (Bq + C)B = (1r/RjC B

Bq + C - (x/RiAc

Therefore
q = (C/BUu/RjlB - 1}
or
q = mx{(l 4 B)/B}{l - (r/Rt)B}

At exit from the die where r = R2 = D2/2,

stress parallel to the die face is:

q2 = i~{d + B)YB}{l = (Rj/R"B}

or

q2 = mF. (1 + B/B}{l - (k92/DI)B}
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The drawing stress Oj in the axial direction is.

°d ~ g2/cosoc

Therefore:

Gj = {my/cosoc} {(1 + BY/B}{l - (D2/D1)®}

Since the area of the drawn tube is given approximately by
n.D2.t, then the drawing force, required in the axial direction is

given by:

Fd - {g2.t .D2.t}/cosa

rmammb - A

or

~ fITP2.tm. Xl fl + Afcota U  fID"cota 12
"1 cosa JI  jucotoc JT IdJ 12)

3.11. Method of Making Allowance for Drawing Stress Due to
Redundant Deformation in Tube Sinking Process [by Penny]

Having shown by Slater [3] that in the drawing of a bar through a

conical die, the drawing stress due to redundant deformation is given

by:

°red = 2Xa/3

Penny then proposed that the drawing force due to redundant
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deformation for tube drawing may be considered as the difference
between the forces due to redundant deformation required to draw bars
of diameters d* and d*

where de = external diameter of the tube at the die exit,

d| = internal diameter of the tube at the die exit.

Let Fred be the force due to redundant deformation to draw a bar

of diameter d, then:

Fred K red (14)

Let the force required due to redundant deformation to draw a bar
of diameter dg be

Frede

and the force required due to redundant deformation to draw a bar of

diameter d| be

Fredi

then the force required due to redundant deformation to draw a tube

is given by:

Frede " Fredi * (/4)(de2 " d H2y<x)/3 (15)

The cross-sectional area of the tube is given byn(de2- dj, 3/4
thus the stress due to redundant deformation required to draw a tube

is given by:

Ored = 4<Frede - Fredi)/n<de2 > di2) = <16>
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The total force required due to redundant deformation to draw a tube

is then given by:

F ~ fllb?tmyj/'l + Pcotocl - MZJcota]F, 27T]§ tty

i
dT ~ I cosa JI jucotoc 11 IaJ (17)

3.12, A Proposed Elemental Die Theory for the Analysis of
Coefficient of Friction Across the Working Face and for—the—Analysis

of Redundant Deformation at the Entry and Exit of a Typical—Conical
Die.

Equation (17) only estimates the total drawing force through a

conical die but it does not show the distribution of the drawing

force across the die pass, Lw and more importantly the wvalue of

coefficient of friction Al is the upper bound value which exists at

the die exit.

Therefore, it is proposed that a typical conical die in Figure

3.2(a) can be divided into a number of elemental dies with elemental

die pass, 2e, and be used individually and progressively to draw a

thin wall tube wuntil the total fractional reduction achievable

through the wuse of the typical conical die in Figure 3.2(b)

is
achieved.
Ri - R? = (Di/2) - (D?/2) (18)
sinoc sina
(Rt - R?)/sino: (19)
n n

where n is the number of equal elemental dies.

For an elemental die, equation (17) can be re-written as:
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TrD”ptpny 11 + /jpcotoc irJ _ /lecoto: 2nDeltyoc

Deu cosa I juecotoc J1 'wDell 3

20)

where Fpeu is the uncorrected measured elemental drawing force (i.e.

elemental drawing force with a full elemental redundant deformation).

Then:

FDe = FDeu " RDe @D

where Fpe is the corrected elemental drawing force and Rpe the

elemental redundant deformation.
Assuming:

E FDe = FdT

1.¢e FDei + FDe2 + FDe3 + FDe4 —+..... + FDen FdT

then for a typical conical die represented by a set of elemental dies
of n number to be used individually and progressively to draw a thin
wall tube until the final reduction is achieved, equation (17) can be
re-written as:

rrmDp? 1tmx1fl + ~tcotair + Dp2llteic®t«) , mDpllty« ]]

FAT LI cosa JI  jlelcota ]I LDell) I 3
+ £2ztmyj 11 + fIVcotCKj fi
cosa ‘1 7e2c°°ta JI IDei2*
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+ r/nDp?atinXirl + 1~cotair _ s7>~7Ve30W0:j XXNTDpiatXttjl
E cosa JI fle3cota JI IDel3]

+ [pPp..4tmX1lp + Hdcot<xlf™ _ IDp?4"edC°to™ f2nDnl4tX«ll

Li cosa JI /ledcota ]I [Dex4] J 1 3 JJ
T LA PPN +
T T +
+ f1 * ~ Pe2n) "enC°™)l + (EP.eln

1A cosa JI juencota J I IDeln) i 3 Jj
(22)

where:

Be21 and Dell = mean entry and exit diameters of the first
clemental die of the set respectively.

De2n and Deln = mean entry and exit diameters of the last
elemental die of the set respectively.

Mel, "e2> “en = the coefficient of friction of elemental dies
or instantaneous coefficient of friction along the
working face of the typical conical die during a
pass of a tube specimen.

B% - mean yield stres&(but instantaneous yield stress,
Xen values are called for the tubing materials
(e.g.) stainless steel) with very large differences
between the initial value of the yield stress at
die entry and the yield stress value at the exit of

the die during the drawing of the tube.

Alternatively, the short-hand form of equation (2) can be

re-written as:
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However, when the clemental dies are assembled together as shown

in Figure 3.2(c) to form a proto-type die, then the intermediate

redundant deformation terms in equation (22) become zero, i.c.:

+ M.jeofail,  Dp.21] eicot<k pDPll1tyal]l

Aielcoto JI IDellJ J I 3 hA]
+ p?2tmyl 11 + JUppCQtocj 1! _ IDP?? /Je2c®tajj
cosa JI ~e2cota J 1 ~el2
+ N"Rgatmyni + “3cot<x) SN tfe3cota
£ cosa JI  jue3cota JI tDel3] J]
. ~ .
+ J Plikaddceotai]
+ f("PAntmXl (1 + "nCQtair _ rDp?n“enCot«, | .,rrDentx«;,
]1 cosa H /lencota JI LDeln) I 1 3 ]
24)
or
FdT = [(Fdeui “ ~"27~] + FDe2 + FDe3 + FDe4 +
S R + [FDeun
°r FAT = [{FDei + ~"27] + FDe2 + FDe3 + FDe4 + eeee+
Foeee + [FDen + 25)
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**  Redundant deformation occurs only at the entry and at exit of a

typical conical die. But when each elemental die in a set employed
to represent the proto—die is used individually and progressively to
draw a specimen tube until the total achievable fractional reduction,
Rg at one pass of the tube specimen through the proto-die is
attained, the measurable elemental drawing force of each elemental
die is inclusive of full elemental redundant deformation. Therefore
the negative sign in equation (23) and (24) is necessary to eliminate
the elemental redundant deformation of the intermediate dies in the

set.

The total redundant deformation at entry and exit of the typical

or proto-die is represented or approximately equal to the sum of the

redundant deformation at entry and exit of the first and last
clemental dies in the set respectively. That is.

n 2nDltya nP™Mty>x |, nDplntya

rPT = ———-- 3 3 3
or

r DT = 7r{Dellty + DeinV) (26)

From our quasi-static axisymmetric compression experimental
results it has been shown that there is a large difference between
the initial and the final wvalues (i.e. at die entrance and exit) of

the yield stress of tube material such as stainless steel. Therefore

it will be inappropriate to employ mean values of yield stress for
the elemental analysis of such highly strain hardening material.
Instead of mean yield strain X instantaneous or elemental yield

stress, vyel, ye2, vye3, Xe4 or Xen must be employed for the

computation of instantaneous coefficient of friction and analysis

of redundant deformation for the highly strain hardening materials.

-54-



3.13. Design of Dies for the Analysis of Coefficient of Friction
and Redundant Deformation

Figure (3.2.(b)) A set of Elemental Dies representing the
Typical Conical Die in (i)

Figure (3.2.(c)) Assembly of the Modified Elemental Die from (ii)
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..Elemental Fractional Reduction

It is proposed that the fractional reduction attainable through

an elemental die can be written as:

Now for a proto-die made up of elemental dies:

ERe = + {Dr 12 De221 + ;.np.n ) 2a} , E.De14~Pp?.41
Dei2 ] Dei3 Dei4 ]
+ + + +/Dpin Dp.2nl
Deln ]
or
E Re
{ + + +
' (" - fen Il - fc))
(27)
Therefore:
ERe =n - + De22 + Pp.23 + Pp.24 +i__ + Dp.2nl (28)
ell ~ei2 Deis Del4 Delnl]
But E Re - Rp
or
E Re - Rp - {DPppsPP2n 1 - Pl - Dpi
J | Dt J
Theref = [i - | - TJi
reere B Re = vt 7 IR s (29)
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CHAPTER 4
DESIGN OF THE EXPERIMENT

4.11. Previous Work

From the study of previous work, and having taken into
consideration the existing equipment available for the project, it
was decided to conduct the experiment using different methods. Apart
from the difficulties in measuring the radial pressure of conical
dies, there were marked disagreements in the results attained from
the previous work based on measurement of die pressure and the wvalues
of the coefficient of friction attained from the upper bound
assumption, T-"lp~K are unreliable and often resulted m wunder or

over estimation of total drawing force.

4.12. The Draw Bench

The existing draw bench which was designed and manufactured by
Hille Engineering Company is capable of producing a drawing force up
to 92.5 kN and its drawing velocity ranges from 0 - 15 m/s. The
maximum draw length is 1.83 m. The force transducer installed has a
range of 0 - 50 kN. The die holder is designed to accept dies of 55
mm outside diameter and provides a machined location recess and
thrust face to suit. The exit diameter of the die holder is 27.5 mm.
The die holder assembly is mounted on a pivoted arm and connected to
the main frame through trunnions in a manner which causes drawing
forces to be reacted upon a force transducer. The wedge box provided

on the hydraulic ram head can accept specimens up to 25 mm

diameter.
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The draw bench is hydraulically operated and the drawing wvelocity is
controlled via a flow wvalve with a calibrated scale to permit the
velocity to be preset. A control lever is provided for start and
stop, together with provision for controlling the direction of

motion.

4.13. Materials for Specimen Workpiece

The objective of the project was to design a method for accurate
assessment and prediction of the coefficient of friction along the
die pass and also to provide an experimental method of determining
and proving the redundant deformation at the entry and exit of a
straight conical die for accurate calculation of the total drawing
force. Thus the specimen material must be readily available, easy

to cold work, must be suitable quality and at minimum cost.

A further consideration relating to the choice of material was
given to the use of the existing materials in the Stores, aluminium
alloy with 16 mm outside diameter and 0.82 mm wall thickness which
has been employed for tentative experiment during the feasibility
study of the project, it was therefore decided that any other
specimen materials must be of the physical specifications in terms of
outside diameter and wall thickness with the existing one which would
be optimum for existing equipment constraints and economic

consideration.

From the range of suitable specimen materials available, cold

drawn seamless copper, brass and stainless steel were considered to
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be the most economic and readily available with physical
specifications commensurate with those of the existing material,
aluminium  alloy. They are described by British Standard
Specifications B.S.2871 and ENS5SE. They describe a range of cold
drawn seamless aluminium, copper, brass, stainless steel tubes which
are suitable for cold working and available in the range of the

diameters and wall thickness required.

To conduct the experiment at the sizes concluded reduces the
Problem related to size of tooling and force required in the pointing

process which is necessary in specimen preparation.

4.14. Die Design

The proposed elemental die theory assumed that a normal straight
conical die can be divided into a number of practicable elements
depending on the geometry of the proto-die (i.e. the entry and exit
diameters and the die semi-angle) which constitutes the length of the

working face of the die.

The existing cast-iron proto-dies which were employed for the
initial feasibility study of the project are of 7° semi-angle which
is the smallest practicable angle which can be achieved giving
consideration to the length of the die bore and method of manufacture

when a fractional reduction of approximately 0.5 is required.

Also in previous work, and in the industries, dies with 15

semi-angle were and are employed respectively. Therefore in order
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to enable direct comparison to be made between the results from the
two semi-angles 7 and 15 and direct comparison with previous work,

it was decided that 7 and 15 semi-angle would be employed in the

elemental die design.

Except for covering the range of fractional reductions which are
Possible at one pass of the chosen specimen materials through a
Proto-conical die (to be made by assembly of elemental dies) and to
maximise the use of the existing solid proto-die to minimise cost,
there was no other special reasons for the employment of 0.375 and

0.25 total fractional reductions, ftp for the experiment.

Taking into consideration the total pass ~25 mm of the 7
semi-angle conical die with 0.375 total fractional reduction, it was
decided to produce 5 elemental dies with the same semi-angle ¥/
the same working pass, 4.92 mm, and the same elemental fractional
reduction of 0.075 which their sum constitute the total fractional

reduction of the proto-die to be represented.

Also the 5 semi-angle conical die was to be represented with a
set of 3 elemental dies of the equal pass length, 2.58 mm, and equal
elemental fractional reduction, Rp - 0.125 mm which their sum amount

to the total fractional reduction Rp = 0.375.

The same considerations were given to the other proto-dies with
total fractional reduction 0.25, with nominal exit diameter of 12 mm
and with 7 and 15 semi-angle and it was decided to produce 5 and 3

elemental die sets to cover their working passes respectively.
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In order to achieve”™acceptable accurate representation of these
Proto-die profiles the proposed corresponding sets of elemental dies,
it was considered necessary to produce the conical face (the
semi-angle) of the elements in a set at a setting of the cross-slide

of a lathe machine so that the semi-angle of the elemental dies in

the set would remain the same.

Taking into consideration the constraints of the die box on the
draw bench, it was decided that the outside diameter of the body and

that the location of each elemental must not be greater than 54.5 mm

and 27 mm respectively.

Considering the cost of the 12 sets of 3 and 5 elemental dies to
be produced from 3 different die materials, it was decided that the
sets of elemental dies to be employed for the coefficient of friction
fest must be readily adaptable for the redundant deformation

experiment as well.

Since it was considered that the adaptation of the original
elemental dies for redundant deformation test would require further

manufacturing operations which would in involve the followings.

(1) reduction of each elemental die outside diameter to the size
which would facilitate sensible strain readings from the strain
gauges to be used to sense elemental drawing forces, FDeu and FDe
in terms of hoop strain,

(2) reduction of the length of the die location to less than 2

mm to avoid mass effect on the strain readings.
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and (3) drilling and reaming of the holes for the accommodation of
the identical pins used for the assembly of elemental dies for
measuring corrected elemental strain ("De” (equivalent strain to
the corrected elemental drawing force, Fpe® was decided that

there should be no heat treatment of the elemental dies.

Longitudinal positioning of the strain gauges on the outer
diameter of the elemental was given consideration and tested to sense
strain in the axial direction as the elemental drawing forces, Fgeu
and FDe- The drawback of this method of laying strain gauges was the
restriction on the gauge and overall lengths of the strain gauges
which can be successfully accommodated by the elemental dies with
thin thickness. The strain readings attained during the tentative
test were poor and considered unreliable, hence the decision to lay

the strain gauges with longer gauge length circumferentially on the

elemental dies.

In practice, the materials to be used for the die would be
expected to be hard (50 - 60 Rockwell C) for abrasion resistance,
since subsequent manufacturing operations such as turning and
drilling were required to adapt the dies for the subsequent
experiment (redundant deformation) and it was considered that heat
treatment of the dies was uncalled for, therefore the degree of
hardness was limited. The three common die materials considered
appropriate to give a reasonable degree of hardness against abrasion
and to give comparative results are Carr’s 14 S, Extra Tough High

Carbon High Chrome steel (C.2.15%, Ni.0.5%, Cr.14%, Mo.0.35%,
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V.035%), Non-shrinking' Oil Hardening Steel and Cast-Iron (grade 17 to

BSS.1452).

The effect of friction upon both drawing' forces and die wear are

clearly important economic considerations in the tube manufacturing

industry. The lubricants commonly used are namely: soap solutions
and mineral oils. The lubricants often contain additives such as
stearic acid or molybdenim disulphide. However, during our

feasibility study on this project, several mineral oils were tested
for their effect on drawing forces and wear of dies and among the
ones with best results were Mobil Dromus ‘B®, Mobil Vactra ‘2’ and

Parafin.

It was decided to employ Mobil Dromus as the main lubricant

for the experiment.

4.15, Preparation of Specimen Workpiece (Tube Pointing)

4.16. Method Used in Industry

The objective is to prepare the workpiece such that it can be fed

through the die exit and gripped for the purpose of drawing.

The method used in industry for pointing are forging (hot and
cold), swaging, or forced feed (pressing) of tube into the die. For
smaller sizes with thin walls, a folding and forming technique is
used. This consists of folding and forming such that the walls are

in contact and the point is therefore solid.
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The pressing of tube into the die demands that the external
diameter of the tube is gripped at a distance small enough from the
die entrance to obviate buckling. Force is then applied in the
direction of drawing that sufficient tube emerges from the die exit

for gripping purposes. Provision for this is made on many machines

in use in industry.

4.17. Method Used for the Project

The Bliss 25 power press which is situated in the Manufacturing
Processes Laboratory was the main equipment employed for this aspect
of the experiment. This press (shown in Figure 4.19) manufactured by
R.W. Bliss, Ltd., Serial No0.AA-103-14875-1961, is capable of
producing a force of 250 kN, with stroke adjustable over the range 6

mm to 90 mm at 135 strokes per minute.

An 82 mm diameter x 41 mm long mild steel mandrel with 55 mm
diameter x 55 mm long spigot location was fitted to the operating ram
of the press. The press was then adjusted such that the die set and
swaging tool fully closed at the bottom of the operating stroke which
was set at 12.7 mm. The die set with swaging tool was clamped to
the bed of the press with its operating spigot hole co-axial

approximately with the axis of the operating ram.

The screw adjustment on the die set was adjusted to provide a gap

°f 2 mm between the faces of the split swaging tool. The tube was

fed manually through the hollow cylindrical plastic support which
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facilitated the control of alignment of the specimen at a distance
from the entrance to the swaging tool. The desired gauge length of
specimen was cut off and the swaged end of each workpiece was plugged
with mild steel rod for a length of 60 mm. This was done to prevent

collapse when the specimen was gripped in the wedge box.
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CHAPTER 5

QUASI-STATIC AXISYMMETRIC COMPRESSION TEST

5.11. Objective of the Experiment

This experiment is carried out to obtain yield stress - strain
characteristics for various materials to provide necessary data to
facilitate the analysis of redundant deformation and coefficient of
friction across the pass of a conical die. From previous experience
it is considered necessary to verify whenever possible the data
provided by the supplier of such materials. For a strain hardening
material such as stainless steel tube which strain hardened
considerably when cold worked, the employment of its original wvalue
of yield stress in the analysis of the parameters which are dependent
of this data becomes meaningless and wunreliable. Therefore the

objects of this experiment include:

(1) To estimate the elemental yield stress Xe needed for the
analysis of the eclemental coefficient of friction and the
redundant deformation of the highly strain-hardening tube
material such as stainless steel during its slow drawing through

a conical die.

(2) To estimate the mean yield stress y needed for the analysis
of the elemental coefficient of friction and redundant
deformation of less strain hardening materials such as copper and

aluminium during their slow drawing through a conical die.

66—



(3) To investigate the effect of repeated redundant deformation
and the effect of the die pass length on the yield stress of a

tube material.

Let F = compressive axial force (N) exerted on specimen
Aq = 1initialcross-sectional area (mm2) of specimen
A = currentcross-sectional areca (mm2) of specimen
Ho = 1initial height of specimen (mm)
H = currentheight of specimen (mm).

Then the true compressive stress at any instant is:

oc = F/A (MPa) (5.1

For constancy of volume:

AqHo = AH
A = (Ao/Ho)/H (5.2)
where
Ao = nDot = tDqHq when t is very small when compared with Do
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For the cases where t is considered laige.

Ao n(re2 i~i2)

where 1re and 1~ are external and internal radii of the tube

respectively. Conventional or Engineering strain is:

e = (H - 20)/%
= (H/%o) - 1
or
H/Ho =1 + e (5-3)

A decrement, dH, in the deformed height gives an engineeing

strain increment as:

de = dH/Ho (5.4)

Also the increment of the logarithmic or natural strain, de,
introduced by Ludwick is based on the current gauge height and is
defined as:

de = dH/H (5.5)

arl the total logarithmic or natural strain, e, when the initial
Seuge height, Hq, is compressed to a current height, H, is then

defined as:

e = :; de :_jH (dH/H) = 2n H/Ho (5.6)
«0

A



But HHq = 1 + e

Q)
[

2n (1 + e)

Hence:

e = exp.(c) -1

(5.7)

(5.8)

For small compression, the values of both engineering and natural

strains, ¢ and £, are almost identical but diverge as the compression

increases.

ALJ-3. Strain Rate in Unaxial Compression

The increment of engineering strain is:

de = dH/Ho

The engineering strain rate, e

e = de/dt
Therefore:
. e = v/Ho
where v = (the velocity)
at
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Also, the corresponding natural strain rate, is.

.- a/a. - ®®

jdH/dtj = -vw/H

e = -v/H (5.11)

5714. Fractional Reduction, R

(5.12)
where Dt and D2 are the mean external diameters before and after

drawing respectively.

5MJLS.  Apparatus and Equipment

I- Avery Universal Testing Machine, 250 kN capacity, type 7110DCT,
Serial No.E.70254, operated as a force indicating slow hydraulic

Press.

2- A sub-press fitted with rectilinear ball bearings on the guide
Pillars. Hardened ground and polished steel platens are fitted to

the upper and lower internal faces of the die set.

3- A dial test indicator calibrated with 0.01 mm divisions with 50
" Plunger traverse, complete with adjustable stand and a base with

Provision for magnetic base.

4 Micrometer (0 - 25 mm).
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A digital Vernier caliper.

Specimens from wvarious fractonal reduction, Re and from different

tube materials with the height of the specimens are approximately

equal to their wall thickness.

(i) Batch 1: Aluminium Specimen Drawn with # semi-angle elemental

die (5 in a set).

3 specimens at Re = 0.075, Re = 0.150, Re = 0.225, Re = 0.300

and Re = 0.375.

(i1) Batch 2: Copper tube Drawn with 7 semi-angle elemental dies
as in (1)
3 specimens at each fractional reduction Re = 0.075, Re = 0.150,

Re = 0.225, Re = 0.300, and Re = 0.375.

(111) Batch 3: Brass tube Drawn with 7’ semi-angle elemental dies

as in (1)

3 specimens at ecach fractional reduction Re = 0.075, Re = 0.150,

Re = 0.255, Re = 0.300 and Re = 0.375.

Batch 4: Stainless steel tube Drawn with 7 semi-angle

elemental die as in (1)

3 specimens at each fractional reduction Re = 0.075, Re = 0.150,

Re = 0.225, Re = 0.300, and Re = 0.375.
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(v) Batch 5: Stainless steel, brass, copper and aluminium tubes
Drawn with 3 and 2 elemental dies.
3 specimens from each material at a total fractional reduction,

Rt = 0.375.

5.16. Test Procedure

The Universal Testing Machine was set to read on the range 12.5
kN full-scale. The spigot of the die set consists of upper and lower
platens in the operating ram of the Universal Testing Machine was

located and clamped.

With the spherical end of the operating shaft of dial indicator
in contact with the machine face at the lower end of the ram, the

dial test indicator was clamped to the testing machine bed.

A specimen was cleaned with the degreasing agent and the
diameter, height, and wall thickness of the specimen were

cross-checked with micrometer and a Vernier caliper.

With the upper and lower deforming platens properly cleaned with
degreasing agent, both faces were lightly coated with molykote
lubricant. Then with the aid of a pair of tweezers, the specimen was

placed with the axis vertical on the centre of the lower platen.

The ram was lowered until the gap between the upper platen and

the specimen was reduced to approximately 0.1 mm. Through the use
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of adjustment facility provided the load was adjusted to zero. By
using' the fine control valve, the speed of the ram was adjusted such
that the indication of height on the dial indicator was reduced at
approximately 0.01 mm in 30 seconds. This was assumed to produce a
strain of 10~3/sec. Readings of the compressive forces were taken
at every 0.02 mm displacement of the dial indicator’s pointer until
almost the full-range of force, 12.5 kN was covered. The ram was
fully raised, the deformed specimen was removed from the platen and
cleaned with the degreasing agent. The final height of the specimen,
after compression, was measured. Then the platens of the sub-press
were cleaned with degreasing agent and the procedure was repeated for

other specimens from different batches.

5.17. Results from the Experiment

1. The experimental results, force displacement tests are as shown
in Tables (5.01) to (5.20). The compressive flow stress and the
corresponding natural strains were calculated and the results

attained are as shown in the same tables, (5.01) to (5.20).

2. Also shown in Tables (5.24) to (5.27) is the estimation of the

experimental errors.

3. The graphs, Figures (5.10) to (5.13) show the comparison of the

true compressive stress - natural compressive strain at different

fractional reductions for the different tube materials tested.
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4. Also Figure (5.4), the graphs of the true compressive stress
against natural compressive strain of the stainless steel specimen
drawn to a total fractional reduction, Ryp = 0.375, at different
number of passes and with 7° and 15 semi-angle dies show the effect
of redundant deformation and die pass length on yield stress of the

drawn specimen.

5. The specimens from aluminium tube material were not tested
because an identical test has been carried out on the same material

and an identical specimen at almost the same fractional reductions.

6. The summary of the estimated mean yield stress, y, and elemental
yield stress, ye, for both less strain hardened material (such as Cu,
Al, annealed brass), and highly strain hardened material (stainless

steel) are as shown in Tables (5.21), (5.22) and (5.23) respectively.
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5.18. Summary of the Elemental Yield Stress Ye

STAINLESS STEEL

FElemental Fractional Reduction Elemental Yield Stress
Re Ye (MPa)
0.00 400
0.075 475
0. 150 500
0.225 750
0.300 755
0.375 823

y = 617 (MPa)

Table (5.21)

BRASS
Re Ye (MPa)
0.00 249
0.075 387
0.150 310
0.225 425
0.300 441
0.350 439

y = 375 (MPa)

Table (5.22)

COPPER
Re Ye (MPa)
0.00 146
0.075 194
0.150 210
0.225 230
0.300 235
0.375 229

X = 207(MPa)

Table (5.23)
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5.19 Estimation of Errors

(mm)
SIHfB2 = 0.44
S2IIfB2 = 0.45
S3HfB2 = 0.40
S4HfB2 = 0.35
S5HfB2 = 0.38
S6HIB2 = 0.45
SIHfB3 = 0.46
S2HIB3 = 0.44
S2HfB3 = 0.46
S2HfB3 - 0.45
821173 = 0.43
S2HfB3 = 0.43
SIHfB4 = 0.46
S2HfB4 = 0.45
S3HIB4 = 0.45
S4HfB4 = 0.46
S5HfB4 = 0.46
S6HfB4 = 0.45
SIHfB5 = 0.45
S2HfBS5 = 0.46

ESTIMATION OF ERRORS

Ho(av) ART
(mm) (mm)

0.60
0.60
0.992 0.64
0.66
0.66
0.60

0.60
0.60
0.992 0.60
0.60
0.60
0.62

0.60
0.60
0.992 0.60
0.60
0.60
0.60

1.00 0.58
0.58

AHTH+Hf
(mm)

1.04
1.05
1.04
1.01
1.04
1.05

1.06
1.04
1.06
1.05
1.03
1.05

1.06
1.05
1.05
1.06
1.06
1.05

1.03
1.04

Table (5.24)

Ea=[AHT+Hf]-Ho
(ran)

0.048
0.058
0.048
0.018
0.048
0.058

0.068
0.048
0.068
0.058
0.038
0.058

0.068
0.058
0.058
0.068
0.068
0.058

0.03
0.04

Limit of Error for the Dial Gauge Used

Interval Reading

Every 0.1 mm

Every half revolution
Every one revolution
Every two revolutions
Every longer interval

(Scale Divisionof 0.01 mm)

Error in Reading over stated Interval (mm)

0.005

0.0075
0.0100
0.0150
0.0200

Table (5.25)
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The Average Apparent Errors, Eaa

Batches Eaa (mm)
2 0.046
3 0.056
4 0.063
5 0.035

Table (5.26)

Summary of Errors

Eaa Ei Eo _ fEaa EjJ Ei
(mm) (mm) (mm)

0.046 0.01 0.036 22

0.56 0.01 0.046 18

0.63 0.01 0.053 16

0.035 0.01 0.025 29

Table (5.27)
where E| is the error due to dial gauge used

Eo is the other errors due to reading, friction,
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5.19. Discussion

Shown in Tables (5.21) to (5.23) are the estimated elemental and
mean yield stresses (Yp and y) for the materials tested. The yield
stress of copper, annealed brass, aluminium and stainless steel tubes
rose from 146 MPa to 235 MPa, 249 MPa to about 439 MPa, 140 MPa to
about 220 MPa and from about 400 MPa to 823 MPa respectively. The
minute inconsistency in the progressive increase in the value of the
elemental yield stress values shown in the result summary, Tables
(5.22) and (5.23) for the soft materials (copper and annealed brass)
may be due to roundness error encountered during the production of
the ring specimens. With harder and tougher material like stainless
steel, the production of the ring specimens was much easier and the
resulting specimens are more accurate and reliable. As would be
noticed in the result summary tables, the results for the stainless

steel are much more consistent.

Another source of error in the rate of increase of the yield
stress of the annealed brass tube in particular could be due to
initial non-uniform heat treatment (annealing by simply heating the
tube locally to a dull red state with a torch) this material
underwent in order to facilitate its specimen pointing operation
through swaging. Though the final specimens with pointed ends were
subjected to a uniform subsequent heat treatment (annealinng) in a
controlled system and atmosphere (electric furnace) but the effect of

initial crude heating with a torch is likely to reflect in the final

state of the specimen produced.
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It must be borne in mind that all the above-mentioned results are
related to the tube specimens drawn through 7° semi-angle elemental

dies.

In order to ensure reliable results from the analysis of
redundant deformation and coefficient of friction across the die
pass, 1t was decided that the employment of the mean wvalues of the
yield stress y of the softer materials would be appropriate whilst
the clemental or instantaneous yield stress was recommended for the
same analysis across the same die pass for the highly strain

hardening material, stainless steel.

Shown in Figure (5.4) are the resulting curves of the True
Compressive Stress and Natural Strain data recorded for the stainless
steel tube specimens subjected to a total fractional reduction of
0.375 with dies of different semi-angle (7° and ¥5 As would be
noticed from the result, Figure (5.4) there is only little difference
between the yield stress of the specimens drawn through the 15°
semi-angle dies at two and three passes respectively. With a closer
look into the curves in Figure (5.4) a difference of about 100 MPa
between yield stress of the specimen drawn progressively through the
set of ¥ semi-angle 5 elemental dies the yield stress wvalue of the
ones drawn with 2 and 3 elemental dies with 15 semi-angle to the

same final diameter, 10 mm (R = 0.375) would be noticed.

During the process of drawing, the subjection of one specimen to

0.375 fractional reduction through 5 elemental dies with 7’

semi-angle and total pass length of 24.6 mm was accompanied by a



total elemental redundant deformation force of about 7.52 kN whilst
that drawn through element dies with 15' semi-angle and a total pass
length of 11.6 mm for the same fractional reduction of 0.375
underwent a total elemental redundant deformation force of about 7.96

kN.

From the results attained, it can be concluded that the longer
the pass length of a die, the higher the enhancement of the yield
stress of the tube material being drawn through it. Also from the
results, it was shown that repeatedly subjecting the tube material to
elemental redundant deformation has got little or no effect on the

final yield stress.

However, it must be borne in mind that at very high fractional
reduction, tubing material like aluminium would start to strain
soften due to the self annealing process taking place at this higher
degree of cold working process. This phenomenon of strain-softening
Was experienced during a similar test on the same aluminium specimens
at 0.606 fractional reduction [27] attained through the use of 7’
semi-angle conical dies. In this particular case, the original yield
stress, 225 MPa of the aluminium workpiece at 0.375 fractional
reduction was drastically reduced to about 160 MPa at further
reduction, 0.606. From the results attained, it could also be
concluded that the point of instability (i.e. fractional reduction at
which strain-softening commences) can be improved through the
employment of 15 semi-angle dies from the drawing of the materials

which suffer from the strain-softening phenomenon.
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5 J?0. Conclusions

1. Both the elemental and mean Yyield stress of the materials were
successfully estimated and it is concluded that mean yield stress y
would be appropriate for the analysis of the redundant deformation
force and the coefficient of friction across a die pass for the less
strain hardening materials whilst elemental or instantaneous Yyield
stress, Ye is considered more appropriate for the analysis of the
same parameters of the highly strain hardening tube materials drawn

through a conical die.

2. The effect of repeated redundant deformation (as shown by the
results) is less important than the length of die pass on the maximum

Yield stress of any tube materials drawn through a conical die.

3. The yield stress of a tube material enhanced by the length of the
die pass which is a function of the total frictional work done on the
Workpiece across the die pass. It is therefore concluded that 7
semi-angle die (with longer pass) would be employed when maximum

strain hardening of the tube material is desirable.

4. For tube material which strain-soften at higher fractional
reduction, the use of the 15 semi-angle die is recommended (die with
shorter pass length) in order to prolong the point of initiation of
strain softening when higher fractional reduction and maximum yield

stress are very important.
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CHAPTER 6
EXPERIMENTAL ANALYSIS OF COEFFICIENT OF FRICTION IN
TUBE SINKING PROCESS

ILH- Objects of the Experiment

1) To devise a method of estimating the wvalues of coefficient of
friction needed for accurate estimation of drawing forces in tube

sinking process.

2) To determine the profile of the coefficient of friction across

the pass (from the entry to the exit of the die) of a conical die.

2) To determine the effect of die material on the wvalue of the

coefficient of friction.

4) To assess the improvement contributed by the employment of a

lubricant over the value of coefficient of friction when different

tube materials are drawn through a conical die.

5) To determine the influence of the die semi-angle on the values of

the coefficient of friction across the die pass.

6) To employ the results of the experiment to assess the wvalidity of
the upper bound theorem based on plain strain deformation as applied

to tube sinking process analysis.
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6.12.  Theory

It has been shown in Chapter (2) that for a typical conical die
to be represented by a set of elemental dies of n number to be used
individually and progressively to draw a thin wall tube until the

final reduction is achieved, the total drawing force, is given

by:

1+j/picotoeIfj _ fPp21ltzelcotoej | pDp,,tX«Jl
/Jelcotoe J 1 IDell]

+ [7nDe22tmXj 1R “2cotaj R _ {Pe22)~2C0ot<Xj  f2nD"12tx«jj
Ll cosoc JI t/e2cota JI 1Pel2]

+ ff"Pppa -t-j/pacoto: 21TD atX«n
Ll cos Aie3cota .

+ TIDp?ntmyj rl1+"ncotoc
cosa JI /Jencotoe

where Uei, /Je2, ye3, Uen are the clemental coefficients of friction
across the pass of the typical conical die and the values of /Je§ are
computed from the employment of Newton-Raphson iteration (see the

basic programme under the Appendix).
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6a13. Equipment,

Hille 100 kN hydraulic draw bench equipped with 50 kN load
transducer, Serial No. SZ-E-5223, calibration of 4.38 kN/cm. When
used with amplifier Serial No0.SG.905, Channel II, set at attenuation

scale reading 45 and galvanometer type B-450, Serial No0.9-4317.

2) A U.V. recorder with minature galvanometer and U.V. sensitive
recording paper to record an analogue of the drawing force throughout

the drawing operation, Calibration 1 cm = 4.38 kN.

3) Sets of elemental dies with conical profiles to represent
Proto-dies with 0.375 and 0.250 total fractional reductions
respectively, details as follows:
(1) 3 sets of eclemental dies with semi-angle 7 Each set
consists of 5 elemental dies with exit diameters, 14.80 nnn, 13.60
mm, 12.40 mm, 11.20 mm and 10 mm to provide a total fractional
reduction, ftp = 0.375 of a proto-die with 10 mm nominal exit
diameter and 7° semi-angle.
(i1) 3 sets of elemental dies with semi-angle of 7 Each set
consists of 5 elemental dies with exit diameters 15.20 mm, 14.40
mm, 13.60 mm, 12.80 mm, and 12 mm, to provide a total fractional
reduction, ftp = 0.250 of a proto-die with 12 mm nominal exit
diameter and with 7° semi-angle.
(111) 3 sets of elemental dies with 15 semi-angle: Each set
consists of 3 elemental dies with exit diameters 14 mm, 12 mm,

and 10 mm to provide a total fractional reduction, RT = 0.375 of
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a proto-die with 15 semi-angle and with 10 mn nominal exit
diameter.

(iv) 3 sets of elemental dies with 15 semi-angle: Each set
consists of 3 elemental dies with exit diameters 14.67 mm, 13.33
mm, and 12 mm, to provide a total fractional reduction, Rfj =
0.250 of a proto-die with 15 semi-angle and with 12 mm nominal

exit diameter.

Each 3 sets of elemental dies were manufactured from
Non-Shrinking Oil Harddening (NSOH) Steel, High Carbon High Chromium

Steel (HCHC) and Cast Iron, Surface finish 0.5 Mn.

4) Specimen workpieces for 16 mm nominal external diameter, 0.82 mm
nominal wall thickness copper, aluminium, annealed brass and
stainless steel cold drawn seamless tube, approximately 30 cm total

length, with ends pointed by swaging and fitted with solid plugs

suitable for leading through the elemental die exits.

5) Lubricant - Mobil "Dromus B".

6) "Genkelene" proprictary degreasing agent.

A micrometer capable of measuring 0 - 26 mm with a spherical

attachment for filament to anvil.

-35-



6.14. Procedure

1) The dies and specimens were cleaned with degreasing agent, and

allowed to dry. Cleanliness of die housing was ensured.

2) The external diameters of the specimens were measured (mean of

five readings) using the micrometer.

3) The wall thickness (mean of six readings) was measured using the

micrometer with a spherical adaptor on the anvil.

4) The U.V. paper speed was adjusted to 5 mm/sec and the
galvanometer spot set to the desired position. Correct function of
the force recording system was checked by switching attenuation to
setting 12 and applying a manual force in the direction of the
sinking force. The attenuation switch was then positioned at setting
45. The recorder paper feed was switched on just prior to

commencement of drawing.

5) The 5 elemental dies of a set of 7' semi—angle element dies with
a total fractional reduction 0.375 were arrangeed and placed in a

Progressive order of use at the reach of the operator.

6) A specimen lead end was inserted through the first elemental die
(with largest exit diameter) in the set and located in the die

housing on the hydraulic draw bench. The specimen was then gripped

In the wedge box grips by closing the jaws.



7) The drawing speed was set by positioning the control valve at 2
cm/inin and drawing was commenced by operation of the control lever
and continued until the specimen was drawn through its entire gauge

length. The recorder paper drive was stopped.

8) The wedge box grip was released and the specimen was withdrawn.

9) Procedures 6 to 8 were repeated for the same specimen with the
rest of the elemental dies in the set until the final diameter (10

mm) of the specimen was achieved.

10) From the U.V. recorder traces, the mean ordinates of the
elemental drawing forces analogue Fpeu (mm) were established and with
the calibration of the force transducer known, the mean elemental

drawing forces Foeu((N) were determined.

11) With drawing operation continued without the use of lubricant on
the dies and the specimen procedures 6-10 were repeated with same
set of eclemental dies for other specimens of different materials

(copper, brass and stainless steel).

12) The procedures 5 to 11 were repeated with the other sets of 7’

semi-angle elemental dies made from different die material.

13) Then procedures 5 to 12 were repeated with other sets of

elemental dies with 15 semi-angle.
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§2.15 Analysis of Results

Element 1 Element 2 Element 3 Element 4 Element 5

Re = 0.075 Re = 0.150 0.225 0.300 Re = 0.375

Analogue of Elemental Drawing forces of a Set of Elemental Dies

(with a = 7" and Ry = 0.375.

(Eel + Eq2 Eg3 + Eg* + Feg)
~Deu(Iran* ~ . (mm)

i.€. FDeu (n®l)

FDeu(™) “ x C
where Fpeu is the elemental drawing force due to full elemental

redundant deformation

n is the number of analogue results taken per trace for

an elemental die

C is the force calibrating factor, 438 h 10 mm.

From tables and

At Re = 0.075

F (5.1 +5 +5 + 5 + 5]
ADeul (' = 5

by .
5.02 (mm)

FDeu (N) = 5.02 x 438 = 2199 (N)
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At Re = 0.150

58+ 59+ 59+ 59+ 57
FDeu2 (ninl) ! 5 ! 5.84 (mm)

FDeu2<N) = 5.84 x 438 = 2558 (N)

At Re = 0.225

. 16,0 + 6--° + 5-7 + 5-8 + 5,71 = 5.86 (mm)
FDeud (n™) = 5

FDeuaW = 5.86 x 438 = 2567 (N)

At Re = 0.300

7.0 + 6.7 + 6.2 + 6.2 + 6.2
FDeud {nmn) = L o 1 . 6.46 mm)

FDeu4 W = 6.46 x 438 = 2830 (N)

At Re = 0.375

. . [74 + 7.0 + 74 + 63 + 6.2] _ 6.86 (mm)

FDeusS(N) = 6.86 x 438 = 3005 (N)
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SUMMARY AND COMPARISON TABLE OF ELEMENTAL COEFFICIENT OF FRICTION [UNDER DIFFERENT TRIBOLOGICAL
TREATMENT] AT VARIOUS POINTS ALONG THE WORKING FACE OF A NSOH-DIE WITH % SEMI-ANGLE REPRESENTED BY

A SET OF ELEMENTAL DIES (TOTAL FRACTIONAL REDUCTION RT - 0.375)

ALUMINIUM NSOH DIE COPPER NSOH DIE BRASS NSOH DIE STAINLESS STEEL NSOH DIE

Re
re el Ale %l re relL AWe %Il re ~eL %l re el AWe %Il

0.075 0.27 0.11 0.16 59 0.18 0.08 0.10 56 0.09 3.2x10-7 0.09 -100 0.08 0.04 0.04 50
0.150 0.30 0.14 0.16 53 0.16 0.07 0.09 56 0.08 0.02 0.06 75 0.13 0.09 0.04 31
0.225 0.31 0.16 0.15 48 0.22 0.09 0.13 59 0.16 0.12 0.04 25 0.08 0.02 0.06 75
0.300 0.42 0.19 0.23 55 0.28 0.17 0.17 39 0.20 0.18 0.02 10 0.13 0.11 0.02 15
0.350 0.60 0.27 0.33 55 0.58 0.26 0.32 55 0.23 0.19 0.04 17 0.20 0.13 0.07 35

Table 6.97(a)

SUMMARY AND COMPARISON TABLE OF ELEMENTAL COEFFICIENT OF FRICTION [UNDER DIFFERENT TRIBOLOGICAL
TREATMENT] AT VARIOUS POINTS ALONG THE WORKING FACE OF AN HCHC-DIE WITH 7’ SEMI-ANGLE REPRESENTED BY
A SET OF ELEMENTAL DIES (TOTAL FRACTIONAL REDUCTION Rr r 0.375)

ALUMINIUM HCHC DIE COPPER HCHC DIE BRASS HCHC DIE STAINLESS STEEL HCHC DIE

Re
re el %l ~eL. AWe %l re ~el %l re AeL Ale %l
0.075 0.27 0.10 0.17 63 0.17 0.08 0.09 53 0.08 3x10-7 0.08 ~100  0.08 0.04 0.04 50
0.150 0.31 0.14 0.17 55 0.16 0.07 0.09 56 0.08 0.04 0.04 50 0.13 0.09 0.04 31
0.225 0.30 0.16 0.14 47 0.22 0.09 0.13 59 0.16 0.11 0.05 31 0.08 0.02 0.06 25
0.300 0.41 0.19 022 54 0.28 0.17 0.11 39 0.20 0.19 0.01 5 0.13 0.11 0.02 15
0.350 0.64 0.27 0.37 58 0.61 0.26 0.35 57 0.23 0.20 0.03 13 0.20 0.14 0.06 30

Table 6.97(b)



SUMMARY AND COMPARISON TABLE OF ELEMENTAL COEFFICIENT OF FRICTION [UNDER DIFFERENT TRIBOLOGICAL
TREATMENT] AT VARIOUS POINTS ALONG THE WORKING FACE OF A CAST IRON DIE WITH 7’ SEMI-ANGLE
REPRESENTED BY A SET OF ELEMENTAL DIES (TOTAL FRACTIONAL REDUCTION Rt - 0.375)

ALUMINIUM CAST IRON DIE COPPER CAST IRON DIE BRASS CAST IRON DIE STAINLESS STEEL CAST IRON DIE
Re

e ~el. Ale %Il re ~el, %Il re ~eL %I ~e ~el, %I
0.075 0.17 0.17 0.0 0 0.14 0.11 0.03 21 7.6x10~Q 6.7x10~s 0.9x10~Q 12 0.05 0.05 0.0 0
0.150 0.23 0.23 0.0 0 0.19 0.17 0.02 11 0.06 0.05 0.01 17 0.10 0.10 0.0 0
0.225 0.23 0.23 0.0 0 0.21 0.20 0.01 5 0.12 0.12 0.0 0 0.09 0.09 0.0 0
0.300 0.31 0.31 0.0 0 0.29 0.28 0.01 4 0.20 0.20 0.0 0 0.15 0.15 0.0 0
0.350 0.46 0.44 0.02 4 0.36 0.36 0.0 0 0.37 0.30 0.07 19 024 0.24 0.0 0

Table 6.97(c)



SUMMARY AND COMPARISON TABLE OF ELEMENTAL COEFFICIENT OF FRICTION [UNDER DIFFERENT TRIBOLOGICAL
TREATMENT] AT VARIOUS POINTS ALONG THE WORKING FACE OF A NSOH-DIE WITH % SEMI-ANGLE REPRESENTED BY
A SET OF ELEMENTAL DIES (TOTAL FRACTIONAL REDUCTION Rt - 0.250)

ALUMINIUM NSOH DIE COPPER NSOH DIE BRASS NSOH DIE STAINLESS STEEL NSOH DIE

Re

~el. %I ~e el AA'e %l ~e ~el %l re ~el, %l
0.05 0.23 0.09 0.14 61 0.18 0.10 0.08 44 0.04 1.4x10”7 0.04 0 0.06 0.05 0.01 17
0.10 0.31 0.13 0.18 58 0.09 0.04 0.05 56 1.1x10-7 1x10"7 0.1x10“7 9 0.09 0.04 0.05 56
0.15 0.44 0.17 0.27 61 0.16 0.11 0.05 31 0.07 0.03 0.04 57 0.05 0.02 0.03 60
0.20 0.48 0.19 0.29 60 0.18 0.12 0.06 33 0.14 0.07 0.07 50 0.10 0.08 0.02 20
0.25 0.55 0.29 0.26 47 0.25 0.20 0.05 25 0.20 0.08 0.12 60 0.14 0.12 0.02 14

Table 6.98(a)

SUMMARY AND COMPARISON TABLE OF ELEMENTAL COEFFICIENT OF FRICTION [UNDER DIFFERENT TRIBOLOGICAL
TREATMENT] AT VARIOUS POINTS ALONG THE WORKING FACE OF A HCHC-DIE WITH 7' SEMI-ANGLE REPRESENTED BY
A SET OF ELEMENTAL DIES (TOTAL FRACTIONAL REDUCTION Rt - 0.250)

ALUMINIUM HCHC DIE COPPER HCHC DIE BRASS HCHC DIE STAINLESS STEEL HCHC DIE

Re
~eL %l ~elL %l ~el. Alle %l /Je AeL

0.05 0.23 0.09 0.14 o6l 0.17 0.09 0.08 47 0.04 107 0.04 0 0.06 0.05 0.01 17
0.10 0.36 0.10 0.26 72 0.09 0.04 0.05 56 1.1x10°°7 1.4x10°°7 0.4x10°<7 27 0,09 0.04 0.05 56
0.15 0.41 0.17 0.24 59 0.17 0.11 0.06 35 0.07 0.02 0.05 71 0.05 0.12 0.03 60
0.20 0.43 0.20 0.23 55 0.18 0.12 0.06 33 0.14 0.06 0.08 57 0.10 0.07 0.03 30
0.25 0.48 0.20 0.28 58 0.26 0.20 0.06 23 0.20 0.07 0.13 65 0.14 0.12 0.02 14

Table 6.98(b)



SUMMARY AND COMPARISON TABLE OF ELEMENTAL COEFFICIENT OF FRICTION [UNDER DIFFERENT TRIBOLOGICAL
TREATMENT] AT VARIOUS POINTS ALONG THE WORKING FACE OF A CAST IRON-DIE WITH 7' SEMI-ANGLE
REPRESENTED BY A SET OF ELEMENTAL DIES (TOTAL FRACTIONAL REDUCTION Rr - 0.250)

ALUMINIUM C-I DIE COPPER DIE BRASS C-L DIE STAINLESS STEEL GL- DIE
Re

Pe ~el T ~e  "eL *1 e ~eL AUe *1 ~e “eL %ol
0.05 0.08 0.20 0.12 60 0.14 0.13 0.01 7 10"7 10"7 0.0 0 0.06 0.05 0.01 17
0.10 0.15 0.12 0.03 20 0.12 0.11 0.01 8 10"7 10"7 0.0 0 0.03 0.02 0.01 33
0.15 0.17 0.13 0.04 24 0.19 0.13 0.06 32 0.05 0.04 0.01 20 0.10 0.09 0.01 10
0.20 0.16 0.15 0.01 6 0.19 0.15 0.04 21 0.12 0.09 Q.03 25 0.12 0.12 0.0 0
0.25 0.26 0.24 0.02 8 0.31 0.28 0.03 10 0.25 0.25 0.0 0 0.18 0.18 0.0 0

co
co

Table 6.98(c)



SUMMARY AND COMPARISON TABLE OF ELEMENTAL COEFFICIENT OF FRICTION [UNDER DIFFERENT TRIBOLOGICAL
TREATMENT] AT VARIOUS POINTS ALONG THE WORKING FACE OF A NSOH-DIE WITH 15 SEMI-ANGLE REPRESENTED BY
A SET OF ELEMENTAL DIES (TOTAL FRACTIONAL REDUCTION Rt - 0.375)

ALUMINIUM NSOH DIE COPPER NSOH DIE BRASS NSOH DIE STAINLESS STEEL NSOH DIE

Re -
e ~eL ~e 2l ~e el e ~eL 7ol ~eL ool
0.125 0.13 0.11 0.02 15 0.06 0.06 0.0 0 6.7x10“0 4.8x10~0 2x10~0 28 0.06 0.06 0.0 0
0.250 0.07 0.05 0.02 29 0.24 0.02 0.22 92 0.05 6.8x10~6 0.50 100 6x10°<Q 100 5x10-8 83
0.375 0.19 0.17 0.02 12 0.17 0.14 0.03 18 0.14 0.13 0.01 7 0.12 0.11 0.01 8

Table 6.99(a)

SUMMARY AND COMPARISON TABLE OF ELEMENTAL COEFFICIENT OF FRICTION [UNDER DIFFERENT TRIBOLOGICAL
TREATMENT] AT VARIOUS POINTS ALONG THE WORKING FACE OF A HCHC-DIE WITH 15° SEMI-ANGLE REPRESENTED BY
A SET OF ELEMENTAL DIES (TOTAL FRACTIONAL REDUCTION Rt - 0.375)

ALUMINIUM HCHC DIE COPPER HCHC DIE BRASS HCHC DIE STAINLESS STEEL HCHC DIE

Re
e ~el AAZe %l ~e el 4Ue %l ~e ~eL 4ue ~el, %l
0.125 0.13 0.11 0.02 15 0.05 0.06 -0.01 20 5.5x10~7 5x10-7 .5x10-7 9 0.06 0.06 0.0 0
0.250 0.07 0.05 0.02 28 0.03 0.02 0.01 33 0.002 7x10~4 1.3x10-3 65 5.7x10-0 5.7x10-Q 0.0 0
0.375 0.19 0.16 0.03 16 020 0.14 0.06 30 0.14 0.14 0.0 0 0.12 0.10 0.02 17

Table 6.99(b)



SUMMARY AND COMPARISON TABLE OF ELEMENTAL COEFFICIENT OF FRICTION [UNDER DIFFERENT TRIBOLOGICAL
TREATMENT] AT VARIOUS POINTS ALONG THE WORKING FACE OF A CAST IRON-DIE WITH 15 SEMI-ANGLE
REPRESENTED BY A SET OF ELEMENTAL DIES (TOTAL FRACTIONAL REDUCTION Rt - 0.375)

ALUMINIUM CAST IRON DIE COPPER CAST IRON DIE BRASS CAST IRON DIE STAINLESS STEEL CAST IRON DIE

Re
e el %ol e el *1 e ~elL %l e ~elL %ol
0.125 0.22 0.19 0.03 14 0.12 0.09 0.03 25 0.11 0.08 0.03 27 0.08 0.07 0.01 13
0.250 0.15 0.10 0.05 33 0.06 0.04 0.02 33 0.04 0.03 0.01 25 0.09 0.07 0.02 22
0.375 0.23 0.20 0.03 13 0.22 0.17 0.05 23 0.20 0.18 0.02 10 0.13 0.12 0.01 8

Table 6.99(c)



SUMMARY AND COMPARISON TABLE OF ELEMENTAL COEFFICIENT OF FRICTION [UNDER DIFFERENT TRIBOLOGICAL
TREATMENT] AT VARIOUS POINTS ALONG THE WORKING FACE OF A NSOH-DIE WITH 15" SEMI-ANGLE REPRESENTED BY

A SET OF ELEMENTAL DIES (TOTAL FRACTIONAL REDUCTION RT = 0.250)

ALUMINIUM NSOH DIE COPPER NSOH DIE BRASS NSOH DIE STAINLESS STEEL NSOH DIE

Re
re ~eL Me %I ~e rel. %I ~e ~el, Aile %1 Pe rel. %I
0.083 0.22 0.19 0.03 14 0.09 0.07 0.02 22 10"7 10"7 0.0 0 0.02 0.02 0.0 0
0.166 0.09 0.06 0.03 33 10"7 3.5x10~e 6.5x10~Q 65 5.7x10-0 5.6x10-0 0.1x10-0 2 10-0 10"0 0.0 0
0.250 0.24 0.20 0.04 17 0.10 0.09 0.01 10 0.11 0.09 0.02 18 0.08 0.07 0.01 13

Table 6.100(a)

SUMMARY AND COMPARISON TABLE OF ELEMENTAL COEFFICIENT OF FRICTION [UNDER DIFFERENT TRIBOLOGICAL
TREATMENT] AT VARIOUS POINTS ALONG THE WORKING FACE OF A HCHC-DIE WITH 15° SEMI-ANGLE REPRESENTED BY
A SET OF ELEMENTAL DIES (TOTAL FRACTIONAL REDUCTION Rt = 0.250)

ALUMINIUM HCHC DIE COPPER HCHC DIE BRASS HCHC DIE

Re
e ~elL %l e ~elL
0.083 0.23 0.19 0.04 17 0.09 0.07 0.02 22
0.166 0.10 0.11 0.01 10 8.7x10-6 3x10"8 8.7x10°°6 50
0.250 0.24 0.21 0.03 13 0.13 0.09 0.04 3

e ~eL AHe
1x10-7 10°7 0.0 0
5.6x10-0 5x10-0 0.6x10-0 11

0.11 0.09 0.02 18

Table 6.100(b)

%l

STAINLESS STEEL HCHC DIE

e ~elL Alle %l
0.02 0.02 0.0 0
10"8 10"0 0.0 0
0.08 0.07 0.01 13



SUMMARY AND COMPARISON TABLE OF ELEMENTAL COEFFICIENT OF FRICTION [UNDER DIFFERENT TRIBOLOGICAL
TREATMENT] AT VARIOUS POINTS ALONG THE WORKING FACE OF A CAST IRON-DIE WITH 5 SEMI-ANGLE
REPRESENTED BY A SET OF ELEMENTAL DIES (TOTAL FRACTIONAL REDUCTION Rr = 0.250)

ALUMINIUM CAST IRON DIE COPPER CAST IRON DIE BRASS CAST IRON DIE STAINLESS STEEL CAST IRON DIE

Re
e ~eL *1 e elL %l ~elL e ~elL %ol
0.083 0.21 0.20 0.01 5 0.12 0.12 0.0 0 0.003 2.5x10'-7 0.003 =0 0.05 0.05 0.0 0
0.166 0.19 0.07 0.12 63 0.10 0.10 0.0 0 10-7 10" 7 0.0 0 10"0 0.0 0
0.250 0.34 0.18 0.16 47 0.16 0.13 0.3 19 0.14 0.12 0.02 14 0.10 0.07 0.03 30

Table 6.100(c)



DIES

NSOH
HCHC

CAST IRON

DIES

NSOH
HCHC

CAST IRON

SUMMARY AND COMPARISON TABLE OF THE SIGNIFICANT VALUES OF COEFFICIENT OF FRICTION
(JJQ AND Vql. AT DIE EXIT) AT TOTAL FRACTIONAL REDUCTION, RT = 0,375 FOR DIFFERENT

TUBE MATERIALS AND DIFFERENT DIE MATERIALS WITH 7

ALUMINIUM SPECIMENS

e
0.60

0.64

0.46

7»

~elL

0.27

0.27

0.44

15

~e  “eL
0.19 0.17
0.19 0.16
0.23 0.20

COPPER SPECIMENS

7

e el
0.58 0.26
0.61 0.26
0.36 0.36

15'

re  “eL
0.17 0.14
0.20 0.14
022 0.17

Table

AND 15°

BRASS SPECIMENS

’7'

e

0.23

0.23

0.37

(6.101)

~eLL

0.19

0.20

0.30

SUMMARY AND COMPARISON TABLE OF THE SIGNIFICANT VALUES
(U AND

AT DIE EXIT) AT TOTAL FRACTIONAL REDUCTION, Rr =
TUBE MATERIALS AND DIFFERENT DIE MATERIALS WITH 7°

ALUMINIUM SPECIMENS

e
0.55

0.48

0.26

77

~elL

0.29

0.20

0.24

15

e ~elL
0.24 0.20

024 0.21

0.34 0.18

COPPER SPECIMENS

7

re el

0.25 0.20
0.26 0.20
0.31 0.28

15

e ~elL
0.10 0.09

0.13 0.09

0.16 0.13

15

e

0.14

0.14

0.20

AND 154

BRASS SPECIMENS

7»

0.20

0.20

0.25

Table (6.102)

~elL
0.08

0.07

0.25

15

e
0.11

0.11

el
0.13

0.14

0.18

~elL
0.09

0.09

0.12

SEMI-ANGLES

STAINLESS STEEL SPECIMENS

~
e ~eL
0.20 0.13

0.20 0.14

0.24 0.24

15°

~e el
0.12 0.11
0.12 0.10
0.13 0.12

OF COEFFICIENT OF FRICTION
0.250 FOR DIFFERENT
SEMI-ANGLES

STAINLESS STEEL SPECIMENS

71

e ~eLL

0.12

0.12

0.18

15

e ~elL

0.08 0.07
0.08 0.07

0.07



6.16. Results from the Experiment

1) Shown in Tables 6.01(a) to 6.12(a) are the measured analogue
values of the wuncorrected elemental drawing forces, Fe’s (mm)
[elemental drawing force due to full elemental redundant deformation]
with their mean values Fpeu (mn) for 0.375 total fractional
reduction, Rp, of aluminium, copper, brass and stainless steel
specimens drawn through the sets of N.S.O.H; H.C.H.C. and Cast Iron

elemental dies with 7° semi-angle without application of lubricant.

2) In Tables 6.01(b) to 6.12(b) are the resulting data from Tables
6.01(a) to 6.12(a) of uncorrected elemental drawing forces, Fpeu (mm)
and (N), calculated applicable redundant deformation forces, Rge (IN),
corrected elemental drawing forces Fjje (N), and the calculated

elemental coefficient of friction, Ue.

3) Also shown in Tables 6.13(a) to 6.24(a) are the measured analogue
values of the wuncorrected elemental drawing forces, Fe’s (mm)
[elemental drawing forces with full elemental redundant deformation]
with their mean wvalues, Fpeu (mm) for 0.375 total fractional
reduction, R”, of aluminium, copper, brass and stainless steecl
through the sets of N.S.O.H, H.C.H.C. and Cast Iron elemental dies

with 7' semi-angle respectively with application of lubricant.

4) The resulting data of the uncorrected elemental drawing forces

(mm) and (N), calculated redundant deformation forces, Rpe (N),

corrected elemental drawing forces, Fpe (N), and the calculated
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elemental coefficient of friction, from Tables 6.13(a) to 6.26(a)

are as shown in Tables 6.13(b) to 6.26(b).

5) The data in Tables 6.25(a) to 6.36(a) are the measured analogue
of the uncorrected elemental drawing forces, Fe’s (mm) with their
mean values, Fpeu (mm) for 0.250 total fractional reduction, Rip, of
aluminium, copper, brass and stainless steel specimens drawn through
the sets of N.S.O.H, H.CH.C. and Cast Iron elemental dies with 7’

semi-angle without lubricant.

6) In Tables 6.25(b) to 6.36(b) are the resulting data from Tables
6.25(a) to 6.36(a) of the uncorrected elemental drawing forces, Fpeu
(mm) and (N), calculated applicable elemental redundant deformation
forces, Rpe (N), corrected elemental drawing forces, Fpe (N), and the

calculated elemental coefficient of friction, Ale.

7) Similar data to the ones in (5) and (6) for the same total
fractional reduction R<¢p (0.25), the same specimens, the same sets of
elemental dies mentioned in (5) and (6) but with application of
lubricant are as shown in Tables 6.37(a) to 6.48(a) and Tables

6.37(b) to 6.48(b).

8) Shown in Tables 6.49(a) to 6.60(a) are the measured analogue
values of the uncorrected elemental drawing forces, Fe’s (mm) with
their mean values, Fpeu (mm) for 0.375 total fractional reduction, R"
of aluminium, copper, brass and stainless steel specimens drawn
without lubricant through sets of N.S.O.H. H.C.H.C. and Cast Iron

elemental dies with 15 semi-angle.



9) Also in Tables 6.49(b) to 6.60(b) are the resulting data from
Tables 6.49(a) to 6.60(a) of the wuncorrected eclemental drawing
forces, Fpeu (min) and (N), calculated related elemental redundant
deformation forces, Rpe (N), corrected elemental drawing forces, Fpje

(N) and the calculated elemental coefficient of friction, Ae.

10) Also similar data to the ones in (8) and (9) for the same total
fractional reduction R (0.375), the same specimens, and the same
sets of elemental dies mentioned in (8) but with application of
lubricant are as shown in Tables 6.61(a) to 6.72(a) and Tables

6.61(b) to 6.72(b).

11) In Tables 6.73(a) to 6.84(a) are the measured analogue values of
the uncorected elemental drawing forces, Fe’s (mm), with their mean
values, Fpleu (mun) for 0.250 total fractional reduction, R'p of
aluminium, copper, brass, and stainless steel drawn through the sets
of {15 semi-angle) N.S.O.H., H.C.H.C, and Cast Iron elemental dies

without lubricant.

12) Also in Tables 6.73(b) to 6.84(b) are the resulting data from
Tables 6.73(a) to 6.84(a) of the wuncorrected eclemental drawing
forces, Fpeu (mm) and (N), calculated related elemental redundant
deformation forces, Rpe (N), and corrected elemental drawing forces,

F))e (N) and the calculated elemental coefficient of friction, We.

13) Shown in Tables 6.85(a) to 6.96(a) and Tables 6.85(b) to 6.96(b)

are the data similar to cases (11) and (12) for the same total
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fractional reduction, R = 0.250, the same specimens and the same set
of elemental dies with 15 semi-angle, but employed with application

of lubricant.

14)The results in Tables 6.97(a) to 61.100(a) are the summaries and
comparison of the elemental coefficients of friction, and for
the two tribological conditions (drawing of the different tubes with
and without lubricant progressively through the sets of N.S.O.H,
H.C.H.C. and Cast Iron eclemental dies with 7 and 15 semi-angles to
attain total fractional reductions of 0.375 and 0.250 respectively

tested.

Also shown in the same tables are the differences, A%g between
the two wvalues, /Je and jUg" with the improvement ‘'I' (due to the use
°f lubricant) expressed as a percentage of the coefficient of

friction without lubricant.

15) The resulting data in Tables 61.101 and 61.102 are the summaries
°f the elemental coefficient of friction at the exit of all the 7%

and 15 semi-angle of the die set employed to draw all the different
specimens with and without lubricant. These coefficients of friction
at the exits are defined as the significant (i*s and i"p) wvalues of

coefficients of friction needed for calculation of the total drawing

froces of the tubes due to redundant deformation through a proto-die
at one pass to attain 0.375 and 0.25 fractional reductions

respectively.



16) The curves shown in Figures 6.01 to 6.13 and Figures 6.14 to 6.24
are the graphs of the elemental coefficients of friction against
elemental fractional reductions of the N.S.O.H., H.C.H.C and Cast
Iron dies with 0.375 and 0.250 total fractional reduction and with 7’
and 15 semi-angles employed to draw the different tube materials

with and without lubricant respectively.

§2 17 Correlating Upper Bound Theorem with the Experimental Results

From Upper Bound hypothesis:

tR - e Pe

where T 1s the elemental shear stress due to friction

Us is the die-workpiece interface elemental coefficient of

friction

k 1is the yield stress in shear of the workpiece.

From Tresca Yield Criterion: k = Y/g

where Y is the yield stress in uniaxial tension or compression.

Also from [Sach’s]

Fe - f Pedx
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Table 61.103

COMPARISON TABLE FOR CALCULATED RESULTS EMPLOYING

UPPER BOUND THEOREM WITHTHE EXPERIMENTAL RESULTS
FOR"AN ALUMINIUM SPECIMEN WITH y = 197 MPa

X
Re  ~e De {dx Pe(e) Fe(e) Pe(u) = k/fjue Fe(u)
(mm) (mm) (MPa) (kN) (MPa) (kN)
0.075 0.27 14.8 4.92 7.31 0.452 364.8 15.24
0. 150 0.30 13.6 4.92 8.94 0.564 328.3 17.10
0.225 0.31 12.4 4.92 11.58 0.712 317.7 18.90
0.300 042 11.2 4.92 19.50 1.419 234.5 20.69
0.375 0.60 10.0 4.92 23.36 2.168 164.2 22.57
EFe(e) = 5.313 (kN) EFe(u)= 94.5 (kN)

Note:

The experimental elemental coefficient of friction of
NSOH-AL from Table 6.97(a).

Pe(e) The experimental elemental radial pressure estimated for
NSOH-AL from Table 7.07, Appendix 7.

Fe(e) The experimental frictional force based on Pe(e)

Pe(u) The unacceptable, calculated elemental radial pressure
using upper bound theorem based on plain strain
deformation.

Fe(u) The corresponding unacceptable elemental frictional

forces based on Pe(u).

§.18 Discussion

The most striking point one would notice at the first glance
through the results of the elemental drawing forces, Fpeu due to the
full eclemental redundant deformation is the inequality of the
elemental forces, Fgeu across each element which makes up a set of

the elemental dies that constitute a proto-die even though each
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elemental die in a set contributes the same elemental fractional
reduction, Re, to the total fraction reduction Rp (Ret = Re2 = Re3 =
Rn and E Re = RT) of the proto-die. The elemental force, Fp)eu,
increases progressively across the pass of a proto-die because the
workpiece strain-hardening and increase of yield stress across the
die pass vary from material to material depending on the nature of
the tubing material. For example, across the 24.62 mm total pass of
the 7' semi-angle (0.375 total fractional reduction, R”") set of
elemental dies, the yield stress of copper specimen increased from
its initial value of 146 MPa to about 230 MPa whilst that of
stainless steel increased sharply to 874 MPa jtbm310 MPa, its initial
value. The strain hardening and increase in yield stresses of these
two materials seemed to have provided a succinct elucidation on the
reason for the increase of elemental drawing forces across the die
Pass. From the result tables: (2085 N, 2286 N, 2532 N, 2838 N and
3320 N) and (3215 N, 4730 N, 6027 N, 7104 N and 7674 N) are the sets
of elemental drawing forces, Fpeu, due to redundant deformation
recorded for both copper and stainless steel specimens drawn through
the same set of dies without lubricant respectively. With this
variation of the drawing force across the die pass, the wvariation of

the coefficient of friction across the pass becomes less surprising.

However, it must be borne in mind that while increase in yield
stress constitutes increase in the drawing force across the die pass,
its influence on the coefficient of friction according to the results
attained could be in the negative direction. For example, at the die

exit where fractional reduction, Rp = 0.375 (die with a = ¥ the
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values of coefficient of friction recorded for aluminium, copper and
stainless steel specimens with 197 MPa (mean yield stress) 185 MPa
(mean yield stress) and 874 MPa (elemental yield stress) are 0.60,
0°58 and 0.20 respectively. Another major influential mechanical
property on coefficient of friction between the die-workpiece face is
the hardness which also being enhanced by the increase in yield
stress of the tube material. As has been shown by Figures 6.25 and
6-26 (the graphs of the significant coefficient of friction Us
against 1initial hardness of the tube material) the coefficient of
friction goes down with high initial tube material hardness. These
graphs of the 1initial material hardness against the significant
coefficient of friction is a generalised and conclusive data
deduced from the experimental results for any tube material with the
same wall thickness intended to be subjected to any fractional

reduction within the range covered by the experiment.

Looking into the effect of die material on the wvalues of the
coefficient of friction, it would be noticed from the results
obtained that the differences between the values of coefficient of
friction recorded for the tube materials drawn through non-shrinking
oil hardening and high carbon chromium (NSOH and H.C.H.C) dies are
very small and negligible. The small differences could be attributed
wholly to general experimental errors. Therefore, with almost
identical results recorded for the two die materials, NSOH and
H.C.H.C., the preference for their practical or industrial use would
depend on the cost, machineability and durability. The results show

that the use of lubricant during the employment of both die-material,
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NSOH and H.C.H'C. resulted in the same drastic reduction in the
values of the coefficient of friction. Both die materials responded
well to the use of lubricant. Up to 60% reductions in the values of
the coefficient of friction were recorded for both die materials with

*' and 15' semi-angles.

However, turning to the Cast Iron die case, the die material
(Cast Iron) responded to the tube materials and lubricant differently
when compared with the cases of H.C.H.C. and NSOH dies. Without the
use of lubricant there was a sharp drop in the values of coefficient
of friction recorded for Cast Iron - AL (aluminium specimen drawn
through Cast Iron die) when compared with the cases of NSOH-AL and
HCHC-AL. For the 7' semi-angle case (testing aluminium specimen
without lubricant), 0.60 and 0.46 significant coefficient of
friction, Mg, were recorded for either H.C.H.C. or NSOH and Cast Iron
dies respectively. This gives a reduction of about 23% for the
significant value, tfs recorded for the Cast Iron die case. Also a
reduction of about 38% over the other die materials (NSOH and HCHC)
was recorded for the Cast Iron-Cu (copper specimen tested through
Cast Iron dies). Surprisingly, however, Cast Iron dies responded in
the reverse direction with tubing material with higher hardness (i.e.
increase in coefficient of friction compared with the other die
materials, HCHC and NSOH). Up to about 20% increase in coefficient
of friction values was recorded for Cast Iron-Stainless steel (tube)

over the values recorded for HCHC-SS and NSOH-SS cases.
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Cast Iron die material has a very hard grain structure and with
such a hard and tough material as stainless steel being drawn against
the hard grains of the Cast Iron dies, the higher wvalues of
coefficient of friction over other softer die materials (HCHC and
NSOH) appear to be justified. However, a closer look into the
result summaries would reveal that the Cast Iron dies have got little
or no affinity for the use of lubricant. As shown by the results,
there was little or negligible difference between the wvalues of
cocefficient of friction recorded for both cases (with and without
lubricant). The simple reason for this 1is that the graphite
structure of the Cast Iron die acts as lubricant between the die and
the workpiece face hence the reduction in the coefficient of friction
values over the wvalues attained for other die materials employed
under the same tribological condition (i.e. used without lubricant)
and eventually when lubricant is applied to the specimen and the
working face of the Cast Iron, the application of the Ilubricant

becomes less significant in terms of the reduction in the coefficient

of friction.

Thoroughly studying the results in the summary table (comparing
the significant wvalues of coefficient of friction of 7 andd f*t5
semi-angle for the same fractional reduction) comparing ¥ and *5
semi-angle significant values, and would reveal that up to 70%
drop over the significant values recorded for soft and ductile
niaterials tested through 7° semi—angle dies was recorded for the same
materials using 15 semi-angle dies (e.g. for NSOH-Al [« = 7°], jug =

0.60; for NSOH-AL [a = 5 jug = 0.19). For harder materials such as
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brass and stainless steel the drop attained in the significant values
of coefficient of friction through the use of 15 semi-angle dies
(when compared with the case of dies with a = 7') for the same
fractional reduction is about 40% (e.g. for NSOH-SS [a = 7°], =

0.12 at 0.375 total fractional reduction).

However, it must not be forgotten that the high reduction in the
significant wvalues of the coefficient of friction of 15 semi-angle
die is at the expense of higher redundant deformation work as has

been shown in the general result tables.

For example, for the 0.375 total fractional reduction at the die
exits (for both ¥ and 15 semi-angle), the redundant deformation
forces for aluminium and stainless steel tubes, employing dies with
semi-angle of 7 are 243 N and 1014 N respectively while the
redundant forces for the same materials wusing dies with 150
semi-angle are about 545 N and 1750 N respectively. In spite of this
higher redundant work encountered in the use of 15 semi-angle dies,
it has been demonstrated under redundant deformation experiment that
for the same fractional reduction of a tube material, due to lower
coefficient of friction, less total drawing force is needed when a

hie with 15 semi-angle is in use.

Studying the curves of elemental coefficient of friction and that
of elemental radial pressure (against elemental fractional reduction
Re), one would realise that the exponential form of the radial

pressure variation across the proto-die pass is a connotation of how



much the two parameters depend on one another. The results show
that the radial pressure increases as the coefficient of friction

across the die pass.

However, as shown in Table (61.103), the data from the
experimental results are in contrast with the hypothesis of the upper
bound theorem. As shown the results Table (61.103) the experimental
die pressure, Pe(e), increases from its minimum value, 7.31 MPa at
the die entry to 23.36 MPa at the exit whilst the radial pressure
calculated from the upper bound theorem., K decreases from its
unacceptable maximum value 364.8 MPa at the entry to 164.2 MPa at the

die exit.

From the calculation based on the radial pressure attained
through the upper bound assumption a total (EFe(u)) frictional force
of 22.5 kN which is almost four times the actual measured total
drawing force, Fj (5.95 kN) due to redundant deformation was
recorded. Comparing this frictional force value, 22.5 kN with that
of experimental friction force (EFe(e)), 4.603 kN [about 77% of the
total drawing force] the apparent conclusion which can be drawn from
the result is invalidity of upper bound assumption application to

tube sinking analysis.

The only apparent reason for this invalid result is the theorem

of the plain strain deformation situation being imposed on a somewhat

rather different situation of tube sinking analysis.
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6.19. Conclusions

1) The coefficient of friction across a die pass varies
approximately in an exponential form as the accompanied radial

pressure.

2) In spite of the variation of the coefficient of friction across
the die pass, the useful value defined as the significant value of
coefficient of friction for calculation of the total drawing force

due to friction is the value attained at the die exit, /IS or /IS£.

3) A generalised and conclusive graphical data deduced from the
experimental results (based on the initial hardness of the workpiece
specimen) can be employed for the estimation of the appropriate value

of coefficient of friction for the calculation of the total drawing

forces for any fractional reductions of tubes which fall within the

range covered by the experiment.

4) The method employed for the experiment and its analysis (the
proposed elemental die theory) has eliminated the problem of
Unreliable results from the upper bound assumption as applied to tube

sinking analysis.

5) With more than 50% improvement or reduction recorded in most
cases (except for Cast Iron dies) for the coefficient of friction

over the test carried out without lubricant, the results of the test

have clearly defined the importance of the use of lubricant in tube

sinking.
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6) Except for prolonging the die life from wear, it is concluded
from the results attained that lubrication of the Cast Iron die
contributes only little improvement in the reduction of coefficient

of friction along the working face of the die.
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CHAPTER 7

RADIAL PRESSURE EXPERIMENT

7.11. Objective of the Experiment

Several attempts were made by previous workers working on the
the

tube sinking process to develop a method of estimating”coefficient of

friction, t/, but their theories were in marked disagreement over the

die radial pressure. In most cases no attempts were made to analyse

the profile of this pressure across the entire pass of the dies

employed; instead only a rough estimate of the average radial

pressure at the die exit was made - perhaps due to lack of

appropriate instruments and equipment.

In order to enable us to correlate the results of our present
work on coefficient of friction with the estimates from the upper
bound theory, i.e. T = pp ¢ k, it is considered necessary to provide
an appropriate and reliable data of the die radial pressure through a
fresh experiment with one of our dies and the tubing materials being
employed in the coefficient of friction analysis. Therefore, the
object of this experiment is to determine the radial pressure across
the pass of a conical die and to compare the results of the
experiment with the resulting data from the coefficient of friction

analysis across the pass of the conical die.



7.12. Theory

Though a conical die with a very small semi-angle is still not a
true ideal straight cylinder, however if the die is divided into a
number of elements across its entire pass, cach element on its own

can be regarded as a small straight thick cylinder.

Figure (7.01a) shows a thick cylinder of external and internal
radii, rt and r2 respectively, with external and internal pressures,
pt and p2, and Figure (7.01b) shows the stresses acting on an element
of radius r and thickness dr, subtending an angle d6 at the centre.
The radial and circumferential stresses, or and <JC have both been

assumed to be compressive, which is considered positive.
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If the radial stress varies from or to or + dcr over the
thickness dr, then resolving forces on the element radially over a

unit length of cylinder, [Reference 27]

(or + dor) (r + dr) do = or r de + 2<JC dr qg

{or r + or dr + r dor + dar dr)de = {r av + oc dr)de

r +0Ordr + r &Jr + d<Jr dr = r or + oc dr

or dr + r dar + dar dr = ac dr

Neglecting the second order term:

or dr + r ddr = o0 dr

or

dar
Sr+x5?-—ac (7.1)

If the longitudinal stress and strain are denoted by 0f£ and

respectively, then:

It is assumed that is constant across the thickness, 1i.e. that
a plane cross-section of the cylinder remains plane after the

aPplication of pressure, and that <j 1s also uniform across the

thickness, both assumptions being reasonable on planes remote from

the ends of the cylinder.

It therefore follows from these assumptions that or + <C is a

c®°nstant, which will be denoted by 2a.
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Thus:

oc = 2a - or (7.2)

Substituting in equation (6):

dor
op 4+ T = 2a - ar
dor ) )
or 2or r + 12 %1—1: ————— 2a r = 0 multiplying through by r:
ie. 2 (err2 - ar2) = 0

crr2 - ar2=>

- at — (7.3)
12

Therefore from equation (7.2),

a -2 (7.4)

Equations (7.3) and (7.4) are known as Laine’s equations.

For a cylinder with internal pressure only:

ar = P when r 2

4

and Op = 0 when r
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(7.5)

The maximum and circumferential stress occur at r = r2,

when or = P

the negative sign indicating tension.

7.13. Apparatus and Equipment

1) A conical Cast Iron die with 7 semi-angle, total fractional
reduction of 0.375 and with 5, 120 O resistance strain gauges laid
circumferentially at intervals of approximately 5 mm across the total

pass of 24.6 mm of the die.

2) A CROPICO Apex Unit and Selector Switch: Type SMI10, Serial

No.15463 with 10 channels into which leads from the five strain

gauges were connected.
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3) A Wheatstone Bridge.

4) A Phillips meter, Serial No.PR.9307: Voltage range of 0 V to 10 V

and output range between 0 to 5000 (micros).

5) A digital voltmeter to facilitate strain readings.

6) A hydraulic hand pump with 3000 1b/in2 capacity.

7) Hille 100 kN hydraulic draw bench equipped with 50 kN load

transducer.

8) 16 mm external diameter aluminium alloy specimens.

9) A 9 mm threaded plug of approximately 100 mm length with central
hole of | mm diameter, connected to a threaded cylindrical base of 20
mm diameter, connected to the connection of the hand hydraulic pump,

(see Figure (7.08)).

7.14 Procedure

7.15 Part |

1) With the digital voltmeter connected to the wvoltage output

connection of the Phillips meter and the voltage reading set to 1 V

range, the strain gauge leads were connected to the Apex Unit and

selector switch and to the Wheatstone Bridge.



2) With the operating voltage of the Phillips meter set to 2 V, the
switch at the back of the Phillips meter was turned to half-bridge
operation because we were dealing with one active and one dummy

gauge.

3) To balance the meter, the sensitivity knob was switched to low
region, and the balance knob was turned to the direction desired to

achieve zero deflection of the indicating needle arm.

4) For coarse adjustment of the needle towards zero position, the
potentiometer knob of the meter was turned and the needle arm was
finally adjusted to zero position with the meter fine adjustment

knob.

5) With the core of the die and an aluminium specimen properly
coated with one of the lubricants, the specimen was plugged into the
die and the assembly (die and specimen) were carefully and gently
located in the die box of the hydraulic draw bench and the pointed
end of the specimen was clamped to the clamp provided on the draw

bench.

6) The needle arm of the Phillips meter was readjusted to zero

position.

7) In order to attain 100 micros full-scale deflection to enable
calibration of the Phillips meter reading with DVM voltage readout,
the Phillips meter sensitivity voltage was adjusted to | mV. With
the DVM voltage range re-ensured at | V position, a calibration of

0.01 V =1 micro was achieved.



8) With the ram speed of the draw bench set to 2 cm/min. while the
100 cm long aluminium specimen was being drawn through the die, 3
readings of strain were recorded for each gauge on the dies before

the drawing of the specimen was completed through its entire length.

9) Then the procedures were repeated for other ram speeds, 3

cm/min., 4 cm/min. and different lubricants.

7.16 Part 2 - Calibration

i) With the screw plug properly sealed and fitted onto the die, the
threaded cylindrical base nut was fitted onto the manually operated
hydraulic pump. The set up was as shown in Figure (7.(18) except with
the data logger replaced by the Apex Switch Selector, Phillips meter

and the DVM.

i1) Having ensured that there was no leakage either from the plug-die
assembly and the pump connection, then the procedures (1), (2), (3),

(4) and (7) of Part | were repeated.

i11) While the pressure of the oil was being pumped progressively
from zero to the maximum capacity, 3000 1b/in2 of the hydraulic pump,
4 strain readings were taken at every 200 1b/in2 interval of pressure
for strain gauge No. (1.e. strain gauge located at the die

entrance).

iv) The pressure was pumped up to the maximum, 3000 1b/in2 and
reduced progressively and readings checked at every 200 1b/in2 to

cross check the readings taken in (ii1) but in reverse direction.
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Estimation of Frictional Force for
Two Die Materials Lubricated with the Same Lubricant

X
Fe = n De f Pe dx [Sachs]
0
where De 1s the mean external elemental diameter
is the elemental coefficient of friction
Pe is the absolute elemental radial pressure

X
J dx 1is elemental die length
0

and Fe 1s the elemental frictional force.

Results Summary Table

CAST IRON NSOH DIE

Re De )t(“ dx Pe AeL Fe AeL Fe

(o) (mm) (MPa) ™) N)
0.075 14.8 4.92 3.82 0.17 149 0.11 97
0.150 13.6 4.92 4.60 0.23 223 0.14 136
0.225 12.4 4.92 7.56 0.23 334 0.16 232
0.300 11.2 4.92 11.54 0.31 620 0.19 380
0.375 10.2 4.92 17.77 0.46 1264 0.27 742

2590 #N) 1587tN)

Table (7.17)
uel’s are value of the elemental coefficient of friction for the 7’
semi-angle, Cast Iron and NSOH dies (lubricated with Drorous ”B”’) from

Tables (6.97(c) and (6.97(a)

*  Sum of the elemental friction force, EFe.
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v) Then procedures (1i1) and (iv) were repeated for the rest of the
4 strain gauges, and the average strain readings for the individual

gauges at every pressure of 200 1b/in2 were calculated.

vi) Because there was little or no difference in the set of the
average strain readings for the five gauges employed, only 3 sets of

average strain readings were plotted against the pressure.

7.17. Results from the Experiment

1) Shown in Tables (7.01), (7.02), (7.03), (7.04) and (7.05) are the
results of the 4 strain readings with their average wvalues, elav,
e2av» e3av’ etc-' recorded between zero and 3000 1b/in2 at intervals

of 200 1b/in2 for the 5 strain gauges respectively.

2) Figure (7.02) is the plot of the set of average strain readings
against pressure of 3 channels of the 5 strain gauges employed for
the test to provide calibration for the strain readings recorded when

the specimens were drawn through the die.

3) Shown in Tables (7.06) to (7.16) are the strain readings with
their average values and their equivalent radial pressure calculated
from the calibration equation (equation (7.6)) at various fractional
reductions across the die pass, at different drawing speeds under

different tribological treatments.

4) The curves shown in Figures (7.03) to (7.06) are the plots of the

elemental radial strain against elemental fractional reduction and
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the plots of elemental radial pressure against elemental fractional
reduction for the specimens drawn at 3 cin/min. and 2 cm/min. of the

draw bench speed with the use of different lubricants respectively.

5) In Table (7.17) 1is the results summary showing the elemental
frictional force estimated for both Cast Iron and Non-Shrinking Oil
hardening die material lubricated with the same Ilubricant, while
aluminium tube is drawn through them, and the resulting curves of
elemental frictional force against elemental fractional reduction for

both dies are as shown in Figure (7.07)

7.18. Discussion

At the first glance through the plots of the radial pressure
against elemental fractional reduction, it would be noticed that the
radial pressure varies exponentially from the entrance to the exit of
the die as the coefficient of friction across the die pass. However,
it must be borne in mind that a high coefficient of friction does not
necessarily imply a higher radial pressure. As has been
demonstrated in the results of the coefficient of friction test,
higher coefficient of friction values were recorded for soft tube
materials. The coefficient of friction itself depends on how much
ploughing effect can the die working surface have on the tube
materials. With increase in yield stress of the tube material, the
frictional shear stess at workpiece-die interface increases hence the
increase in the radial pressure as the tube material strain hardened

across the die pass.
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From the results shown in Table (7.15) a slight drop in the
values of radial pressure across the die pass would be noticed when
Mobil Dromus ‘B’ was employed as lubricant. This implies that there
was a slight reduction of frictional shearing effect at workpiece-die

interface across the die pass.

As has been discussed under coefficient of friction analysis, the
correlation of the measured radial pressure with the theoretical
values attained through the employment of upper bound hypothesis is
very difficult because of the very marked disagreement between the
two values. The upper bound predicted values much larger than the
measured radial pressure. The employment of the two wvalues of radial
pressure to assess the frictional force across a die pass exposed the
extent of invalidity of the use of upper bound assumption based on
plain strain theory for the estimation of upper bound value of

coefficient of friction in tube sinking process, (see Table (61.103).

7.19 Conclusions

1) The radial pressure varies exponentially as the frictional force

across the die pass.

2) The wvariation of drawing speed has negligible or no effect on the

radial pressure across the die pass.

3) With better lubricant, the radial pressure across the die pass

can be reduced slightly.
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4) Due to marked disagreement between the measured radial pressure
values and the wvalues of the radial pressure predicted by upper bound
assumption based on plain strain theory, it is concluded that the

plain strain situation cannot be completely harmonised with an ideal

tube sinking process.
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CHAPTER 8
EXPERIMENT TO VERIFY AND TO ASSESS REDUNDANT DEFORMATION DUE TO
PLASTIC AND ELASTIC WORK AND ELASTIC RECOVERY AT ENTRY AND EXIT
RESPECTIVELY DURING DRAWING OF A THIN WALLED TUBE SLOWLY
THROUGH A CONICAL DIE

8.11, Objective of the Experiment

1) To verify the existence of redundant work due to plastic-elastic
work and elastic recovery at the entry and exit respectively during
the drawing of a thin walled tube at a slow speed through a conical

die.

2) To observe differences between the redundant work at the entry

and exit of a conical die.

3) To test for correlation between theoretical redundant work
predicted by Penny’s proposed redundant deformation theory and
results from experiment on thin walled tube drawn through a conical

die.

4) To wverify the wvalidity of the proposed elemental die theory

employed to determine the wvariation of coefficient of friction along

the working face of a conical die using a set of elemental dies to

represent approximately the profile of a conical die.

8.12. Theories

It has been shown in Chapter (3) that the elemental drawing force

due to full elemental redundant deformation is given by:
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(8.1

For a typical conical die to be represented by a set of elemental
dies when the elemental dies are used individually or progressively
to draw a tube specimen wuntil the achievable total fractional

reduction, Rj> is attained, the total drawing force, Fjp is given by:

FdT ~ (FDei + + [FDeu2 ““ RDe2) + [FDeua ~ RDea}

Z 4,
* + + p‘f)eun + 2 ] (8.2)

When the drawing forces are measured in terms of strains, then

(8.2) becomes:

CDT = ("Dei + ~2 } + [eeu2 “ ere2) + [“eus _ crea)

e t o + (GDen + (8-3>
where Fpel = elemental drawing force with exclusion of redundant
deformation

RDei» RDe2> RDen are the elemental redundant deformation

related to each elemental die

CpT - the hoop strain equivalent to F*t, total drawing force

eDe = hoop strain equivalent to elemental drawing force
without redundant deformation

ere = hoop strain equivalent to elemental redundant

deformation, Rpe.
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Also, for a typical conical die made of an assembly of elemental
dies and then employed to draw the tube at one pass to the desired

fractional reduction, ftp then equations (8.2) and (8.3) become:

FdT ~ (FDei + + FDe2 + FDe2 + FDe4 + ...
~Denl
and
[ ereil
CDT = t Del + 2 ] cDe2 + cDe3 + cDed4 +.......
[ , erenl
T+ s T, [cDen 4 2 ] (85)
For both cases:
"Den txya  71De Xn tny<x
E rDe tred =, 7T +
3 3
or )
E ADe ” Fred rei1p) T Deintnl (8.6)
Also, . + £
E erei eren cre | ren ] 7
cre - 2 2 7 (8.7)

8.13. Equipment

i) Hille 100 kN hydraulic draw bench equipped with 50 kN load
transducer, Serial No.SZ-E-5223, Calibration of 4.38 kN/cm when used
with amplifier Serial No.SG.905, Channel I, set at attenuation 80 and

galvanometer, type B-450, Serial No.9-43177.

1li) A UV. recorder with miniature galvanometer and U.V. sensitive
(Kodak) recording' paper to record an analogue of the drawing force,

FDeu> calibration 1 cm = 4.38 kN.



i11) A Phillips meter, Serial No.PR.9307 for measuring relative
impedance wvariations in Wheatstone half or full-bridge arrangements.
The meter is equipped with measuring ranges which employs attenuation
with 11 steps: =0.ImV/0.2mV/0.5mV/ImV/2mV/5mV/10mV/20mV/50mV/100mV/

200mV similar to +£50 id strain/100 Id strain/250 Id strain/500 [d strain,

ctc.

iv) A Modulog data logger type ML800 with the following features:
Single channel (single shot), single channel (repeat), Auto scan
(continuous) and scan speed ranging between 2 to 10 channels per
second. The data logger is connected to an IBM typewriter for direct

recording of the readings of the individual channels.

v) A strain gauge calibration box type MICI-5000 microstrain with

gauge factor of 2.

vi) A digital voltmeter to provide direct digital readout of the

output from the Phillips meter and to facilitate readings.

vii) A0 - 25 mm micrometer.

viil) Adigital Vernier caliper.

iX) A steel rule.

X) Lubricating oil (Mobil "Dromus B”).
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xi) Nylon hand gloves to prevent the use of oily hands to operate the
equipment in (i1), (1ii) and (iv) whenever there was need for their

operational adjustment.

x1i1) Specimen workpieces from 16 mm external diameter, 0.82 mm wall
thickness stainless steel, annealed 70/30 brass, copper and aluminium
alloy (N4), cold drawn seamless tubes. Each specimen with gauge
length of approximately 8 cm, ends pointed by swaging and fitted with

solid plugs suitable for leading the die’s exits.

xii1) Dies with conical profile details as follows:

a) Sets of elemental dies to be used individually and progressively
to draw the specimens and provide equivalent hoop strains? €eu to
the individual elemental drawing forces due to redundant
deformation for the calibration of the strain readings.€pe from the
assembled elemental dies to be used as prototype in the second part

the experiment.

i) A set of 7 semi-angle elemental dies [5 in number] with a
120 ¢ strain gauge laid circumferentially at the exit of each die
and the strain gauge terminals connected to two banana plugs with
2 m cables. Nominal exit diametes - 14.80 mm, 13.60 mm, 12.40
mm, 11.20 mm and 10 mm respectively.

ii) A set of 5 semi-angle elemental dies [3 in number]| with a
120 (0 strain gauge laid circumferentially at the exit of each die

and the strain gauge terminals connected to two banana plugs
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with 2 in cables. Nominal exit diameters, 14 nun, 12 mm and 10 mm
respectively.

(1i1) A set of 7 semi-angle elemental dies [5 in number] with a
120 ft strain gauge laid circumferentially at the exit oftach die
and the strain gauge terminal connected to two banana plugs with
2 in cables. Nominal exit diametes, 15.20 mm, 14.4 mm, 13.60 mm,
12.80 mm, and 12 mm respectively.

(iv) A set of 15 semi-angle elemental dies [3 in number] with a
120 Q strain gauge laid circumferentially at the exit of each die
and terminal of the gauge connected to two banana plugs with 2 m

cables.

b) Prototype dies (assembly of elemental dies) to draw specimen
at one pass and to provide hoop strains, €pe equivalent to the
drawing forces. Without redundant deformation, Fpe, various

points of the proto-dies.

1) Two prototype 7’ semi-angle dies made up of the assembly of
the elemental dies in a(i) and a(iii) with nominal exit diameters
of 10 mm and 12 mm respectively. Terminals of the strain gauge
on each element in each assembly are connected to a ten-channel
point din plug for direct connection of the gauges to the data
logger in (iv).

i1) Two prototype 15’ semi-angle dies made up of the assembly of
the elemental dies in a(ii) and a(iv) with nominal exit diameters
of 10 mm and 12 mm respectively. Terminals of the strain gauge
on each element in each assembly are connected to a ten-channel

point din plug to the data logger in (iv).
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xiv) Avery Universal Testing machine 250 KN capacity, type 7110 DE]J,
Serial No.E.70254 operated as a force indicating slow hydraulic

press.

xv) A sub-press, fitted with linear ball bearings on the guide
pillars. Hardened ground and polished steel platens are fitted to

the upper and lower internal faces of the die set.

xvi) A dial test indicator, calibrated with 0.01 mm divisions with 50
non plunger traverse, complete with adjustable stand and a base with

provision for magnetic clamping.

8.14. Test Procedure

The tests were carried out in 3 stages which included:

i) The wuse of eclemental dies [in sets] individually and
progressively to draw specimens for measurement of elemental
strains, €eu, and their equivalent elemental drawing forces,
Fpeu' due to redundant deformation to provide calibration for
elemental strain readings, €pe, equivalent to the elemental
drawing forces, F pe (without redundant deformation) which their
analogue cannot be measured simultaneously with the available

transducer provided with the draw bench.

i1) The use of proto-dies [assemblies of elemental dies in (1)] to

draw specimen at one pass for measurement of elemental strains,

epe equivalent to the elemental drawing forces, Fpe (without
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redundant deformation) of each element in 1its respective

assembly.

ibe measurement of contact strains, ec, between the elements of

the dies’ assemblies in (i1).

8.15 Stage 1(A)

1) The elemental dies in a set were arranged in the order of their
nominal exit diameters for the progressive drawing of a specimen to

the final diameter at a convenient reach.

2) The switch at the back of the Phillips meter was turned to half

bridge position because we were dealing with one active and one dummy

gauge.

3) The two banana plugs of the strain gauge of the first clemental
die in the set were connected together with the terminal of the dummy

to the Wheatstone bridge provided with the Phillips meter.

4) The output of the Phillips meter was connected to a digital

voltmeter to facilitate readings.

5) Then the operating voltage of the Phillips meter was set to 2V.

6) To balance the meter, the sensitivity knob was turned to low

region and the balance knob was turned to the direction desired to

achieve zero deflection of the indicating needle.



7) For coarse adjustment of the needle towards zero position, the
potentiometer knob of the meter was employed and the final adjustment
of the needle to zero position was achieved by simply turning the

fine adjustment knob.

8) Having properly coated the working face of the elemental die with
lubricating oil (Mobil Dromus ”B") the die was carefully and gently

located in the die box of the hydraulic draw bench.

9) With the elemental die properly located in the die box, one of
the annealed brass tube specimens was plugged into the elemental die
and the pointed end of the specimen was firmly clamped to the clamp

provided on the moving head of the hydraulic ram.

10) The indicating needle of the Phillips meter was readjusted to

zero position.

11) Then the sensitivity of the meter was adjusted to | mV to achieve
100 micro strains full scale deflection which could be read directly
in terms of mV from the Digital Voltmeter connected to the output of

the Phillips meter.

12) With the ram speed of the hydraulic draw bench set to 1 cm/min,

the aluminium specimen was drawn through its length and repetitive
four readings of strains, €tull, cui2> eui3> and ecui4 were taken

during the pass of tube through the die and the residual stncjm at

the end of the pass was noted.



13) Then the procedures (3) to (13) were repeated for the rest of the
clemental dies in the set, progressively with the original specimen
until the desired final fractional reduction equal to that of

Proto-die at one pass was achieved.

14) Procedures (3) to (13) were repeated for another 5 annealed brass

specimens.

15) Then procedures (3) to (14) were repeated for the remaining sets

°f elemental dies.

8116. Stage 1(B)

1) With the U.V. paper speed adjusted to 5 nun/sec and the
galvanometer spot set to the desired position, the correct function

the force recording system was checked by switching attenuation to
setting 12 and applying a manual force in the direction of the
sinking force. The attenuation switch was then positioned at
setting 90. Then the recorder paper feed was switched on just prior

commencement of drawing at 2 cm/min until the completion of the

Pass of each specimen progressively through individual elemental dies

In each die set.

Only two specimens from each tubing material (aluminium, copper

and brass) were drawn through the individual elemental dies in their

respective sets which represent each dies’ assembly employed in the

Stéges II and III of the tests because the measurement of the



elemental drawing force (analogue) Fpeu, tor these materials has
already been carried out under previous experiment (variation of

coefficient of friction) with the same dies.

8.17. Stage II

The procedure for the second stage of the tests was as follows:

1) The bridge bank calibration wunit was plugged into the O-9

channel at the back of the data logger.

2) Having set the supply voltage to 2 V and the typewriter switch to

stand-by position, the main of the logger was switched on.

8) The lower limit was set to zero while the upper limit was set to

1 above the required limit.

4) With mode set to single channel repeat, the start button was
Pressed and the zero reading was attained through the potentiometer

Provided.

5) The calibration button was depressed and reading displayed was
adjusted to the desired calibration figure (in this case 4695 micro
strain) with the scaling potentiometer appropriate to the channel 0

to 9 which was in use.

6) The calibration wunit was unplugged from the logger and then

replaced with one of the dies’ assemblies gauges plug.

-136-



7) The lipper limit was set to one above the number of gauges of the

dies’' assemblies.

8) Having pressed the start button of the logger, each channel of
eacli gauge was either adjusted to zero or a convenient achievable
reference, e.g. 100, 200 or 600 by pressing the incremental and the

use of the potentiometer provided on the system.

9) Then the upper limit to the highest number of gauges of the dies’

assembly and the lower limit button was depressed.

10) When the typewriter line length button was pressed to the number
of gauges in the dies’ assembly, the mode was set to single auto
scan, the typewriter was set to carriage return and its switch on the

logger was turned from stand-by to run position.

11) Then the start button was pressed to reference readings for the

strain output from each channel.

12) With the working face of the elemental dies’ assembly properly
lubricated with lubricatin oil (Dromus ”B’’) the proto-die (elemental
assembly) was gently and carefully located in the die box of the .

hydraulic draw bench.

13) One of the aluminium specimens was properly coated with the oil
(Dromus "B"), the specimen was plugged into the assembly of elemental
dies and the pointed end firmly clamped with hydraulic draw bench

clamp.
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14) The hydraulic ram speed was set to | cm/min with the oil flow

control valve of the draw bench.

15) Then the start button of the data logger was again pressed to
print out the current references of each channel after the clamping

of the specimen.

16) While drawing of the specimen continued at the preset speed of
the ram, repetitive readings, ces (as many as possible) were taken by
either using single auto scan or repeat auto scan modes provided on

the logger.

17) As soon as enough consistent readings were taken for the pass,
the speed of the ram was increased to draw the remaining part of the
specimen through the die at a fast rate and immediately the passage
of the tube was completed a few readings were taken to record the
residual strains, €r, in each clemental die in the assembly after the

drawing operation has been completed.

18) Procedures (11) to (17) were repeated for another six aluminium
specimens which will constitute another six passes of specimens

through the die assembly.

19) Procedures (11 to (18) were then repeated for copper specimens

with the same proto-die (elemental die assembly).

20) Finally, procedures (1) to (19) were repeated for other

proto-dies (elemental die assemblies).



8.18. Stage III(A)

1) With the same settings of the drawing speed and the U.V. paper
employed in Stage 1(B), the analogue wvalues (at 1| cm = 4.38 kN) of
the total drawing forces were taken at which each specimen of
aluminium and copper was being drawn in one pass, through each

proto-die (elemental die assembly) in the preceding stage).

2) Now the Universal Testing machine ws set to read on 12.5 kN

full-scale.

4) With one of the dies assembly properly located in the hole of a
rotary forging tool holder and placed on the lower platen of the
sub-press, the operating ram was lowered by operation of controls
until a gap of about 20 mm existed between the die and the top anvil

of the press.

5) Then procedures (1) to (11) of the preceding stage, (Stage II)

were repeated.

6) The ram was then lowered until the gap between the upper pressing
anvil and the back end of the elemental die assembly was reduced to

approximately 0.1 mm.

7) By using the adjustment facility provided, the load scale was

adjusted to zero.
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8) Through the use of fine control valve, the speed of the ram was
adjusted such that the indication of height on the dial indicator
employed was reducing at approximately 0.16 mm/sec at which the
elemental drawing forces, Fge, equivalent strains, Cpe were measured

under Stage II.

9) Readings of contact strains between extreme die and pressing
anvil, and readings of the contact strains,cc between the elemental
die in the assembly were taken via typewriter equipped with data

logger, at every 0.5 kN load wuntil the maximum drawing force load,

FdT was reached.

10) Then, finally, procedures (2) to (9) were repeated for other die

assemblies with the equivalent applicable total drawing forces, F rp.

8.19 Stage III(B)

1) Now the procedures (1) to (7) of Stage 1(A) were repeated while

an elemental die in the set was properly located in the rotary

forging tool holder.

2) Then the ram was lowered until the gap between the upper pressing

anvil and the elemental die was about 0.1 mm.

3) The needle arm of the Phillips meter was readjusted to zero.

4) With the Digitial Voltmeter connected to the wvoltage output of

the Phillips meter, the sensitivity of the meter was adjusted to 1 mV

to give 100 micro strains full-scale deflection.
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5) Through the use of the fine control wvalve provided, the ram speed
was adjusted such that the indication height on the dial indicator in
use was reducing at approximately O0.16 inm/sec to achieve drawing
speed condition of | cm/min at which the elemental drawing forces,
Fpe, strain epe, equivalent were measured in each assembly of
elemental dies in which the individual elemental dies were

represented.

6) Readings of contact strain, ec between the elemental die and the
pressing anvil were taken every 0.5 kN load wuntil the maximum
compressing load equal to the total drawing force, Fipp, to which the
prototype (assembly) which the elemental die under test belonged to

was subjected to Stage III(A).

7) Procedures (1) to (6) were repeated for the rest of the elemental

dies in the same set.

8) Finally, procedures (1) to (7) were repeated for individual

clemental dies in their respective sets.



8.20 Results Analysis

where cea is the average of the modulus of the uncorrected strain
readings (ee’s) of a particular element in its respective
assembly. n is the number of uncorrected strain readings

(ce’s) taken per pass of the specimen through the assembly.

Examples:

From Table (8.15)



@ 23

3) ceald = ~ = 67 + 66 +-0 -+ kil = 66.70 (micro)
23

€re* geu fcea gr

where er’s are the residual strain readings taken immediately
after the specimen has completely passed through the dies
assembly [see the specimen print-out].

Gifes are the equivalent redundant deformation strains attained
from the difference between the strain readings (“eui, ceu2»

e eud etc.) of individual elemental dies (employed individually
and progressively as mini-proto-dies) and the corrected
strain readings, £pe*’s (cea - er - ec) of the elements in
their respective assemblies (Proto-dies).

€c’s are the strains due to contact forces between the elemental

dies when specimen is drawn through their assemblies.

Examples:

From Tables (8.50), (8.51) and (8.52)

€rel z (eeal erl €c 11

€fei ~ 51.373 - [53.46 - 17 - 0] = 14.913 (micro)

2) ~re2 - eeu2 teea2 er2 cc2J
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/. efe2 = 5196 - [61.52 - 19 - 17] = 26.44 (micro)

(3) ~re3* - eeul [eea3 er3  cc3]

cifes = 51.99 - [66.70 - 10 - 17] = 12.29 (micro)

(ii) ACp - ~ Arer

where Acr’s are the difference between theoretically predicted

elemental redundant strains, ere’s (based on Penny’s theory)

and that of experimentally attained redundant strains,

Examples:

From Tables (8.66), (8.67) and (8.68):

1) = [crel* - crel] = [14.913 - 13.93] = 0.993 (micros)

2) A2 ~ teie2 620 ¢ [26.44 24.03] 2.41 (micros)

3) tepa = [cte3 ¢ ereal [12.19 - 10.54] 1.75 (micros)

re

where Rge’s and €re’s are the theoretical elemental redundant
forces and strains respectively

*De >s aHd €t >s are the experimental redundant forces

and strains respectively.



Examples:

From Tables (8.66), (8.67) and (8.68):

CD HDex = x ere™~=— x 14.913] = 740 (N)
<2) *De? = X ere« 2= X 26.44] = 1364 (N)
(3) RDe3* = Xere¥ 3= x 12.29] = 636.IN1

(v) ARD = [RDe* - RDeg]

where ARp’s are the differences between theoretical and

experimental redundant forces, Rpe and Rpe*

Examples:

From Tables (8.66), (8.67) and (8.68):

(1) ARDlI = [RDe¥ " Roed = f740 - 6911 = 49.W

(2) ARD2 = [RDe2 " RDe2l = [1364 - 1240] = 124 (N)
(3) ARjj2 - [Rpe3  RDe3 “ [636  545] - 91 (N)
(vi) = A

These are the differences between experimental and theoretical
strains and forces expressed as the fractions and the percentage of

the theoretical values respectively.
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Examples:

8.21. Results Summary

.. Ecre Egre *
(vii) erem “ s > efem ~ S

where: efem s an® efem ,s are the mean values of the sum of the

theoretical and experimental redundant strains for the number of
specimens (or passes) s, made through the elemental dies in their

respective assemblies.

Examples:

From Table (8.6G):



) m ,  EGfei (14913 + 15.203 + 14.773 + 15.153)
(1) etem )I-En] g 4

Gfemi tEnJ] = 15.01 (micros)

/ox £Ge (26.44 + 26.61 + 26.74 + 26.44)
1/\1 G@m [13 (X3 ~
Gem = 26.56 (micros)
. T EGie (12.29 + 12.51 + 12.82 + 13.42)
3) G ®8in Bx] = - = 4

G8ma Exl = 1I2-76 (micros)

(viii) tGifem GrenJ

where: Acrn]’s are the differences between the mean wvalues of the
experimental and theoretical redundant strains for the number of
passes or specimens s, passed through the eclemental dies in their

respective assemblies.
Examples:

From the results summary Table (8.89):

(1) ’Grm(i) CEx| = fGfem * GrenJ(i) = [15.01 - 13.92] = 1.091 (micro)
(2) Aerm(2) = [efem * GrenJ(2) = [26.56 - 24.03] = 2.53 (micros)

(3) Aerm(3)[Ex] = [Gfem * GrenJ(3) = [12.76 - 10.54] = 2.22 (micros)

** En and Ex refer to the entry and exit of the proto-die (elemental

die assembly) respectively.

rEDem 1
(E; Rpem LG x Giem |

rcm

where: Roem a°d EDem are defined as the mean values of the
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experimental and theoretical redundant deformation forces for the

number of specimens or passes s, made through each element in its

respective assembly.

Examples:

From the results summary Table (8.89):

(D ®JPEnJ = xerep (1)= ["92 x 15'01] = 745 <W>
(2) Dem = g=a x erem¥ (2) = X 26.56] = 1370_ffi.
(3) RDem#3)(Ex] = x erein (3)= [ * 12.76] = 659 (N)

(x) ARpm F*Dem ADem”

ARpn)’s are defined as the difference between the experimental and
theoretical redundant forces for the number of passes or specimens,

s, through the elements in their respective assemblies.

Examples:

From the results summary Table (8.89):

(D ARDB(1)[En] = [RDem* - RDenl](i) = [745 - 691] = 54 (N)
<2) 4R)m(2) = [RDera* - RDem](2) = [1370 - 1240] = 131 (N)

<3) ARDm(3)[Ex] = [RDenl* - RDem](3) = [659 - 545] = 115 (N)
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Examples:
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8.22. Checking Validity of the Proposed Elemental Die Theory

Table (8.82)

Summary of Forces for Aluminium (oc = ¥

Elemental | pe RPem RDem ARDm FDec ~ (FDe *“ ~Dm)
No. N) (N) (N) N) (N)
1 1122 333 323 46 1076
2 1286 713 597 116 1170
3 1374 687 562 125 1249
4 1534 607 525 82 1452
5 1886 297 243 54 1832
EFDe = 7202 (N) ~AFDec = 6779 (N)

ee ~“Dec FdT
where F*t = 5957 (N). (The total drawing force measured).

. ee (6779 - 5957) = 822 (N)

(EFDec *© FdT)
% ee = ----- S

D% ee = 5779 x 100 “ 12%
Y% ee = 12%

Table (8.83)

Summary of Forces for Copper (a = 7°)

Elemental  Fpe *Dera ADem ARDm RDec “ (RDe ~ "Drrp

No. N) (N) N) (N) (N)

1 1196 378 372 28 1168

2 1117 739 688 59 1058

3 1227 701 648 71 1156

4 1690 651 605 55 1635

5 2155 328 280 68 2087
EFDe = 7385 (N) EFDec = 7104 (N)
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ee = D'Dec ¢ FdT

where F*-p 6789 (N). (The total drawing force measured).

ee (7104 - 6789) = 315 (N)

O'Dec 7104

/% ee = 4.4%

Table (8.84)

Summary of Forces for Aluminium (a - ¥5

Elemental Ape R Pem ADem AI'Dm “Dec (FDe ~DnP
No. (N) (N) (N) ™) N)
1 1859 745 691 54 1805
2 1441 1370 1240 131 1310
3 2144 659 545 115 2029
EFDe = 5444 (N) ~FDec 5144 (N)

ee D'Dec FdT

where Fj<p = 5125 (N). (The total drawing force measured).

ee (5144 - 5125) = 19 (N)
(£FDec " FdT) 19

% ee I = 0.37%
Dpec 5144

% ee = 0.37%
Table (8.85)

Summary of Forces for Copper (a = 15°)

Elemental ~ Fpe *Dem "Dem ARDm FDec ~ (FDe *“ ~Dm)
No. ™) (N) ™) (N) (N)
1 1829 745 650 74 1755
2 1647 1370 1165 112 1535
3 2495 659 510 92 2403
EFDe = 5971 (N) EFDec = 5693 <N>

ee D'Dec FdT
where F~? = 5913 (N). (The total drawing force measured).

/. ee | (5693 - 5913)| = 220 (N)
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(EFDec ~ FdT) 220
% ee 7 e = 3.86%
“Dec 5693

L% ee - 3.86%
Table (8.86)

Summary of the Owverall Error, ee (%) of
the Proposed Elemental Die Theory

Die Semi-angle Aluminium Copper
(« ?) ee (%) ee (%)
7' 12.00 4.4
15 0.37 3.86
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The Mean Values of the Related Results of the Six Aluminium Specimens
Passed Through Each Element of the Proto-die with 7' Semi-Angle
[5 Elements in the Assembly]

el eme nt al Grem ciem Aerm RPem ARDm “~r  ARDm
No. [efem eren] 1"Dem 'l CRDemt RDenJ = = - m
i— X “rem K erem RDem
Lcrem J
(micros) N) N) N) %
1 (En) 3.95 4.08 0.475 333 46 0.141 14.1
2 5.96 7.12 1.155 713 116 0.194 19.4
3 5.56 6.80 1.232 687 125 0.222 22.2
4 5.10 5.65 0.795 607 82 0.156 15.6
5 (Ex) 2.34 2.86 0.526 297 54 0.225 22.5

Table (8.87)
From the Table: Cn = 0.141, € = 0.255
cnx = <cn + cx> = (0-141 + 0.225) = 0.366
/. Cnx = 0.366
The Mean Values of the Related Results of the Seven Copper Specimens

Passed Through Each Element of the Proto-die with 7* Semi-Angle
[5 Elements in the Assembly]

ELEMENTAL Grem cfem rm RPem ARDm ~RDm
No. [erefm ““ereml “Dem | [RBem RDenJ m

i rem Grem RDem

lerem J
(micros) N) N) (N) %

1 (En) 3.95 3.40 0.30 378 28 0.077 7.7
2 6.96 7.48 0.601 739 59 0.086 8.6
3 6.48 7.01 0.706 701 71 0.109 10.9
4 5.70 6.13 0.432 651 55 0.091 9.1
5 (Ex) 2.59 3.10 0.537 328 68 0.241 24.1

Table (8.88)

From the Table: Cn = 0.077, Cx = 0.241
cnx = (cn x ¢cx) = (0.077 + 0.241) = 0.32

A Cnx = ©-32.
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The Mean Values of the Related Results of the Four Aluminium Specimens

Passed Through Each Element of the Proto-die with 15 Semi-Angle
[3 Elements in the Assembly]
eleme nta 1 crem G i#%m m RPem A”Dm ARpm
No. [ fm €remi 0"Dem 1 [RPem RDen]
X erem erem RDem
LGrem J
(micros) N) (N) (N) %
1 (En) 13.92 15.01 1.091 745 54 0.078 7.8
2 24.03 26.56 2.53 1370 131 0.105 10.5
3 (Ex) 10.54 12.76 2.22 659 115 0.21 21.0
Table (8.89)
From the Table: Cn = 0.078, Cx = 0.21
cnx = (cn + cx> = (0-078 + 0.21) = 0.288
/. Cnx = 0.288
The Mean Values of the Related Results of the Six Copper Specimens
Passed Through Each Element of the Proto-die with 15 Semi-Angle
[3 Elements in the Assembly]
el eme nta 1 erem eiem Acrm RPem ARDm ARDm
No. [ ##m cren] I"Dem | [RPem RDenJ] - === = m
x crem Xl crem RDem
Lerem J
(micros) M) (N) (N)
1 (En) 13.39 14091 1.52 724 74 0.1137 11.37
2 21.77 23.87 2.10 1277 112 0.097 9.7
3 (Ex) 9.06 10.69 1.63 602 92 0.180 18.0

Table (8.90)

From the Table: Cn = 0.1137, Cx = 0.18
cnx = (cn + cx> = (0.1137 + 0.18) = 0.294

S>> = 0-294



Summary of the Proposed Correcting Factor, Cf, For Tube
Sinking Force Equation

Die Semi-Angle Aluminium Copper Mean Factor Actual Correcting
(«) Factor,
cnx Anx mC nx Cf- [l + mCnx]
7 0.366 0.32 0.343 1.343
15 0.288 0.294 0.291 1.291

Table (8.91)
Proposed new form of drawing force equation:

TID2tmy ## + jucota] f, P2 Afcotoc- 2nDi tya.Cf
FAT " cosoc \ Afcota JI IdJ 3
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8.23. Results from the Experiment

1) The data resulting from the procedure discussed under Stage I of
the experiment, 1i.e. wusing individual elemental dies to measure
elemental hoop strains eeu’s and their equivalent drawing forces,
Fpeu, due to redundant deformation to provide calibration for the
strain readings for the prototype dies (elemental die assemblies) are

as shown in Tables (8.01) to (8.04) and Tables (8.07) to (8.12).

2) The graphs of the elemental strains, eeu’s, against the elemental
drawing forces, Fdgu’s due to redundant deformation for annealed
brass to provide general expressions between the two parameters, ceu
and Fpeu for other tubing materials employed for the experiment for
calibration purposes are as shown in Figures (8.03) and (8.04) for

15 and 7° die semi-angles respectively.

3) The data resulting from the employment of the expressions
attained from the two graphs, Figures (8.03) and (8.04) to provide
calibration for the strain readings attained when other materials,
aluminium and copper, are drawn through proto-dies (assemblies of
elemental dies) employed in Stage II of the experiment are as shown

in Tables (8.05), (8.06), (8.13) and (8.14).

4) Shown in Tables (8.15) to (8.18) and Tables (8.23) to (8.28) are
the uncorrected strain readings, ee’s (strain readings with inclusion
of residual strains, €r, and contact strains €c) recorded during a

Pass of each specimen of aluminium and copper through the proto-die



(assembly of 3 elemental dies with 15 semi-angle) respectively. At
the bottom of each table of results are the mean values eea’s of the
uncorrected strains and the residual strains, cr’s. Also
accompanying these results tables are a few specimens of the direct
print-out of the uncorrected strains with the residual strain from

the data logger employed.

5) For the same proto-die (assembly of 3 elemental dies with 15’
semi-angle) the results shown in Tables (8.50) to (8.52) arod Tables
(8.53) to (8.55) are the relevant experimental results required for
the analysis of the experimental redundant deformation strains,

for the four aluminium and six copper specimens employed

respectively.

6) Also shown in Tables (8.66) to (8.68) and Tables (8.69) to (8.71)
are the resulting data from further analysis of the strains and
forces related to each elemental die of the proto-die (assembly of 3
elemental dies with 15 semi-angle) through which both four aluminium
and six copper specimens were drawn to constitute four and six passes

respectively.

7) The results in Tables (8.82) and (8.83) for the 15 semi-angle
proto-die are the condensed or mean values of the results in Tables
(8.66) to (8.68) and Tables (8.69) to (8.71) for the four aluminium

and six copper specimens respectively.

8) Also the uncorrected strain readings, ce’s (strain readings with

inclusion of residual, er, and contact, €c, strains) together with
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mean values recorded for both six aluminium and seven copper
specimens tested wusing 7 semi-angle proto-die (assembly of 5
elemental dies) are as shown in Tables (8.32) (8.37) and Tables

(8.40) to (8.46) respectively.

9) For the same proto-die (assembly of 5 elemental dies with 7’
semi-angle) the results shown in Tables (8.56) to (8.60) and Tables
(8.61) to (8.65) are the relevant experimental results required for
the calculation of the experimental redundant deformation strains,
efe >s f°r the six aluminium and seven copper specimens employed

respectively.

10) With the same die in employment (assembly of 5 elemental dies
with a = 7°) shown in Tables (8.72) to (8.76) and Tables (8.77) to
(8.81) are the resulting data from further analysis of strains and
forces related to each elemental die of the proto-die employed for
drawing both six aluminium and seven copper specimens which

constituted six and seven passes respectively.

11) Under Summary of Results in Tables (8.87) and (8.88) are the
condensed or mean values of the data in Tables (8.72) to (8.76) and
Tables (8.77) to (8.81) based on the number of specimens, 5 employed
in each case (see Specimen Calculations) for the test through the

proto-die (assembly of 5 elements with a = 77).

12) Checking the wvalidity and accuracy of the proposed elemental die

theory employed for the analysis of the results, under Results



Summary, Tables (8.82) to (8.85), with their data were employed for
the assessment of the general error, ee, which could be expected in
the proposed eclemental die theory and the conclusions of the
assessment for both 7' and 15* die semi-angle are as shown in Table

(8.86) for both aluminium and copper tubing materials.

13) Finally, using the mean deviation, Z”, between Penny’S proposed
theoretical and the experimental redundant deformation at the die
entry and exit as correction factors, Cn and Cx related to the die
entry and exit respectively, two values of a general correction
factor, Cf, for both 7' and 15 semi-angle proto-die deduced and
proposed for any tubing materials are as shown in the Conclusions

Table (8.91) under Summary of Results.

8 «24. Discussion

The results presented exclude data from annealed brass and
stainless steel tube specimens. The reason for the exclusion of
these materials was to avoid damage of the proto-die (assemblies of
elemental dies). The dies were not heat-treated, therefore they were
considered not suitable for drawing harder materials like brass and
stainless steel at one pass for 0.375 fractional reduction. Apart
from damaging the working face of the dies due to strength and
hardness of the materials, particularly the stainless steel, the
"pointed" ends of the specimens which suffered from non-homogeneous
strain during the swaging operation are weak and therefore cannot
withstand the total drawing forces needed to draw the stronger gauge

lengths of the specimens at one pass.



The problems encountered during the tests were connected mainly
with instrumentation. Study of the Results Tables of uncorrected
strain readings, ee’s, (strain readings with inclusion of residual
and contact strains, er and ec) reveals cases where the residual
strains, er, were almost higher than the desired strain wvalues.
Reasons for this could be attributed to (i) the nature and quality of
the gauges employed, (i1) the quality of bonding material used, (1i1)
the amount of bonding material between the gauges and the surface,
(iv) positioning of the die in the tooling compartment of the draw
bench. The gauge lengths of the specimens were designed to be as
short as possible in order to avoid unnecessary "wriggling” of the
specimens which could lead to eccentricity of the specimen during the
drawing operation. Any slight dislocation of the die in the tool
compartment of the draw bench would affect the orientation of the
drawing force which could induce further strain into the elements of
the proto-die and thereby constitute residual strains which take some
time to die away on completion of the drawing operation of the
specimens. Also in addition to the above mentioned problems, the
draw bench hydraulic ram speed was set to run at a very low speed in
order to maintain a constant and steady speed for all the passes of
the specimens tested. There was likely to be a slight wvariation of
the preset speed due to changes in the viscosity of the hydraulic
fluid as the system became warmer. In fact a very large fan was
employed to blow cold air on to the hydraulic sump and the electric
motor because of the damaging heat generated after running the system
at low speed for about ten to fifteen minutes. The reason for this

was that the drawing speed was being controlled by the opening and



closing of the oil flow wvalve of the system. At a very low speed
(say | cm/min, at which the test was carried out) the hydraulic oil
was being forced through a very small opening which resulted in heat
generation and adversely affected the viscosity of the fluid as the

system became hot.

As discussed under the test procedure, the timing of taking the
reading's of residual strains is very important as the readings taken
too early or too late on completion of the drawing pass would result
in overestimation or underestimation of the residual strain,
respectively. For these reasons, the rest of the drawing of the
specimens (when enough readings have been taken) were done at higher
drawing speed (10 cm/min) and the maximum auto scan speed was
employed to take a couple of readings of the residual strains, er,

immediately after each pass was completed.

Of the two methods employed for the compression test to determine
approximately the contact strains, ec, due to the contact forces
between the eclemental dies when a specimen is drawn through the
assembly, the later method (subjection of individual elemental dies
individually to the push of the maximum drawing force due to
redundant deformation required to draw a specimen at one pass to the
final diameter through the proto-die) was abandoned because the
results attained for the elemental dies tested were meaningless. In
most cases, the strain readings due to the contact between the
pushing anvil of the hydraulic press and the elemental dies were more
than five times the wvalue of the actual average uncorrected strains,

€ea (see the results Table (8.92)).



The other method (subjection of the whole die assembly slowly to
the maximum drawing force) gave sensible results and was employed for
the tests. Contact strains in the first columns of the direct
specimen print-out from the data logger accompanied with Table (8.93)
was ignored because in practice, during drawing operations through an
assembly of the elemental dies, there is no contact force experienced
by the first die in the assembly. The contact strain readings shown
in the specimen print-out were due to contact between the first
elemental die of the assembly and the pushing anvil of the hydraulic

press employed for the tests.

Looking through the results, one would notice the exclusion of
the data from 12 mm exit diameter dies. The reason for this was due
to thickness effects, which render the strain readings recorded for
both 7° and 15', 12 mm exit diameter dies less accurate and
unacceptable. As shown in the proposed elemental theory (in Chapter
2) the maximum number of elements into which a proto-die can be
divided depends on the total working length of the proto-die which is
a function of the entry and exit diameter and the sine of the die
half-angle, a. With a very thin element, the width of the strain
gauge which can be laid on it circumferentially is restricted (see
discussions on alternative design of the die in Chapter 4). When
these thin elemental dies are clamped together, parts of width of the
gauges were either not sitting properly on the die surface but
overlapping and sitting on the small gap between the elements which
constitute the assembly (proto-die). Also, a high number of
elemental dies representing a 12 mm exit diameter proto-die implies

very small fractional reduction which may not generate
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enough hoop strains in each element to produce a sensible strain
reading. However, it must be borne in mind that there was no special
reason for the employment of 12 mm exit diameter dies for the test
other than maximising the use of the available material and equipment
(especially the dies) when tentative experiments were being carried

out to test the feasibility of this project at the initial stage.

The 10 mm exit diameter dies which cover between 0 and 0.375
fractional reduction range actually cover the 12 mm nominal exit

diameter dies’ mission as well.

From the results shown in Tables (8.72) and (8.77) we would
notice the situation where the difference between the experimental
and theoretical redundant forces, Rge* and Rpe tend to negative which
resulted to negative deviation A. In both cases, the occurrences of
the negative deviation, A, were recorded at the die entry when
aluminium and copper specimens were tested. Though the negative
sign of the deviations were ignored and their modulus values were
considered when the mean values of the deviations recorded for all
the specimens tested, were being analysed. In most cases, (for the
7 and 15 half die angle cases) the deviations from the originally
Predicted values by Penny’s redundant deformation theory were minimum
at the die entry while higher values of deviation were recorded for
the exits. It must be borne in mind that the basic energy equation
from which the original redundant deformation term [2nDltyo/3] was
derived was based on the hypothesis of constant volume of the tube

Material passing through any point on the working face of the die.



However, the thickness of the tube wall which was assumed constant
does vary slightly as the drawing progresses depending on the nature
of the tubing material. Also the redundant deformation term at the
die exit was originally based on the initial outside diameter Dt of
the tube was based on instantaneous exit eclemental diameter in the
elemental die theory. Therefore these two parameters, wvariation or
slight increase in wall thickness at the die exit and the difference
between the instantaneous diameter of the tube at the exit and the
original tube outside diameter would account for the higher wvalue of

redundant deviation at the exit.

As has been shown in the proposed elemental die theory, only
halves of the redundant deformation work of the first and the last
dies in an assembly of elemental dies (proto-die) constitute full
redundant deformation work of the proto-die. Therefore the general
correction factor, Cf, (Cnx + 1) attained for the original total
drawing force equation due to redundant deformation was deduced from
the local correction factors at entry and exit (C* and € ) of the

elemental dies assembly.

The total local correction factor, Cnx, (Cn + Cx) is the total
underestimation of the redundant work by Penny’s proposed theory
revealed by these experimental results. As has been shown in the
results conclusions, (Table 8.91), 0.343 and 0.291 underestimation
were recorded for the conical dies with 7 and 15° semi-angles

respectively.



From the results summary, Table (8.86) the overall error, ee, of
the proposed elemental die theory for aluminium specimens are 12% and
0.37% while those of copper specimens are more consistent (4.4% and
3.86%) for the 7 and 15 semi-angled dies employed respectively.
The overall error, ee, is largely dependent on accurate determination
°f the mean yield stress, y, of the tube material between the entry
and exit of the die. Other small errors which are very difficult to
divorce from the overall error, ee, include errors due to
instrumentation, measurement, calculation and homogeneuity of the
tube material. In spite of this error which cannot be completely
eliminated, looking generally into the results attained, it is
reasonable to conclude that the proposed elemental die theory is
accurate enough for the assessment of the coefficient of friction

along the working face of a straight conical die.

EL25 Conclusions

1) The experimental results show that during the drawing of thin

walled tube at a low speed through a straight conical die, redundant

Reformation work due to plastic-elastic and elastic recovery does

exist at the entry and exit of the die respectively.

2) The results not only connoted the existence of the redundant
Reformation as predicted by Penny’s proposed theory, it shows the
Regree of underestimation by Penny’s proposed theory and general

correction factors, Cf, to eliminate the risk of underestimation of



the total drawing force due to redundant deformation for both 7’ and
15" semi-angled dies for any tubing material were deduced from the

experimental results.

3) The results show small differences between the redundant work at
die entry and exit because the assumption of the constant volume at
any instant in the die pass becomes less wvalid as the tube wall

thickens at higher fractional reduction.

4) The proposed elemental die theory employed for the experiment is
very good and reliable provided the elemental or instantaneous yield
stress, Y-, (in case of materials which strain hardened largely
between the die entry and exit, e.g. stainless steel) or mean yield
stress, y, (for less strain hardening tube material) are carefully

and accurately determined.
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CHAPTER 9

9.11. Summary Conclusions

In accordance with the original objectives of this study, the

summary conclusions which can be drawn include:

1)  An elemental die theory to facilitate the analysis of the elemental
drawing force across the pass of a conical die has been devised and

developed.

2) Provided tt+he wvalues of instantaneous or eclemental yield stress,
>'e, of the highly strain hardening materials or the mean yield stress,
X, of less strain hardening materials can be accurately determined for
the workpiece across the die pass, it is proposed that the elemental
die theory can be employed for the accurate estimation of the

coefficient of friction across the conical die pass.

3) It also concluded that the proposed elemental die theory is very

good and reliable for the analysis of redundant deformation

phenomenon at both entry and exit of a conical die.

4) From both the experimental results and the analysis of the
coefficient of friction through the employment of the proposed
elemental die theory, it has been shown that the coefficient of
friction (or the frictional effect) wvaries exponentially as the normal

die pressure across the pass of a conical die.
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°) In spite of the wvariation of the coefficient of friction across the

die pass, the wuseful wvalue, defined as the significant wvalue of

coefficient of friction, ds or hsp, desirable for the accurate and
acceptable calculation of the total drawing force due to friction is the
value attained at the die exit. This finding is in agreement with the
Ol'iginal conventional employment; of the upper bound value of

coefficient of friction proposed by previous workers.

6) Though the data attained through the employment of the
Proposed elemental die theory connoted the wvalidity of application of
the upper bound wvalue of coefficient of friction for the calculation of
the drawing force due to friction, the results from this study also

reveal the wunacceptable extent of the unreliability of the upper

bound assumption as applied to tube sinking analysis.

1) It is concluded that the use of the elemental theory has
eliminated the problem of the unreliable results which often
constituted by either overestimation or underestimation of the

drawing force due to friction.

8) Also, due to marked disagreement between the measured radial
Pressure values and the wvalues of the radial pressure predicted by
upper bound assumption based on a plain strain theory, it is
concluded that a plain strain situation cannot be completely

harmonised with an ideal tube sinking process.

9) With more than 50% improvement or reduction recorded in most
cases (except for the Cast Iron dies) for the coeficient of friction
over the test carried out without lubricant, it is concluded that the
results of the tests have clearly defined the importance of the use of

lubricant in tube sinking process.
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10) From the results of the coefficient of friction analysis, it is
concluded that except for prolonging the die life from wear, the
lubrication of the Cast Iron die contributes only little improvement in
the reduction of coefficient of friction along the working face of the
die since the graphite structure of the Cast Iron across the working

face would negate the effect of the applied lubricant.

11) The results of this study not only connoted the existence of
redundant deformation due to plastic-elastic deformation and elastic
recovery at the entry and exit of the conical die during the drawing
of thin walled tube at a low speed as predicted by Penny’s proposed
elemental deformation theory, the results show the degree of under-
estimation by Penny’s proposed theory and general correction
factors, Cf, to eliminate the risk of underestimation of the total
drawing force due to redundant deformation for both % and 15°
semi-angle dies for any tubing materials were deduced from the

results of the study.

12) From our experimental data, it is concluded that small differences
do exist between the redundant work at the entry and exit of a
conical die because the assumption of the constant volume of the
work material at any instant across the die pass becomes less wvalid

as the tube wall thickness at higher fractional reduction.

13) In addition to the findings during the pursuance of the primary

objectives of this study, it is concluded from the results of our

secondary experiments that:-

169



i) The yield stress of a tube material is enhanced by the length of
the die pass which is a function of the total frictional work
done on the workpiece across the die pass. It is therefore
concluded that 7 semi-angle die (die with longer pass) would be

employed when maximum strain hardening of the tube material is

desirable.

i1) For tube materials which strain softening at higher fractional
reduction, the use of 15 semi—angle die would be desirable (die
with shorter pass) in order to prolong the point of initiation of
strain softening when higher fractional reduction and maximum

yield stress are very important.

9--12. Suggestions for Further Work

From the work to date on tube drawing generally to the status
described in this thesis, it is suggested that further work should

proceed on the following:

1) Extension of eclemental die theory to the analysis of the
coefficient of friction across the die pass in moving and fixed

mandrel tube drawing processes.

2) Investigation of redundant deformation in the drawing processes

in (1).

3) Effect of wvariation of die semi-angle on radial pressure in tube

sinking process.
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4) Further investigation into the effect of die geometry,
particularly variation of die semi-angle and the length of die pass

on the vyield stress of the workpiece materials in tube sinking

process.

5) Improvement into the existing tedious, laborious, and

time-consuming method of pointing tubes prior to sinking operation.
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APPENDIX



Mandrel

Reduced outside
diameter of tube

Height of
hump

4 Rolls
Outside diameter
of tube
TIF* Mandrel
Figure (1.1) Mannesmann process [
After Edgar [22]

Assel process
After Edgar [22]

Figure (1.3) Rotary Rolling process
After Edgar [22]

(1.5) Tube expanding

. ) After Rozov [32]
Figure (1.4) Methods of Tube drawing

After Slater [13]
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Fig.1.7. An Aircraft Fuel Gauging Unit.

Inner Tube
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GENERAL SPECIFICATIONS FOR THE PART ONE ELEMENTAL DIES

Al = A2 = A3 = A4 = AS 10.00
9.95
Bl = B2 = B3 = B4 = BS 10.00
9.95
JI =J2 =J3 =J4 =1J5 27.00
26.95
Fl = F2 = F3 = F4 = F5 48.00
47.95
01 = 92 = e3 = 94 = 95 30°
29.9
Surface Finish 5 dm
I 2.00
1.50
Materials: (1) High Carbon High Chromium Steel

(2) Non Shrinking Oil Hardening Steel
(3) Cast Iron

Table 4.10.

* The conical angles oCi- «2 ~ a3 “ a4 " al ? al a2 03
15 must be machined at the same top slide angular settings.

* The load 1 only applicable to the last dies of each set i.e. dies

with EX = 10 ram and EX = 12 respectively.
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ptt ptw fr

DFTAILS OF

SETS OF ELEMENTAL DIES

(PART ONE - INITIAL DESIGN) WITH FRACTIONAL REDUCTION OF 0.375

5 PIECES WITH 7’

EXI

CONICAL ANGLE

14.80
EX2 13.60
EX3 12.40
EX4 11.20
EX5 10.00
I_a2=§=«4=0c57’
1.50
1.40

FURTHER DETAILS OF

3 PIECES WITH 15’

CONICAL ANGLE

EXI 14.00
EX2 12.00
EX3 10.00
~°2 =a3 15
I 1.50
1.40

Table 4.11.

SETS OF ELEMENTAL DIES

(PART ONE - INITIAL DESIGN) WITH FRACTIONAL REDUCTION OF 0.250

5 PIECES WITH 7’

EXI
EX2
EX3
EX4
EXS

CONICAL ANGLE

15.20
14.40
13.60
12.80
12.00
«5 =7
1.50
1.40

3 PIECES WITH 15’

CONICAL ANGLE

EXI 14.67
EX2 13.33
EX3 12.00
=«2 = «3 = 15
1 1.50
1.40

Table 4.12.
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DETAILS OF SETS OF ELEMENTAL DIES FOR 0.375
FRACTIONAL REDUCTION TO PROOF AND TO ELIMINATE
ELEMENTL REDUNDANT DEFORMATION

5 PIECES WITH 7 (CONICAL ANGLE 3 PIECES WITH 15 CONICAL ANGLE
EXI 14.80 EXI 14.00
EX2 13.60 EX2 12.00
EX3 12.40 EX3 10.00
EX4 11.20
EX5 10.00
I 1.50 I 1.50
1.40 1.40
Al 10.00 Al 10.00
9.95 9.95
A2 4.93 A2 3.87
4.92 3.86
A3 4.93 A3 3.87
4.92 3.86
Ad 4.93 B 10.00
4.92 9.95
AS 4.93 J 27.00
4.92 26.95
B 10.00 F 48.00
9.95 47.95
J 27.00
26.95
F 48.00
47.95
=a2=o03=a4 =« = 7 ax =<x2 = a3 = 15
Table 4.13.
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DETAILS OF SETS OF ELEMENTAL DIES FOR 0.250
FRACTIONAL REDUCTION TO PROOF AND TO ELIMINATE

ELEMENTL REDUNDANT DEFORMATION

5 PIECES WITH 3 CONICAL ANGLE 3 PIECES WITH %5 CONICAL ANGLE
EXI 15.20 EXI 14.67
EX2 14.40 EX2 13.33
EX3 13.60 EX3 12.00
KX4 12.80
EX5 12.00
I 150 I 1.50
: 1.40
1.40
Al 10.00 Al 10.00
905 9.95
A2 3.282 A2 2.58
3.280 2.57
A3 3282 A3 2.58
3580 2.57
Ad 3082 B 10.00
3.280 9.95
A5 3282 5 27.00
3580 26.95
B 48.00
10. F
o os 47.95
J 48.00
47.95
"= «@2=«3=«t=2as5=7 oG — 02 ~~3 = 15

Table 4.14



INITIAL DESIGN OF ELEMENTAL DIE WITH 7*
ANGLE FOR 0.375 FRACTIONAL REDUCTION

-182-

CONICAL

A3

B3



INITIAL DESIGN OF ELEMENTAL DIE WITH 15* CONICAL
ANGLE FOR 0.375 FRACTIONAL REDUCTION

Al BI

FIGURE (4.11)
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INITIAL DESIGN OF ELEMENTAL DIE WITH 7* CONICAL
ANGLE FOR 0.250 FRACTIONAL REDUCTION

FIGURE (4.12)
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Al

INITIAL DESIGN OF ELEMENTAL DIE WITH 15°
ANGLE FOR 0.250 FRACTIONAL REDUCTION

BI

FIGURE (4.13)
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ALTERNATIVE DESIGN OF ELEMENTAL DIE (FOR 0.375}

TO PROOF AND TO ELIMINATE ELEMENTAL
REDUNDANT DEFORMATION (cc - 7 }

SECTION X - X

The Conical angle a must be machined whilst the dies’
blanks assembly is firmly clamped with 3 mm diameter studs.

Scale: Diagramatic

FIGURE (4.14)
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ALTERNATIVE DESIGN OF ELEMENTAL DIE (FOR 0.375)
TO PROOF AND TO ELIMINATE ELEMENTAL
REDUNDANT DEFORMATION (a - 15J

Three 3 mm holes on 39 mm
Pitch circle

FIGURE (4.15)
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ALTERNATIVE DESIGN OF ELEMENTAL DIE. (FOR 0.250}
TO PROOF AND TO ELIMINATE ELEMENTAL
REDUNDANT DEFORMATION (a = /)

The Conical angle a must be machined whilst the dies’
blanks assembly is firmly clamped with 3 mm diameter studs.

Scale: Diagramatic

FIGURE (4.16)
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ALTERNATIVE DESIGN OF ELEMENTAL DIE (FOR 0.250}
TO PROOF AND TO ELIMINATE ELEMENTAL

REDUNDANT DEFORMATION (a - 159)

Three 3 mm holes on

39 mm Pitch Circle SECTION Y - Y

FIGURE (4.17)
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Fig.(4.18)
A POWER PRESS EMPLOYED FOR POINTING

TUBE SPECIMENS



161~

Fig.(4.19)
A DIE SET AND SWAGING TOOL REMOVED FROM POWER PRESS
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Curves of Compressive Stress against Natural Strain for Cu Specimen
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Curves of Compressive Stress against Natural Strain for Stainless Steel Specimen
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QUAST-STATIC AXISYMMETRIC COMPRESSION TEST

SPECIMEN: BRASS

Height = 1.0 mm,

AH

(ram)

0.
0

0
0
0
0
0
0
0
0
0
0
0
0
0
0.
0
0
0
0
0
0
0
0
0
0
0
0
0
0

02

.04
.06
.08
.10
.12
.14
.16
.18
.20
.22
.24
.26
.28
.30

32

.34
.36
.38
.40
.42
.44
.46
.48
.50
.52
.54
.56
.58
.60

Thickness: 0.98 mm, Diameter: 10.0 mm, Re: 0.375
Fe H A € oL
(kN) (mm () (MPa)
0.60 0.98 32.1 -0.02 19
1.80 0.96 32.7 -0.04 55
3.00 0.94 33.4 -0.06 90
7.00 0.92 34.2 ~0.08 205
8.20 0.90 34.9 -0.11 235
11.30 0.88 35.7 -0.13 317
13.30 0.86 36.5 -0.15 364
15.10 0.84 37.4 -0.17 404
16.80 0.82 38.3 -0.20 439
17.80 0.80 39.3 -0.22 453
18.60 0.78 40.3 -0.25 462
19.10 0.76 41.3 -0.27 463
19.60 0.74 42.5 -0.30 461
20.05 0.72 43.6 -0.33 460
20.40 0.70 44.9 -0.36 454
20.80 0.68 46.2 -0.39 450
21.40 0.66 47.6 -0.42 450
22.10 0.64 49.1 -0.45 450
22.50 0.62 50.7 -0.49 444
23.30 0.60 52.4 -0.51 445
24.10 0.58 54.2 -0.55 445
24.90 0.56 56.1 -0.58 444
25.60 0.54 58.2 ~-0.62 440
26.25 0.52 60.4 ~0.65 435
27.10 0.50 62.8 -0.69 448
26.70 0.48 65.5 -0.73 423
28.60 0.46 68.3 ~-0.78 419
29.50 0.44 71.4 -0.82 413
30.60 0.42 74.8 ~-0.87 409
31.60 0.40 78.5 -0.92 403

Table (5.01)
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QUASI-STATIC AXISYMMETRIC COMPRESSION TEST
SPECIMEN: BRASS

Height = 1.0 mm, Thickness: 0.96 nm, Diameter: 11.20 mm, Re: 0.300
A Fe H A € O
(rm) (kN) (mm ) (mm”) (MPa)
0.02 1.40 0.98 32.1 -0.02 44
0.04 4.60 0.96 32.7 ~0.04 141
0.06 7.20 0.94 33.4 -0.06 216
0.08 9.20 0.92 34.2 ~0.08 269
0.10 11.40 0.90 34.9 -0.11 327
0.12 13.80 0.88 35.7 -0.13 387
0.14 15.50 0.86 36.5 -0.15 425
0.16 16.50 0.84 37.4 -0.17 441
0.18 17.30 0.82 38.3 ~0.20 452
0.20 17.90 0.80 39.3 -0.22 456
0.22 18.50 0.78 40.3 -0.25 459
0.24 18.90 0.76 41.3 -0.27 458
0.26 19.50 0.74 42.5 -0.30 459
0.28 19.90 0.72 43.6 -0.33 456
0.30 20.20 0.70 44.9 -0.36 450
0.32 20.90 0.68 46.2 -0.39 452
0.34 21.40 0.66 47.6 -0.42 450
0.36 22.50 0.64 49.1 ~0.45 458
0.38 23.20 0.62 50.8 -0.49 457
0.40 23.80 0.60 52.4 -0.51 454
0.42 24.50 0.58 54.2 -0.55 452
0.44 25.30 0.56 56. 1 -0.58 451
0.48 26.10 0.54 58.2 -0.62 449
0.48 26.80 0.52 60.4 -0.65 444
0.50 27.60 0.50 62.8 -0.69 440
0.52 28.40 0.48 65.5 ~0.73 434
0.54 29.00 0.46 68.3 -0.78 425
0.56 29.90 0.44 71.4 -0.82 419
0.60 30. 80 0.42 74.8 -0.87 412

-197~

Table (5.02)



QUASI-STATIC AXISYMMETRIC COMPRESSION TEST
SPECIMEN: BRASS

Height = 1.0 mm, Thickness: 0.95mm, Diameter: 12.3 mm, Re: 0.225

AH Fe H A € Oc
() (kN) (mm ) (mm?) (MPa)
0.02 1.00 0.98 32.1 -0.02 31
0.04 2.00 0.96 32.7 ~0.04 61
0.06 5.00 0.94 33.4 -0.08 150
0.08 8.50 0.92 34.2 -0.11 249
0.10 11.60 0.90 34.9 -0.13 332
0.12 14.00 0.88 35.7 -0.15 392
0.14 15.40 0.86 36.5 -0.17 422
0.16 16.40 0.84 37.4 -0.20 439
0.18 17.30 0.82 38.3 ~0.22 452
0.20 18.05 0.80 39.3 -0.25 459
0.22 18.80 0.78 40.3 -0.30 467
0.24 19.30 0.76 41.3 -0.33 467
0.26 19.80 0.74 42.5 -0.36 466
0.28 20.30 0.72 43.6 -0.39 466
0.30 20.80 0.70 44.9 -0.42 463
0.32 21.30 0.68 46.2 -0.45 461
0.34 21.70 0.66 47.6 -0.49 456
0.36 22.30 0.64 49.1 -0.51 454
0.38 22.80 0.62 50.7 -0.55 450
0.40 23.40 0.60 52.4 -0.58 447
0.42 24.00 0.58 54.2 -0.62 443
0.44 24.80 0.56 56.1 -0.65 442
0.46 25.60 0.54 58.2 -0.69 440
0.48 26.40 0.52 60.4 -0.73 437
0.50 27.10 0.50 62.8 ~0.78 432
0.52 28.00 0.48 65.5 -0.82 428
0.54 29.00 0.46 68.3 -0.87 425
0.56 29.60 0.44 71.4 -0.92 415
0.58 30.40 0.42 74.8 -0.97 406
0.60 31.60 0.40 78.5 -1.02 403

Table (5.03)
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QUASI-STATIC AXISYMMETRIC COMPRESSION TEST
SPECIMEN: BRASS

Height = 1.0 mm, Thickness: 0.935 mm, Diameter: 13.6 mm, Re: 0.150

AH Feo H A € Cc
(mm) (kN) (mm ) (mm”) (MPa)
0.02 0.50 0.96 42.7 -0.02 12
0.04 1.40 0.94 43.7 -0.04 32
0.06 3.50 0.92 44.8 -0.086 79
0.08 6.30 0.90 45.6 -0.09 138
0.10 9.40 0.88 46.6 -0.11 202
0.12 13.00 0.86 47.7 -0.13 273
0.14 15.20 0.84 48.9 -0.15 311
0.16 16.20 0.82 50.0 -0.18 324
0.18 17.20 0.80 51.3 -0.20 335
0.20 17.80 0.78 52.6 -0.23 338
0.22 18.50 0.76 54.0 -0.25 343
0.24 19.20 0.74 55.5 -0.28 346
0.26 20.00 0.72 57.0 -0.31 351
0.28 20.40 0.70 58.6 -0.34 348
0.30 21.40 0.68 60.3 -0.37 355
0.32 21.80 0.66 62.2 -0.40 351
0.34 22.40 0.64 64.1 -0.43 350
0.36 22.80 0.62 66.2 ~0.46 344
0.38 23.10 0.60 68.2 -0.49 338
0.40 23.40 0.58 70.8 -0.53 331
0.42 24.00 0.56 73.3 ~0.56 327
0.44 24.50 0.54 76.0 -0.60 322
0.46 25.50 0.52 78.9 -0.863 323
0.48 25.90 0.50 82.1 ~0.67 315
0.50 26.860 0.48 85.5 -0.71 311
0.52 27.60 0.46 89.2 -0.76 310
0.54 28.50 0.44 93.3 -0.80 306
0.56 29.40 0.42 97.7 -0.85 301
0.58 20.40 0.40 103.0 -0.90 295
0.60 31.40 0.38 108.0 ~0.95 291

Table (5.04)
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QUASI-STATIC AXISYMMETRIC COMPRESSION TEST
SPECIMEN: BRASS

Height = 1.0 mm, Thickness: 0.93 mm, Diameter: 14.8 mm, Re: 0.075

Jats Fe H A € e
(mm) (kN) (mm ) (nm°) (MPa)
0.02 1.10 0.96 42.7 -0.02 26
0.04 3.40 0.94 43.7 -0.04 78
0.06 6.30 0.92 44.6 -0.06 141
0.08 10.80 0.90 45.6 -0.09 237
0.10 14.60 0.88 46.6 -0.11 313
0.12 17.40 0.86 47.7 -0.13 365
0.14 18.90 0.84 48.9 -0.15 387
0.16 19.80 0.82 50.0 -0.18 396
0.18 20.20 0.80 51.3 -0.20 394
0.20 21.00 0.78 52.6 -0.23 399
0.22 21.50 0.76 54.0 -0.25 398
0.24 22.60 0.74 55.5 -0.28 407
0.26 23.00 0.72 57.0 -0.31 404
0.28 23.60 0.70 58.6 -0.34 403
0.30 24.05 0.68 60.3 ~0.37 403
0.32 24.40 0.66 62.2 ~0.40 392
0.34 24.70 0.64 64.1 -0.43 385
0.36 25.00 0.62 66.2 ~0.46 378
0.38 25.40 0.60 68.4 -0.49 371
0.40 25.80 0.58 70.8 -0.53 364
0.42 26.50 0.56 73.3 ~0.56 362
0.44 27.10 0.54 76.0 ~0.60 357
0.46 28.40 0.52 78.9 ~0.63 360
0.48 29.00 0.50 82.1 -0.67 349
0.50 29.80 0.48 85.5 -0.71 349
0.52 30.80 0.46 89.2 -0.76 345
0.54 31.70 0.44 93.2 -0.80 340
0.56 32.70 0.42 a7.7 -0.85 335
0.58 33.60 0.40 103.0 -0.90 326
0.60 34.80 0.38 108.0 -0.95 322

Table (5.05)
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QUASI-STATIC AXISYMMETRIC COMPRESSION TEST
SPECIMEN: BRASS

Height = 1.0 mm, Thickness: 0.92 mm, Diameter: 16.0 mm, Re: 0.00

A € (e}

AH Fe H C
(mm) (kN) (mm ) () (MPa)
0.02 1.00 0.90 47.27 -0.02 21.0
0.04 1.60 0.88 48.35 -0.05 33.0
0.06 3.40 0.86 49.47 ~0.07 69.0
0.08 4.80 0.84 50. 65 ~0.09 95.0]
0.10 5.90 0.82 51.88 -0.12 114
0.12 7.00 0.80 53.18 -0.14 132
0.14 7.80 0.78 54.55 -0.17 143
0.16 8.50 0.76 55.98 -0.19 152
0.18 9.30 0.74 57.49 -0.22 162
0.20 10.20 0.72 59.10 -0.25 173
0.22 11.30 0.70 60.78 -0.27 186
0.24 12.30 0.68 62.6 ~0.30 197
0.26 13.80 0.66 64.5 -0.33 214
0.28 14.00 0.64 66.5 -0.36 210
0.30 16.30 0.62 68.6 -0.39 238
0.32 17.68 0.60 70.9 -0.43 249
0.34 19.10 0.58 73.4 -0.46 260
0.36 20.20 0.56 76.0 -0.50 266
0.38 21.10 0.54 78.8 -0.53 268
0.40 21.80 0.52 81.8 ~0.57 266
0.42 23.60 0.50 85.1 -0.61 277
0.44 24.60 0.48 88.6 ~0.65 278
0.46 25.20 0.46 92.5 -0.69 273
0.48 26.00 0.44 96.7 -0.74 273
0.50 26.40 0.42 101 -0.78 261
0.52 27.10 0.40 106 -0.83 255
0.54 28.80 0.38 112 -0.88 257
0.56 29.30 0.36 118 -0.94 240
0.58 30.30 0.34 125 ~1.00 242
0.60 31.00 0.32 133 -1.06 233
0.62 32.00 0.30 142 -1.12 226

Table (5.06)
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QUASI-STATIC AXISYMMETRIC COMPRESSION TEST
SPECIMEN: Cu

=

Height = 1.0 mm, Thickness: 0.98 mm, Diameter: 10.0 mm, Re: 0.375
Fe H A € o
(kN) (mm ) (mm°) (MPa)

.02 1.10 0.98 32.06 ~0.02 34
.04 1.80 0.96 32.72 -0.04 55
.06 2.45 0.94 33.42 -0.06 73
.08 4.50 0.92 34.15 -0.08 132
.10 5.40 0.90 34.91 -0.11 155
12 6.00 0.88 35.70 -0.13 168
.14 6.50 0.86 36.53 -0.15 178
16 7.00 0.84 37.40 -0.17 187
.18 7.50 0.82 38.31 -0.20 196
.20 8.10 0.80 39.27 -0.22 206
.22 8.60 0.78 40.28 -0.25 214
.24 9.10 0.76 41.43 -0.27 220
.26 9.60 0.74 42.45 -0.30 226
.28 10.0 0.72 43.63 -0.33 229
.30 10.9 0.70 44.88 -0.36 243
.32 11.2 0.68 46.20 ~0.39 242
.34 11.6 0.66 47.60 -0.42 244
.36 12.1 0.64 49.09 -0.45 244
.38 12.6 0.62 50. 67 -0.49 249
.40 13.0 0.60 52.36 ~0.51 248
.42 13.5 0.58 54.17 -0.55 249
.44 14.0 0.56 56.10 -0.58 250
.46 14.5 0.54 58.18 -0.62 249
.48 15.1 0.52 60.42 -0.65 250
.50 15.7 0.50 62.83 -0.69 250
.52 16.3 0.48 65.45 -0.73 249
.54 17.0 0.46 68.30 -0.78 249
.56 17.6 0.44 71.40 -0.82 247
.60 18.6 0.42 74.80 -0.87 249
.62 21.2 0.40 78.54 ~0.92 270
64 24.0 0.38 82.67 ~0.97 290
.66 27.0 0.36 87.27 -1.02 309

O o ©O O © O © O 0O o 0 O Qo0 0 o0 0 o 0 oo 0 o O o0 O Cc CcC o 0 o ©O oo

Table (5.07)
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QUASI-STATIC AXISYMMETRIC COMPRESSION TEST
SPECIMEN: Cu

Height = 1.0 mm, Thickness: 0.96 mm, Diameter: 11.20 mm, Re: 0.300

A1 Fe H A € Oc
(rm) (kN) (mm ) (mm) (MPa)
0.02 0.90 0.98 32.06 -0.02 28
0.04 2.80 0.96 32.72 -0.04 86
0.06 5.90 0.94 33.42 -0.06 177
0.08 8.00 0.92 34.15 -0.08 234
0.10 8.70 0.90 34.91 -0.11 249
0.12 8.95 0.88 35.70 -0.13 251
0.14 9.20 0.86 36.53 ~-0.15 252
0.16 9.50 0.84 37.40 -0.17 254
0.18 9.70 0.82 38.30 -0.20 253
0.20 3.95 0.80 39.27 -0.22 253
0.22 10. 0.78 40.28 -0.25 253
0.24 10.4 0.76 41.34 ~0.27 252
0.26 10.65 0.74 42.45 ~-0.30 251
0.28 10.96 0.72 43.63 -0.33 251
0.30 11.20 0.70 44 .88 -0.36 250
0.32 11.40 0.68 46.20 -0.39 247
0.34 11.70 0.66 47.60 -0.42 246
0.36 12.15 0.64 49.09 -0.45 248
0.38 12.50 0.62 50.67 ~-0.49 247
0.40 12.90 0.60 52.36 -0.51 246
0.42 13.25 0.58 54.17 -0.55 245
0.44 13.70 0.56 56.10 -0.58 244
0.46 14.20 0.54 58.18 -0.62 244
0.48 14.60 0.52 60.42 -0.65 242
0.50 15.00 0.50 62.83 -0.69 239
0.52 15.60 0.48 65.45 -0.73 238
0.54 16.10 0.46 68.30 -0.78 236
0.56 16.70 0.44 71.40 -0.82 234
0.58 17.20 0.42 74.80 -0.87 230
0.60 17.80 06.40 78.54 -0.92 227
0.64 18.40 0.38 82.67 -Q.97 223
0.66 19.20 0.36 87.27 -1.02 220

Table (5.08)
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QUASI-STATIC AXISYMMETRIC COMPRESSION TEST
SPECIMEN: Cu

Height = 1.0 mm, Thickness: 0.95 mm, Diameter: 12.40 mm, Re: 0.225

A Fe H A € Oc
(rum) (kN) (mm ) (mm®) (MPa)
0.02 1.00 0.98 32.06 ~-0.02 31
0.04 3.00 0.96 32.72 -0.04 92
0.06 5.40 0.94 33.42 -0.06 162
0.08 7.00 0.92 34.15 -0.08 205
0.10 8.20 0.90 34.91 -0.11 245
0.12 9.00 0.88 35.70 -0.13 252
0.14 9.80 0.86 36.53 -0.15 268
0.16 10.20 0.84 37.40 -0.17 273
0.18 10.50 0.82 38.30 -0.20 274
0.20 10.70 0.80 39.27 -0.22 272
0.22 10.90 0.78 40.28 -0.25 271
0.24 11.20 0.76 41.34 -0.30 271
0.26 11.50 0.74 42.45 -0.33 271
0.28 11.70 0.72 43.63 -0.36 268
0.30 12.00 0.70 44.88 -0.39 267
0.32 12.30 0.68 46.20 -0.42 266
0.34 12.60 0.66 47.60 -0.45 265
0.36 12.90 0.64 49.09 -0.49 263
0.38 13.20 0.62 50.67 -0.51 261
0.40 13.60 0.60 52.36 -0.55 260
0.42 14.00 0.58 54.17 ~0.58 259
0.44 14.40 0.56 56.10 -0.62 257
0.46 15.00 0.54 58.18 -0.65 258
0.48 15.40 0.52 60.42 -0.69 255
0.50 15.80 0.50 62.83 -0.73 252
0.52 16.20 0.48 65.45 -0.78 248
0.54 17.40 0.46 68.30 -0.82 255
0.56 17.90 0.44 71.40 -0.87 251
0.58 18.50 0.42 74.80 -0.92 247
0.60 19.20 0.40 78.54 -0.97 245
0.62 19.90 0.38 82.67 -1.02 241
0.64 20.60 0.36 87.27 -1.08 236

Table (5.09)
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QUAST-STATIC AXISYMMETRIC COMPRESSION TEST
SPECIMEN: Cu

Height = 1.0 mm, Thickness: 0.94 mm, Diameter: 13.60 mm, Re: 0.150

AH F . A € o

-t
e

(mm) (kE) (mm ) (mn®) (MPa)
0.02 1.10 0.96 42.74 ~0.02 26
0.04 3.60 0.94 43.65 -0.04 83
0.06 5.40 0.92 44.60 ~0.06 121
0.08 7.00 0.90 45.60 ~0.09 154
0.10 9.00 0.88 46.63 -0.11 193
0.12 9.60 0.86 47.71 -0.13 201
0.14 10.20 0.84 48.85 -0.15 209
0.16 10.60 0.82 50.04 -0.18 212
0.18 11.60 0.80 51.29 -0.20 226
0.20 11.90 0.78 52.61 -0.23 226
0.22 12.20 0.76 53.99 -0.25 226
0.24 12.40 0.74 55.45 -0.28 224
0.26 12.80 0.72 56.99 -0.31 225
0.28 13.00 0.70 58.62 ~0.34 222
0.30 13.50 0.68 60.34 -0.37 224
0.32 13.90 0.66 62.17 ~0.40 224
0.34 14.30 0.64 64.12 -0.43 223
0.36 15.10 0.62 66.18 -0.46 228
0.38 15.60 0.60 68.39 -0.49 228
0.40 16.10 0.58 70.75 -0.53 228
0.42 16.60 0.56 73.28 -0.56 226
0.44 17.20 0.54 75.99 -0.60 226
0.46 19.60 0.52 78.91 -0.63 223
0.48 18.20 0.50 82.07 -0.67 222
0.50 18.70 0.48 85.49 -0.71 219
0.52 19.40 0.46 89.20 -0.76 218
0.54 20.00 0.44 93.26 -0.80 215
0.56 20.70 0.42 97.70 -0.85 212
0.58 21.50 0.40 102.6 ~0.90 210
0.60 22.40 0.38 108.0 -0.95 207

Table (5.10)
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QUASI-STATIC AXISYMMETRIC COMPRESSION TEST
SPECIMEN: Cu

Height = 1.0 mm, Thickness: 0.935 mm, Diameter: 14.80 mm, Re: 0.075

AH H A € o

FC C
(mm) (kN) (mm ) (mm”) (MPa)
0.02 0.60 0.96 42.74 -0.02 14
0.04 1.80 0.94 43.65 ~0.04 41
0.06 4.40 0.92 44.60 -0.06 99
0.08 6.80 0.90 45.60 -0.09 149
0.10 8.20 0.88 46.63 -0.11 176
0.12 8.80 0.86 47.71 -0.13 185
0.14 9.20 0.84 48.85 -0.15 188
0.16 9.70 0.82 50.04 -0.18 194
0.18 10.70 0.80 51.29 -0.20 209
0.20 11.10 0.78 52.61 -0.23 211
0.22 11.50 0.76 53.99 -0.25 213
0.24 11.90 0.74 55.45 -0.28 215
0.26 12.30 0.72 56.99 -0.31 216
0.28 12.60 0.70 58.62 ~0.34 215
0.30 13.00 0.68 60.34 -0.37 216
0.32 13.40 0.66 62.17 ~0.40 216
0.34 13.70 0.64 64.12 -0.43 214
0.36 14.20 0.62 66.18 -0.46 215
0.38 14.40 0.60 68.39 -0.49 211
0.40 15.00 0.58 70.75 -0.53 212
0.42 15.40 0.56 73.28 -0.56 210
0.44 15.90 0.54 75.99 -0.60 209
0.46 16.40 0.52 78.91 -0.63 208
0.48 17.00 0.50 82.07 -0.67 207
0.50 17.60 0.48 85.49 -0.71 206
0.52 18.20 0.46 89.20 ~0.76 205
0.54 18.70 0.44 93.26 -0.80 201
0.56 19.40 0.42 97.70 -0.85 199
0.58 20.00 0.40 102.6 -0.90 195
0.60 20.60 0.38 108.0 -0.95 191

Table (5.11)
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QUAST-STATIC AXISYMMETRIC COMPRESSION TEST
SPECIMEN: Cu

Height = 1.0 mm, Thickness: 0.92 mm, Diameter: 16.0 mm, Re: 0.00

A € C

Al Fe H o
(mm) (kN) (mm ) (mm°) (MPa)
0.02 0.50 0.94 47.23 ~0.02 11
0.04 0.90 0.92 48.26 -0.04 19
0.06 1.40 0.90 49.33 -0.07 28
0.08 1.90 0.88 50.45 -0.09 38
0.10 2.50 0.86 51.62 -0.11 48
0.12 2.95 0.84 52.85 ~0.13 56
0.14 3.70 0.82 54.14 -0.16 68
0.16 4.40 0.80 55.50 -0.18 79
0.18 5.00 0.78 56.92 -0.21 88
0.20 5.50 0.76 58.41 -0.23 94
0.22 6.10 0.74 60.00 -0.26 102
0.24 6.60 0.72 61.66 -0.29 107
0.26 7.10 0.70 63.42 -0.32 112
0.28 7.70 0.68 65.29 -0.35 118
0.30 8.20 0.66 67.26 -0.38 122
0.32 8.90 0.64 69.37 -0.41 128
0.34 9.50 0.62 71.60 -0.44 133
0.36 10.30 0.60 73.99 -0.47 139
0.38 10.90 0.58 76.54 -0.50 142
0.40 11.60 0.56 79.28 -0.54 146
0.42 12.20 0.54 82.21 -0.58 148
0.44 12.70 0.52 85.37 -0.61 149
0.46 13.40 0.50 88.79 -0.65 151
0.48 13.90 0.48 92.49 -0.69 150
0.50 14.60 0.46 96.51 -0.74 151
0.52 15.20 0.44 100.9 -0.78 151
0.54 15.5 0.42 105.7 -0.83 147
0.56 15.90 0.40 111.0 ~-0.88 143
0.58 16.70 0.38 116.8 -0.93 143
0.60 17.5 0.36 123.3 -0.98 142

Table (5.12)
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QUASTI-STATIC AXISYMMETRIC COMPRESSION TEST
SPECIMEN: STAINLESS STEEL

Height = 1.0 mm, Thickness: 0.98 mm, Diameter: 10.0 mm, Re: 0.375

s H A € o

Fe C
(mm) (kN) (mm ) (mm°) (MPa)
0.02 2.50 0.98 32.1 -0.02 78
0.04 5.30 0.96 32.7 -0.04 162
0.06 11.50 0.94 33.4 -0.08 344
0.08 14.50 0.92 34.2 -0.11 424
0.10 18.70 0.90 34.9 -0.13 536
0.12 23.00 0.88 35.7 -0.15 644
0.14 26.50 0.86 36.5 -0.17 726
0.16 29.00 0.84 37.4 ~0.20 775
0.18 31.50 0.82 38.3 -0.22 823
0.20 32.50 0.80 39.3 -0.25 827
0.22 33.40 0.78 40.3 -0.27 829
0.24 35.00 0.76 41.3 -0.30 848
0.26 35.60 0.74 42.5 -0.33 838
0.28 36.50 0.72 43.6 -0.36 837
0.30 37.50 0.70 44.9 -0.39 835
0.32 38.50 0.68 46.2 -0.42 833
0.34 39.50 0.66 47.6 -0.45 830
0.36 40.00 0.64 49.1 ~0.49 815
0.38 41.50 0.62 50.7 -0.51 819
0.40 42.50 0.60 52.4 -0.55 811
0.42 43.50 0.58 54.2 -0.58 803
0.44 44.60 0.56 56.1 -0.62 795
0.46 45.50 0.54 58.2 -0.65 782
0.48 47.30 0.52 60.4 -0.69 783
0.50 49.00 0.50 62.8 -0.73 780
0.52 50.50 0.48 65.5 -0.78 771
0.54 52.00 0.46 68.3 -0.82 761
0.56 54.00 0.44 71.4 -0.87 756
0.58 55.00 0.42 74.8 -0.92 735
0.60 57.00 0.40 78.5 ~0.97 726

Table (5.13)
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QUAST-STATIC AXISYMMETRIC COMPRESSION TEST

SPECIMEN: STAINLESS STEEL

Height = 1.0 mm, Thickness: 0.96 mm, Diameter: 11.20 mm, 0.300
& Fe H A € o.
(mm) (kN) (mm ) (") (MPa)
0.02 0.57 0.98 32.1 -0.02 18
0.04 3.00 0.96 32.7 ~0.04 92
0.06 5.70 0.94 33.4 ~-0.06 171
0.08 8.50 0.92 34.2 -0.08 249
0.10 11.50 0.90 34.9 -0.11 330
0.12 14.70 0.88 35.7 -0.13 412
0.14 17.80 0.86 36.5 -0.15 488
0.16 21.50 0.84 37.4 -0.17 575
0.18 24.50 0.82 38.3 -0.20 640
0.20 27.50 0.80 39.3 -0.22 700
0.22 30.40 0.78 40.3 -0.25 754
0.24 32.50 0.76 41.3 -0.27 787
0.26 33.00 0.74 42.5 -0.30 777
0.28 34.00 0.72 43.6 -0.33 780
0.30 36.40 0.70 44.9 -0.36 811
0.32 37.50 0.68 46.2 -0.39 812
0.34 38.70 0.66 47.6 -0.42 813
0.36 39.50 0.64 49.1 -0.45 805
0.38 40.70 0.62 50.8 -0.49 801
0.40 41.70 0.60 52.4 -0.51 796
0.42 43.00 0.58 54.2 -0.55 793
0.44 44.00 0.56 56.1 -0.58 784
0.46 45.00 0.54 58.2 -0.62 773
0.48 46.00 0.52 60.4 -0.65 762
0.50 47.40 0.50 62.8 -0.69 755
0.52 48.40 0.48 65.5 -0.73 739
0.54 50.00 0.46 68.3 -0.78 732
0.56 51.50 0.44 71.4 -0.82 721
0.58 53.20 0.42 74.8 -0.87 711
0.60 54.70 0.40 78.5 -0.92 697
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QUASI-STATIC AXISYMMETRIC COMPRESSION TEST
SPECIMEN: STAINLESS STEEL

Height = 1.0 mm, Thickness: 0.945 mm, Diameter: 12.40 mm, Re: 0.225
& Fe H A € Oc
(mm) (kN) (mm ) (mm”) (MPa)
0.02 3.50 0.98 32.1 -0.02 109
0.04 6.70 0.96 32.7 ~0.04 205
0.06 11.40 0.94 33.4 -0.08 341
0.08 15.70 0.92 34.2 ~0.11 459
0.10 20.20 0.90 34.9 -0.13 579
0.12 23.30 0.88 35.7 -0.15 653
0.14 25.50 0.86 36.5 -0.17 699
0.18 28.00 0.84 37.4 -0.20 749
0.18 29.70 0.82 38.3 -0.22 776
0.20 31.20 0.80 39.3 -0.25 794
0.22 32.50 0.78 40.3 -0.30 807
0.24 33.80 0.76 41.3 -0.33 818
0.26 35.00 0.74 42.5 -0.36 824
0.28 36.40 0.72 43.6 -0.39 835
0.30 38.00 0.70 44.9 -0.42 846
0.32 38.50 0.68 46.2 -0.45 833
0.34 39.50 0.66 47.6 -0.49 830
0.36 40.40 0.64 49.1 -0.51 823
0.38 41.50 0.62 50.7 -0.55 819
0.40 43.00 0.60 52.4 -0.58 821
0.42 44.40 0.58 54.2 -0.62 819
0.44 46.20 0.56 56.1 -0.65 824
0.46 47.90 0.54 58.2 -0.69 823
0.48 49.70 0.52 60.4 -0.73 823
0.50 52.00 0.50 62.8 -0.78 828
0.52 55.8 0.48 65.5 -0.82 852
0.54 58.00 0.46 68.3 -0.87 849
0.56 60.30 0.44 71.4 ~0.92 845
0.58 62.5 0.42 74.8 -0.97 836
0.60 66.0 0.40 78.5 -1.02 846

Table (5.15)
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QUASI-STATIC AXISYMMETRIC COMPRESSION TEST

SPECIMEN: STAINLESS STEEL

Height = 1.0 mm, Thickness: 0.94 mm, Diameter: 13.60 mm, 0.150
&4 F H A € o P
(mm) (kN) (mm ) (mm) (MPa)
0.02 0.50 0.96 42.7 -0.02 12
0.04 1.00 0.94 43.7 -0.04 23
0.06 3.60 0.92 44.6 -0.06 81
0.08 7.00 0.90 45.6 -0.09 154
0.10 11.50 0.88 46.6 -0.11 247
0.12 15. 60 0.86 47.7 -0.13 327
0.14 19.30 0.84 48.9 ~0.15 395
0.16 22.50 0.82 50.0 -0.18 450
0.18 24.50 0.80 51.3 -0.20 478
0.20 26.50 0.78 52.6 -0.23 504
0.22 28.40 0.76 54.0 -0.25 526
0.24 30.00 0.74 55.5 -0.28 541
0.26 31.50 0.72 57.0 -0.31 553
0.28 32.50 0.70 58.6 -0.34 555
0.30 34.50 0.68 60.3 ~0.37 572
0.32 35.50 0.66 62.2 -0.40 571
0.34 36.50 0.64 64.1 -0.43 569
0.36 37.50 0.62 66.2 -0.46 565
0.38 38.30 0.60 68. 4 -0.49 560
0.40 40.00 0.58 70.8 -0.53 565
0.42 41.00 0.56 73.3 ~0.56 559
0.44 41.50 0.54 76.0 ~0.60 546
0.46 42.50 0.52 78.9 -0.63 539
0.48 43.50 0.50 82.1 -0.67 530
0.50 45.5 0.48 85.5 -0.71 532
0.52 46.50 0.46 89.2 -0.76 521
0.54 48.50 0.44 93.3 -0.80 520
0.56 50.70 0.42 97.7 -0.85 519
0.58 52.50 0.40 103.0 ~0.90 510
0.60 54.50 0.38 108.0 ~0.95 504

Table (5.16)
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QUAST-STATIC AXISYMMETRIC COMPRESSION TEST
SPECIMEN: STAINLESS STEEL

Height = 1.0 mm, Thickness: 0.93 mm, Diameter: 14.0 mm, Re: 0.075

A Fe H A € o
(mm) (kN) (mm ) (mm”) (MPa)
0.02 0.55 0.96 42.7 ~0.02 13
0.04 2.50 0.94 43.7 -0.04 57
0.06 5.00 0.92 44.6 ~0.06 112
0.08 8.00 0.90 45.6 -0.09 175
0.10 11.80 0.88 46.6 -0.11 253
0.12° 13.50 0.86 47.7 -0.13 283
0.14 16.00 0.84 48.9 -0.15 327
0.16 18.00 0.82 50.0 -0.18 360
0.18 28.8 0.80 51.3 -0.20 406
0.20 23.00 0.78 52.6 -0.23 437
0.22 25.40 0.76 54.0 -0.25 470
0.24 26.50 0.74 55.5 -0.28 478
0.26 27.00 0.72 57.0 -0.31 474
0.28 30.00 0.70 58.6 -0.34 512
0.30 31.30 0.68 60.3 -0.37 519
0.32 33.00 0.66 62.2 -0.40 531
0.34 34.40 0.64 64.1 -0.43 537
0.36 36.50 0.62 66.2 ~0.46 551
0.38 37.50 0.60 68.4 -0.49 548
0.40 39.50 0.58 70.8 -0.53 558
0.42 40.50 0.56 73.3 -0.56 553
0.44 41.70 0.54 76.0 ~0.60 549
0.46 43.00 0.52 78.9 ~0.63 545
0.48 44.50 0.50 82.1 -0.67 542
0.50 46.00 0.48 85.5 -0.71 538
0.52 47.40 0.46 89.2 -0.76 531
0.54 49.00 0.44 93.3 -0.80 525
0.56 51.00 0.42 97.7 -0.85 522
0.58 52.80 0.40 103.0 -0.90 513
0.60 55.33 0.38 108.0 -0.95 512

Table (5.17)
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QUASI-STATIC AXISYMMETRIC COMPRESSION TEST

SPECIMEN: STAINLESS STEEL

Height = 1.0 mm, Thickness: 0.92 mm, Diameter: 16.0 mm, 0.00
A F H A € o8
() (kN) (mm (mn®) (MPa)
0.02 0.40 0.90 47.3 ~0.02 9
0.04 0.96 0.88 48.4 ~0.05 20
0.06 2.20 0.86 49.5 -0.07 44
0.08 5.20 0.84 50.7 -0.09 103
0.10 8.60 0.82 51.9 -0.12 166
0.12 11.80 0.80 53.2 -0.14 222
0.14 14.80 0.78 54.6 -0.17 271
0.16 18.20 0.76 56.0 -0.19 325
0.18 19.80 0.74 57.5 ~0.22 344
0.20 21.8 0.72 59.1 -0.25 369
0.22 24.00 0.70 60.8 -0.27 395
0.24 27.60 0.68 62.0 -0.30 445
0.26 30.00 0.66 64.5 -0.33 465
0.28 31.20 0.64 66.5 -0.36 469
0.30 32.80 0.62 68.6 -0.43 478
0.32 34.40 0.60 70.9 -0.46 485
0.34 36.00 0.58 73.4 -0.50 491
0.36 37.60 0.56 76.0 -0.53 495
0.38 38.45 0.54 78.8 -0.57 488
0.40 40.00 0.52 81.8 -0.61 489
0.42 41.30 0.50 85.1 -0.65 485
0.44 43.00 0.48 88.6 ~0.69 485
0.46 44.60 0.46 92.5 -0.74 482
0.48 45.70 0.44 96.7 ~0.78 473
0.50 47.70 0.42 101. -0.83 472
0.52 49.60 0.40 106 -0.88 468
0.54 51.40 0.38 112 -0.94 459
0.56 54.20 0.36 118 -1.00 459
0.58 55.80 0.34 125 -1.08 446
0.60 58.10 0.32 133 -1.12 437

Table (5.18)
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QUAST-STATIC AXISYMMETRIC COMPRESSION TEST
SPECIMEN: STAINLESS STEEL DRAWN AT 3 PASSES

Height = 1.0 mm, Thickness: 0.98 mm, Diameter: 10.0 mm, Rp = 0.375, « = 15°

AH Fe H A € O
(rom) (kN) (mm ) (mm” ) (n[H/H,] (MPa)
0.02 0.13 0.98 32.1 -0.02 4
0.04 0.48 0.96 32.7 -0.04 15
0.06 0.82 0.94 33.4 ~0.06 25
0.08 1.41 0.92 34.2 -0.08 41
0.10 3.13 0.90 34.9 -0.11 90
6.12 5.80 0.88 35.7 -0.13 163
0.14 6.70 0.86 36.5 -0.15 184
0.16 10.00 0.84 37.4 -0.17 267
0.18 14.80 0.82 38.3 -0.20 386
0.20 19.80 0.80 39.3 -0.22 504
0.22 24.60 0.78 40.3 -0.25 610
0.24 29.00 0.76 41.3 -0.27 702
0.26 31.00 0.74 42.5 -0.33 729
0.28 32.60 0.72 43.6 ~0.36 748
0.30 33.86 0.70 44.9 ~0.39 754
0.32 35.20 0.68 46.2 ~0.42 762
0.34 36.20 0.66 47.6 ~0.45 760
0.36 37.15 0.64 49.1 ~0.49 757
0.38 38.00 0.62 50.7 -0.51 750
0.40 40.45 0.60 52.4 -0.55 740
0.42 41.40 0.58 54.2 -0.58 729
0.44 42.60 0.56 56.1 -0.62 721
0.42 44.00 0.54 58.2 -0.65 711
0.48 42.60 0.52 60.4 -0.69 705
0.50 44.00 0.50 62.8 -0.73 701
0.52 45.60 0.48 65.5 -0.78 696
0.54 47.20 0.46 68.3 -0.82 691
0.56 47.20 0.44 71.4 ~-0.87 661
0.58 48.70 0.42 74.8 -0.92 651

Table (5.19)
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QUAST-STATIC AXISYMMETRIC COMPRESSION TEST
SPECIMEN: STAINLESS STEEL DRAWN AT 2 PASSES

Height = 1.0 mm, Thickness: 0.98 mm, Diameter: 10.0 mm, Rp = 0.375, « = 15°

AH Fe H A € o
(mm) (kN) (mm ) (mmz) (Qn[H/HO] (MPa)
0.02 0.16 0.98 32.1 -0.02 5
0.04 0.50 0.96 32.7 ~0.04 15
0.06 0.92 0.94 33.4 -0.06 28
0.08 1.66 0.92 34.2 -0.08 49
0.10 3.40 0.90 34.9 -0.11 97
0.12 5.90 0.88 35.7 -0.13 165
0.14 9.10 0.86 36.5 -0.15 249
0.16 12.70 0.84 37.4 -0.17 340
0.18 16.70 0.82 38.3 -0.20 436
0.20 20.60 0.80 39.3 ~0.22 524
0.22 24.90 0.78 40.3 -0.25 618
0.24 28.30 0.76 41.3 -0.27 685
0.26 30.70 0.74 42.5 -0.33 722
0.28 32.60 0.72 43.6 -0.36 748
0.30 34.00 0.70 44.9 -0.39 757
0.32 35.00 0.68 46.2 -0.42 758
0.34 35.90 0.66 47.6 -0.45 754
0.36 36.90 0.64 49.1 -0.49 752
0.38 37.80 0.62 50.7 -0.51 746
0.40 38.40 0.60 52.4 -0.55 733
0.42 39.10 0.58 54.2 -0.58 721
0.44 39.90 0.56 56.1 -0.62 711
0.46 40.70 0.54 58.2 -0.65 699
0.48 41.60 0.52 60.4 -0.69 689
0.50 43.00 0.50 62.8 -0.73 685
0.52 44.35 0.48 65.5 -0.78 677
0.54 45.80 0.46 68.3 -0.82 671
0.56 47.30 0.44 71.4 -0.87 663
0.58 48.90 0.42 74.8 ~0.92 654

Table (5.20)
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QUASI-STATIC AXISYMMETRIC COMPRESSION TEST
SPECIMEN: STAINLESS STEEL DRAWN AT 5 PASSES

Height = 1.0 mm, Thickness: 0.98 mm, Diameter: 10.0 mm, Ry = 0.375, « = 7°

AH Fe H A € O
(mm) (kN) (mm ) (mmz) (2n(H/H,] (MPa)
0.02 1.00 0.98 32.1 -0.02 31
0.04 2.50 0.96 32.7 -0.04 77
0.06 5.20 0.94 33.4 -0.08 156
0.08 8.50 0.92 34.2 -0.11 249
0.10 12.60 0.90 34.9 -0.13 361
0.12 17.65 0.88 35.7 -0.15 494
0.14 22.70 0.86 36.5 -0.17 622
0.186 26.40 0.84 37.4 ~0.20 706
0.18 29.10 0.82 38.3 -0.22 760
0.20 30.90 0.80 39.3 -0.25 786
0.22 32.20 0.78 40.3 -0.27 799
0.24 33.50 0.76 41.3 -0.30 811
0.26 34.60 0.74 42.5 -0.33 814
0.28 35.70 0.72 43.6 -0.36 819
0.30 36.60 0.70 44.9 -0.39 815
0.32 37.00 0.68 46.2 -0.42 801
0.34 37.40 0.66 47.6 ~0.45 786
0.36 37.80 0.64 49.1 -0.49 770
0.38 38.35 0.62 50.7 -0.51 756
0.40 39.00 0.60 56.1 ~0.55 695
0.42 39.80 0.58 58.2 -0.58 684
0.44 40.80 0.56 60.4 -0.62 755
0.46 42.00 0.54 62.8 ~0.65 669
0.48 43.3 0.52 65.5 -0.69 661

Table (5.21)
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QUASI-STATIC AXISYMMETRIC COMPRESSION TEST
SPECIMEN: STAINLESS STEEL DRAWN AT & PASSES

Height = 1.0 mm, Thickness: 0.98 mm, Diameter: 10.0 mm, Rp = 0.375, « = 7"

AH Fe H A € o.
(mm) (kN) (mm ) (mm) (9n[H/H] (MPa)
0.02 1.00 0.98 32.1 -0.02 31
0.04 2.90 0.96 32.7 -0.04 89
0.06 5.80 0.94 33.4 ~0.09 174
0.08 9.40 0.92 34.2 ~0.11 275
0.10 13.10 0.90 34.9 -0.13 375
0.12 17.50 0.88 35.7 ~0.15 490
0.14 21.30 0.86 36.5 ~0.17 584
0.16 25.00 0.84 37.4 -0.20 669
0.18 28. 30 0.82 38.3 -0.22 739
0.20 30.50 0.80 39.3 -0.25 776
0.22 32.50 0.78 40.3 -0.27 807
0.24 33.80 0.76 41.3 -0.30 818
0.26 34,80 0.74 42.5 -0.33 819
0.28 35.80 0.72 43.6 -0.36 821
0.30 36. 80 0.70 44.9 -0.39 820
0.32 37.60 0.68 46.2 -0.42 814
0.34 38.45 0.66 47.6 -0.45 808
0.36 39.20 0.64 49.1 ~0.49 798
0.38 39.90 0.62 50.7 -0.51 787
0.40 40.70 0.60 56.1 -0.55 726
0.42 41.50 0.58 58.2 -0.58 713
0.44 42.40 0.56 60.4 -0.62 702
0.42 43.4 0.54 62.8 ~0.65 691

Table (5.22)
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REM  EXFERIMENMTAOL ANMD THEL
REM OF  FRICTION  WITH ¢
REM  SINKING FROCESS
Pri=3, .
I8}
Mo
INFUN CEYEE I THE ELEMENMTAL YIED
KEM M IS THE  MODIFYING
REF A "HEelLF DIE ARNGLE WG
REM Y "THE YIFLD  STRESS  OF  TUuBkE MATERIAL®
INFUT "TYRE IN T DEAWING FUORC FID
INFUT "TYFE IN G THE WAl THICKNE e T

INFUT "TYFE IN THE EXTT DIAMET ;
INFUT "TYRE I THE  EMTRY  DIAMETER"; DI

X1=T%D2%T

A2=X1/C08(A)

R=DZ/D1

REM D1 "DIAMETER OF TUBRE AT DIE ENTRY®

REM D2 "DIAMETWR OF TURE AT DIE EXITH

FEM K "DIAMETER RATIOM

X4d=Mx*Y

F=1/TaN (M)

(S=XTeX 4

REM “CALCULATION OF COEFFICIENT OF FRICTION BY NEWTOM RAPHSOM©
REM BY SOLVING F (L) =1/UP-1/UF*RexF—ReefFe 1 —FD 7/ XS5=0

REM  FIRST ACCEFT aN  ESTIMATE OF  THE  ANSWER

INFUT "TYFE IN GUESSED COEFFICIENT OF FRICTION" ;U1

REM U1 THE FIRST ESTIMATE OF COEFFICIENT OF FRICTION
LET Al=pPxUl

LET  AZ=R"Al

LET  AZ=FD/%S

LET A4=L0G(R)

LET S=1/(F%(U1~2))

LET Aé=1/a1

LET X7= A6 — (AL¥A2) — A2+1-AT

LET XB8= AS—(AS*AD) + (AL*¥AZ%A4) ~ (AZ¥A4)

REM X8 DIFFERENTIAL OF X7

REM X7 SIMFLIFIED DRAWING FORCE EQUATION

REM NOW  CALCULATE AN IMPROVED  ESTIMATE U2

LET UZ=sU1-X7/%8

FRINT "AT "uU1il" FWh I "xX7" SLOFE "X8" NEW ESTIMATE" U2

REM  USE THE NEW ESTIMATE AS DATA FOR & NEW ITERATION

LET E=U2-U1) /U1

FRINT " ERRDODR E = (UZ-U1) /U1 IS " E

REM E AN EXFRESSION INVOLVING NORMALISED ABRS. VALUE OF CHANGE
IF ABES(E) <=.0001 THEN 930

Ut=y2

GOTO 290

ETICAL ANALYSIS OF COEFFICTENT
ECIFIC  APPLICATION IM  THE TURE

3

Gy
UFFER  BOUND

LGRERE"

FRINT "COEFFICIENT OF FRICTION"

FRINT = "Uz=", uz;"

INFUT "DO YOU WISH TO CONTINUET Y (1) /N(Z)";ap
IF AR = 1 THEN 90

END
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CURVES OF ELEMENTAI COEFFICIENT OF FRICTION AGAINST
0.52 FRACTIONAL REDUCTION FOR ELEMENTAL CAST-IRON DIES
{16 mm - 10 mm], « = 7° : NO LUBRICANT

0.48

0.44]

0.40

0.32

0.207

ELEMENTAL COEFFICIENT OF FRICTION, He

0.161

0,12 @

ELEMENTAL FRACTIONAL REDUCTION, R.

0.05 0.10 0.15 0.2 0.25 0.30 0.35

FIGURE (6.01)
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JL CURVES OF ELEMENTAL COEFFICIENT OF FRICTION AGAINST
FRACTIONAL REDUCTION FOR ELEMENTAL CAST-IRON DIES
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CURVES OF ELEMENTAL COEFFICIENT OF FRICTION AGAINST
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EXPERIMENTAL AND CALCULATED RESULTS FOR Hp = 0.375, NSOH-AL, « = 7°

Re Foq Feao Fea Feq Fes Fpeu
(mm) (mm) (mm) (mm) (mm) (mm)
.075 5.1 5.0 5.0 5.0 5.0 5,02
<150 5.8 5.9 5.9 5.9 5.7 5.84
. 225 6.1 6.0 5.7 5.8 5.7 5.86
-300 7.0 6.7 6.2 6.2 6.2 6.46
. 375 7.4 7.0 7.4 6.3 6.2 6.66
Table 6.01(a)
Re FDeu Rﬁe FDe He
(mm ) (N) (N) (N)
.075 5.02 2199 323 1876 0.274
.150 5.84 2558 597 1961 0.2996
.225 5.86 2567 562 - 2005 0.305
. 300 6.46 2830 525 2305 0.420
.375 6.86 3005 243 2762 0.60

Table 6.01(b)

EXPERIMENTAL AND CALCULATED RESULTS FOR Rp = 0.375, HCHC-AL, o = 7°

Re Fey Fez Fea Fe4 FeS FDeu
(mm) (mm) (mm) (mm) (mm}) (rm )
.075 4.9 5.0 5.1 5.0 5.0 5.00
.150 6.0 6.0 5.9 5.8 5.8 5.90
.225 6.4 6.0 5.6 5.5 5.5 5.78
. 300 6.8 6.3 6.4 6.3 6.3 6.42
.375 6.8 6.8 7.0 6.9 7.0 6.90
Table 6.02(a)
Re Fpeu Rpe Fpe He
(mm) (N) (N) (N)
.075 5.00 2190 323 1867 0.271
. 150 5.90 2590 597 1993 0.308
.225 5.78 2532 562 1970 0.296
.300 6.42 2812 525 2287 0.406
.375 6.90 3022 243 2779 0.640

Table 6.02(b)
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EXPERIMENTAL AND CALCULATED RESULTS FOR Rp

= 0.375, NSOH-Cu, «

= 7°

\M
e Feq Feo Foa Faa Fes Fpeu
(mm) (mm) (mm) (mm) (mm} (mm)
0.075 4.8 4.8 4.7 4.8 4.7 4.76
0.150 5.5 5.0 5.1 5.1 5.7 5.22
0.225 6.0 5.8 5.7 5.7 5.7 5.78
0.300 7.0 7.0 6.5 6.0 5.9 6.48
0.375 8.2 8.0 7.3 7.2 7.2 6.48
Table 6.03(a)
Re Fpeu Rpe FDe He
(mm) (N) (N) \(N)
0.075 4.75 2085 372 1713 0.183
0.150 5.22 2286 688 1598 0.163
0.225 5.78 2532 648 1884 0.215
0.300 6.48 2838 605 2233 0.284
0.375 7.58 3320 280 3040 0.581
Table 6.03(b)
EXPERIMENTAL AND CALCULATED RESULTS FOR Ryp = 0.375, HCHC, « = 7°
Re Fey Foo Fes Fea Fes Fpeu
(mm) (rum) (mm) (mum) (m) (mm)
0.075 4.7 4.7 4.5 4.7 4.6 4.46
0.150 5.4 5.4 5.1 5.0 5.2 5.22
0.225 5.8 5.9 6.0 5.8 5.6 5.82
0.300 6.6 6.1 6.6 6.5 6.4 6.44
0.375 8.2 8.1 8.0 7.2 7.3 7.76
Table 6.04(a)
Re FDeu RDe FDe “e
(mm) (N) (N) (N)
0.075 4.46 2032 372 1660 0.172
0.150 5,22 2286 688 1598 0.163
0.225 5.82 2549 648 1901 0.218
0.300 6.44 2821 605 2216 0.28
0.375 7.76 3399 280 3119 0.611

Table 6.04(b)
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EXPERIMENTAL AND CALCULATED RESULTS FOR Ry = 0.375, NSOH-SS, o« = 7°

Re Fey Foo Fes Faq Fes Fpeu
(mm) (mm) (mm) (mm) (mm) (mm)
0.075 7.3 7.3 7.4 7.3 7.4 7.34
0.150 10.8 10.7 10.9 10.8 10.8 10.80
0.225 13.7 13.7 13.9 13.8 13.8 13.76
0.300 16.3 16.2 16.2 16.2 16.2 16.22
0.375 17.6 17.5 17.5 17.5 17.5 17.52
Table 6.05(a)
(mm) (N) (N) (N)
0.075 7.34 3215 770 2446 0.081
0.150 10.80 4730 1527 3203 0.132
0.225 13.76 6027 2140 3887 0.078
0.300 16.22 7104 2071 5033 0.129
0.375 17.52 7674 1014 6660 0.198
Table 6.05(b)
EXPERIMENTAL AND CALCULATED RESULTS FOR Ry = 0.375, HCHC-SS, « = 7°
Re Fei Fez Fea Fe4 Fes FDeu
(mm) (rum) (rum) (mm) (mm) (mm)
0.075 7.4 7.3 7.4 7.3 7.4 7.36
0.150 10.9 10.8 10.8 10.8 10.8 10.82
0.225 13.8 13.9 13.8 13.8 13.8 13.82
0.300 16.2 16.3 16.2 16.3 16.3 16.26
0.375 17.4 17.5 17.5 17.5 17.5 17.48
Table 6.06(a)
Re Fpeu Rpe Fpe Mo
() (N) (N) (N)
0.075 7.36 3224 1539 2454 0.082
0.150 10.82 4740 15627 3213 0.133
0.225 13.82 6053 2140 3913 0.079
0.300 16.26 7122 2071 5051 0.130
0.375 17.48 7656 1014 6642 0.197

Table 6.06(b)
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EXPERIMENTAI AND CALCULATED RESULTS FOR Ry

Re

075
-150
.225
-300
.375

Re

.075
-150
.225
.300
.375

0.375, NSOH-Bp, @ = 7°

Fey Feo Fes Fogq Fes Fpeu
(mm) (mm) (mm) (mm) (mm) (mm)
6.1 6.1 5.9 6.0 6.0 6.22
7.3 7.2 7.3 7.3 7.1 7.24
9.0 8.9 8.7 8.9 8.8 8.84
9.6 9.5 9.4 3.4 9.5 9.48
10.0 10.0 9.9 9.9 10.0 9.96
Table 6.07a
Fpeu Rpe Fpe He
(mm) (N) (N) (N)
6.22 2724 635 2089 0.088
7.24 3171 1179 1993 0.079
8.84 3872 1110 2762 0.160
8.84 4152 1037 3115 0.197
9,96 4363 480 3884 0.228
Table 6.07b

EXPERIMENTAL AND CALCULATED RESULTS FOR Ry = 0.375, HCHC-Br, « = 7°

-248-

Re Fey Feo Fes Fesq Fes Fpeu
(mm) (mm) (mm) (mm) (mm) (mm)
.075 6.0 6.2 6.0 6.1 5.9 6.04
.150 7.1 7.3 7.2 7.3 7.2 7.22
.225 9.0 8.9 8.9 8.8 8.7 8.86
.300 9.7 9.5 9.4 9.4 9.5 39.50
.375 9.9 9.8 10.0 10.0 10.0 9.94
Table 6.08a
Re Fpeu Rpe Fpe He
(mm) (N) (N) (N)
.075 6.04 2646 635 2011 0.080
. 150 7.22 3162 1179 1983 0.078
.225 8.86 3881 1110 2771 0.161
.300 9.50 4161 1037 3124 0.198
.375 9.94 4354 480 3874 0.227
Table 6.08b
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EXPERIMENTAL AND CALCULATED RESULTS FOR Rp = 0.375, CI-ALlm, «

= 7
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Re Foy Foo Fea Feoa Fes “Feu
(mm) (mm) (mm) () (rm ) (mm)
-075 4.0 4.0 4.1 4.0 4.1 4.04
<150 5.2 5.2 5.1 5.2 5.2 5.18
. 225 5.2 5.2 5.2 5.2 5.2 5.20
.300 6.2 G.1 6.1 5.4 5.4 5.84
.375 6.7 6.6 5.5 5.5 5.8 6.02
Table 6.09a
Re FDeU RDe FDe Ue
(mm) (N) (N) (N)
-075 4.04 1770 323 1447 0.174
.150 5.18 2269 597 1672 0.229
.225 5.20 2278 562 1716 0.234
.300 5.84 2558 525 2033 0.308
- 375 6.02 2637 243 2394 0.458
Table 6.09b
EXPERIMENTAL AND CALCULATED RESULTS FOR Ry = 0.375, CI-SS, « = 7°
RG Fei Fez FeQ Fe4 Fes FDeu
(mm) (mm) (mm) (mm) (mm) (rum)
.075 7.1 7.0 7.0 7.1 7.1 7.06
150 11.0 10.8 10.9 10.8 10.8 10.86
.225 13.6 13.7 13.7 13.6 13.6 13.64
. 300 15.8 15.9 16.1 16.2 16.2 16.04
.375 18.6 18.6 18.5 18.6 18.6 18.58
Table 6.10a
Re Fpeu Rpe Fpe He
(mm) (N) (N) (N)
.075 7.06 3092 1037 2055 0.047
150 10.86 4757 1918 2839 0.101
-225 13.64 5974 1806 4168 0.0933
300 16.04 7026 1687 5339 0.146
- 375 18.58 8138 780 7358 0.238
Table 6.10b
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0.375, CI-Br, « = 7°
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He K el FC > FC 3 FC 4 Fe [ FDGU
(mm) (mm) (mm) (mm ) (mm) (mm)
.075 3.9 3.9 3.8 3.9 3.8 3.86
150 6.8 6.8 6.7 6.8 6.7 6.76
.225 8.1 8.0 8.1 8.0 8.0 8.04
.300 9.5 9.4 9.4 9.5 9.5 9.46
375 11.3 11.3 S 11.2 11.3 11.2 11.26
Table 6.11a
Re FDeu RDe FDe “e
(rm) (N) (N) (N)
-075 3.86 1691 635 1056 7.6x10"8
.150 6.76 2961 1179 1782 0.056
.225 8.04 3522 1110 2412 0.121
-300 9.46 4144 1037 3107 0.196
.375 11.26 4932 480 4452 0.365
Table 6.11b
EXPERIMENTAL AND CALCULATED RESULTS FOR Ry = 0.375, CI-Cu, « = 7°
Re Fel Fez Fe3 Fe4 Fes FDeu
(mm) (mm) (mm) (mm) (rom) (mm)
.075 4.3 4.2 4.3 4.3 4.3 4.28
.150 5.4 5.5 5.5 5.4 5.6 5.48
.225 5.8 5.6 5.9 5.8 5.8 5.76
.300 6.7 6.6 6.4 6.4 6.4 6.50
.375 6.8 6.7 6.4 6.3 6.5 6.56
Table 6.12a
Re Fpeu Rpe Fpe He
(mm) (N) (N) (N)
.075 4.28 1875 372 1503 0.142
.150 5.48 2400 688 1712 0.185
.225 5.76 2523 648 1875 0.213
.300 6.50 2847 605 2242 0.286
.375 6.56 2873 280 2593 0.364
Table 6.12b



EXPERIMENTAL AND CALCULATED RESULTS FOR Ry = 0.375, NSOH-ALL, « = 7°

Re Fel FC2 Fos Fe4 Fes FDeu
(mm) (mm) (mm) (mum) (mum) (mm)
0.075 3.3 3.4 3.4 3.4 3.3 3.36
0.150 4.2 4.5 4.1 4.5 4.2 4.30
0.225 4.5 4.5 4.4 4.3 4.5 4.44
0.300 4.7 4.7 4.8 4.6 4.7 4.70
0.375 4.8 4.9 5.0 4.8 4.8 4.86
Table 6.13a
Re Fpeu Rpe Fpe He
(mm) (N) (N) (N)
0.075 3.36 1472 645 1149 0.108
0.150 4.30 1883 597 1286 0.1397
0.225 4.44 1945 562 1383 0.157
0.300 4.70 2059 525 1534 0.187
0.375 4.86 2129 243 1886 0.268
Table 6.13b

EXPERIMENTAL AND CALCULATED RESULTS FOR Ry = 0.375, HCHC-AL, « = 7°

Face F F F F F . F
R et e2 e3 e4 es Deu
°ints (mm) (mm) (mm ) (mm) () (mm)
1 3.3 3.3 3.3 3.3 3.3 3.30
2 4.5 4.5 4.1 4.2 4.2 4.30
3 4.3 4.4 4.5 4.4 4.5 4.42
4 4.8 4.7 4.6 4.7 4.6 4.70
5 5.0 4.9 4.8 4.8 4.8 4.86
Table 6.14a
Face Fpeu Rpe F‘De He
Points (mm) (N) (N) (N)
1 3.30 1445 323 1122 0.102
2 4.30 1883 597 1286 0.1397
3 4.42 1936 562 1374 0.155
4 4.70 2059 525 1534 0.187
5 4.86 2129 243 1886 0.268
Table 6.14b
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EXPERIMENTAL AND CALCULATED RESULTS FOR Ry = 0.375, NSOH-BrlL, o = 7°

TTe———

ia?e Fey Feao Fes Fog Fes Fpeu
Olnts (mm) (mm) (1) (mm) (mm) (mm)
1 3.9 4.1 4.0 3.9 3.9 3.96
2 6.0 6.0 6.1 6.0 6.0 6.02
3 8.2 8.1 8.0 8.1 8.1 8.10
4 9.2 3.0 9.2 9.3 9.0 9.14
5 9.2 9.2 9.2 9.0 9.4 9.20
Table 6.15a

Face FDeu Rpe FDe He
Pointg (mm) (N) (N) (N)

1 3.96 1735 635 1100 3.2 x 1077

2 6.02 2637 1179 1458 0.022

3 8.10 3548 1110 2438 0.124

4 9.14 4003 1037 2966 0.1795

5 9.2 4030 480 3550 0.189

Table 6.15b

EXPERIMENTAL AND CALCULATED RESULTS FOR Rp = 0.375, HCHBC-Brl, « = 7°

F
Pa(?e Fet Fez Foa Foq Fes Fpey
Olnts (mm) (mm) (mm) (mm) (mm) (mm)
1 3.8 3.8 3.8 3.8 3.8 3.80
2 6.3 6.2 6.3 6.3 6.3 6.28
3 7.8 7.7 7.8 7.8 7.8 7.78
4 9.3 9.3 9.3 9.3 9.3 9.30
5 9.4 9.4 9.3 9.4 9.4 9.38
Table 6.16a
F
Pa?e Fpeu Rpe Fpe He
ointg (mm) (N) (N) (N)
1 3.80 1664 635 1029 3 x 1077
2 6.28 2751 1179 1572 0.036
3 7.78 3408 1110 2298 0.108
4 9.30 4073 1037 3036 0.189
5 9.38 4108 480 3628 0.198
Table 6.16b
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EXPERIMENTAL AND CALCULATED RESULTS FOR Rp = 0.375, NSOH-SSL, « = 7°

Face F F F F F F
; 21 e 2 23 e4 es Deu
Foints (ram) (mm () (nm) ) (o
1 6.3 6.3 6.3 6.3 6.3 6.30
2 9.4 9.7 9.8 9.7 9.8 9.68
3 11.1 11.2 11.0 11.1 11.2 11.12
4 15.6 15.4 15.5 15.5 15.5 15.15
5 14.7 14.9 14.9 14.9 14.8 14.80
Table 6.17a
Face Fpeu Rpe Fpe He
Points (mm) (N) (N) (N)
1 6.30 2759 770 1989 0.041
2 9.68 4240 1527 2713 0.09
3 11.12 4871 2140 2731 0.015
4 15.50 6789 2071 4718 0.111
5 14.80 6482 1014 5468 0.133
Table 6.17b

EXPERIMENTAL AND CALCULATED RESULTS FOR Rp = 0.375, HCHC-SSL, « = .7°

F
Pa?e Fey Feo Fes Fe4 Fes FDeu
Olnts (mm) (mm) (mm) (mm) (mm) (mm)
1 6.3 6.4 6.3 6.4 6.4 6.36
2 9.9 9.2 9.8 9.8 9.8 9.70
3 10.5 11.0 11.5 11.3 11.5 11.16
4 15.5 15.6 15.5 15.7 15.5 15.56
S 14.9 14.8 14.9 15.0 14.9 14.90
Table 6.18a
Fa?e Fpeu Rpe Fpe “é
Pointg (mm) (N) (N) (N)
1 6.36 2786 770 2016 0.043
2 9.70 4249 1527 2722 0.091
3 11.16 4888 2140 2748 0.016
4 15.56 6815 2071 4744 0.113
S 14.90 6526 1014 5512 0.135
Table 6.18a
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EXPERIMENTAL AND CALCULATED RESULTS FOR Ry = 0.375, NSOH-Cul, o« = 7°

Re

-075
<150
225
300

375

O o oo

Re

-075
-150
225
-300
- 375

Coooo

Koy Foo Fos Fagq Fes Fpeu
(mm) (mm) (mm) (mm) (mm) (mm)
3.6 3.6 3.5 3.6 3.6 3.58
4.0 4.2 4.1 4.1 4.2 4.12
4.2 1.3 4.3 4.2 4.4 4.28
5.3 5.3 5.2 5.2 5.2 5.24
5.8 5.6 5.5 5.5 5.4 5.56

Table 6.19(a)

Fpeu Rpe Fpe He
(mm) (N) (N) (N)
3.58 1568 372 1196 0.084
4.12 1805 688 1117 0.071
4.28 1875 648 1227 0.087
5.24 2295 605 1690 0.171
5.56 2435 280 2155 0.264

Table 6.19(b)

EXPERIMENTAL AND CALCULATED RESULTS FOR Rp = 0.375, HCHC—Cul, « = 7°

Re

-075
<150
-225
-300
375

[ e e Mo Mo

Fey Feo Fes Feq Fes Fpeu
(mm) {mm) (mm) (mm) (mm) (wm)
3.6 3.5 3.6 3.6 3.5 3.56
4.2 4.1 4.2 4.1 4.1 4.14
4.3 4.3 4.3 4.3 4.3 4.30
5.3 5.2 5.2 5.2 5.2 5.22
5.3 5.5 5.4 5.5 6.1 5.56

Table 6.20(a)
Fpeu Rpe Fpe He

(mm) (N) (N) (N)

3.56 1559 372 1187 0.0823
4.14 1813 688 1125 0.072
4.30 1883 648 1235 0.0884
5.22 2286 605 1681 0.170
5.56 2435 560 2155 0.264

Table 6.20(b)



EXPERIMENTAL AND CALCULATED RESULTS FOR Rp = 0.375, CI-AL, « = 7°

Re Fer Feo Fea Foq Fes Fpeu
(mm) {mm) (mm) (mm) (mm) (mm)
\hﬁ
0.075 4.1 1.1 4.0 4.0 4.0 4.04
0.150 5.2 5.1 5.1 5.2 5.1 5.14
0.225 5.2 5.2 5.0 5.2 5.0 5.12
0.300 6.1 5.8 5.7 5.8 5.8 5.84
0.375 6.0 6.0 6.0 6.0 5.8 5.96
Table 6.21(a)
Re F R F H
Deu De De e
(mm) (N) (N) (N)
0.075 4.04 1770 323 1447 0.174
0.150 5.14 2951 597 1654 0.225
0.225 5.12 2243 562 1681 0.226
0.300 5.84 2558 525 2033 0.308
0.375 5.96 2611 243 2368 0.440
Table 6.21(b)
EXPERIMENTAL AND CALCULATED RESULTS FOR Rp = 0.375, CI-SSL, « = 7°
Re Fer Fez Fosa Fe4 FeS FDeu
(mm) (mm) (mm) (mm) (mm) (mm)
0.075 7.0 7.0 7.1 7.0 7.0 7.02
0.150 11.0 10.7 10.7 10.7 10.8 10.78
0.225 13.5 13.6 13.6 13.6 13.7 13.60
0.300 16.0 16.3 16.0 16.0 16.1 16.06
0.375 18.6 18.7 18.5 18.5 18.5 18.56
Table 6.22(a)
Re FDeu RDe FDe Mg
(mm) (N) (N) (N)
0.075 7.02 3075 1037 2038 0.045
0.150 10.78 4722 1918 2804 0.0978
0.225 13.60 5957 1806 4151 0.0923
0.300 16.60 7034 1687 5347 0.146
0.375 8129 780 7349 0.237

18.56

Table 6.22(b)

-255-



EXPERIMENTAL AND CALCULATED RESULTS FOR Ry = 0.375, CI-BrL, « = 7°

Re Fey Fe Fes Feq Fes Fpeu
(mm) (mm) (mm) (mm) (mm) (mm)
0.075 3.8 3.7 3.8 3.8 3.8 3.78
0.150 6.7 6.7 6.6 6.6. 6.7 6.66
0.225 8.0 8.0 7.9 8.0 8.0 7.98
0.300 9.5 9.5 9.4 9.4 9.4 9.44
0.375 10.2 10.2 10.1 10.2 10.2 10.18
Table 6.23(a)
Re Fpeu Rpe Fpe Ue
(mm) (N) (N) (N) :
0.075 3.78 1656 635 1021 6.7x10"9
0.150 6.66 2917 1179 1738 0.052
0.225 7.98 3495 1110 2385 0.118
0.300 39.44 4135 1037 3098 0.195
0.375 10.18 4459 480 3979 0.301

Table 6.23(b)

EXPERIMENTAL AND CALCULATED RESULTS FOR Rq = 0.375, CI-Cul, « = 7°

Re Fey Feo Fes Fesq Fes Fpeu
(mm) (mm) (mum) (mm) (mm) (mm)
0.075 3.8 3.7 4.0 4.0 4.0 3.90
0.150 5.2 5.3 5.3 5.2 5.3 5.26
0.225 5.7 5.7 5.6 5.6 5.7 5.66
0.300 6.6 6.4 6.4 6.5 6.5 6.48
0.375 6.6 6.6 6.6 6.5 6.5 6.56
Table 6.24(a)
Re Fpeu Rpe Fpe He
(mm) (N) (N) (N)
0.075 3.90 1708 372 1336 0.110
0.150 5.26 2304 688 1616 0.166
0.225 6.66 2479 648 1831 0.204
0.300 6.48 2838 605 2233 0.284
0.375 6.56 2873 280 2593 0.364

Table 6.24(b)
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EXPERIMENTAL AND CALCULATED RESULTS FOR Rp = 0.25, NSOH-Br, « = 7°

Re Fei Feo L Foa Fes Fpeu
(mm) {mm) {mm) (mun) (mm) (mm)
-05 4.0 4.0 4.1 4.0 4.0 4.02
10 4.2 4.0 4.0 4.0 4.2 4.08
.15 5.8 5.8 5.7 5.7 5.4 5.68
.20 6.8 G.8 6.8 6.8 6.7 6.78
.25 7.7 7.6 7.7 7.7 7.6 7.66
Table 6.25(a)
Re Fpeu Rpe Fpe He
(mm) (N) (N) (N)
-05 4.02 1761 635 1126 0.042
-10 4.08 1787 1210 577 1.1x10°7
-15 5.68 2488 1175 1313 0.067
.20 6.78 2970 1137 1833 0.141
.25 7.66 3355 548 2807 0.201

Table 6.25(b)

EXPERIMENTAL AND CALCULATED RESULTS FOR Ry = 0.25, HCHC-Br, « = 7°

Re Fel Fez Fe3 Fe4 Fes FDeu
(mm) (mm) (mm) (mm) (mm) (mm)
-05 4.1 4.1 4.0 4.0 4.0 4.04
-10 4.2 4.1 4.2 4.0 4.0 4.10
.15 5.8 5.8 5.7 5.6 5.6 5.68
-20 6.5 6.8 6.7 6.8 6.8 6.70
-25 7.7 7.7 7.7 7.7 7.7 7.70
Table 6.26(a)
Re Fpey Rpe Fpe He
(mm) (N) (N) (N)
.05 4.04 1770 635 1135 0.0437
-10 4.10 1796 1210 586 1.6x10%
-15 5.68 2488 1175 1313 0.067
.20 6.70 2935 1137 1798 0.136
.25 7.70 3364 548 2816 0.203

Table 6.26(b)
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Re Feay Feoa Fas Feq Fes Fpeu
(mm) (mm) (mm ) (mm) (mm) (mm)
.05 3.6 3.5 3.4 3.2 3.3 3.40
.10 4.5 4.5 4.7 4.6 4.7 4.60
-15 5.5 5.5 4.8 4.7 4.7 5.04
.20 5.6 5.7 5.6 4.6 4.6 5.22
.25 5.8 5.4 5.7 5.6 5.2 5.54
Table 6.27(a)
Re Fpeu Rpe Fpe He
(mmm) (N) (N) (N)
05 3.40 1489 323 1166 0.228
.10 4.60 2015 613 1402 0.308
.15 5.04 2208 595 1613 0.444
-10 5.22 2286 576 1710 0.481
.25 5.54 2427 278 2150 0.548
Table 6.27(b)
EXPERIMENTAL AND CALCULATED RESULTS FOR Rp = 0.25, HCHC-AL, « = 7°
Re Fei Fez F€3 Fe4 FeS FDeu
(mm) (mm) (mm) (mm) (mm) (mm)
-05 3.8 3.4 3.3 3.3 3.2 3.40
-10 4.8 4.7 4.7 4.8 4.7 4.74
.15 5.5 4.8 4.8 4.8 4.7 4.92
-20 5.8 5.0 4.8 4.9 4.5 5.00
.25 5.8 5.1 5.2 5.0 5.1 5.24
Table 6.28(a)
Re Fpeu Rpe Fpe He
(mm) (N) (N) (N)
-05 3.40 1489 323 1166 0.228
.10 4.74 2076 613 1463 0.361
15 4.92 2154 595 1559 0.410
.20 5.00 2190 576 1614 0.426
-25 5.24 2295 278 2017 0.480

S oo

EXPERIMENTAL AND CALCULATED RESULTS FOR Rp = 0.25, NSOH-AL, «

=7

Table 6.28(b)
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EXPERIMENTAL AND CALCULATED RESULTS FOR Rp = 0.25, NSOH-SS, « = 7°

Re Fei Fez FC3 Fe4 Fes FDeu
(mm) (mm) (mm) (mm) (mm) (mm)
0.05 5.1 5.2 5.2 5.1 5.2 5.16
0.10 7.7 7.9 7.9 7.7 7.8 7.80
0.15 8.8 8.8 8.8 7.9 8.8 8.78
0.20 10.3 10.4 10.5 10.6 10.5 10.46
0.25 11.0 11.1 11.1 11.0 11.0 11.04
Table 6.29(a)
Re Fpeu Rpe Fpe He
(mm) (N) (N) (N)
0.05 5.16 2260 770 1490 0.057
0.10 7.80 3416 1568 1848 0.094
0.15 8.78 3846 2266 1580 0.053
0.20 10.46 4582 2271 2311 0.096
0.25 11.04 4836 1159 3677 0.14

oo Oo

SCoooo

Table 6.29(b)

EXPERIMENTAL AND CALCULATED RESULTS FOR Rp = 0.25, HCHC-SS, « = 7°

Re Fei Fez Fea » Fe4 Fes FDeu
(rom) (mm) (mm) (mm) (m) (mm)
.05 5.1 5.2 5.1 5.2 5.1 5.14
.10 7.8 7.8 7.8 7.8 7.8 7.80
.15 8.8 8.7 8.7 8.8 8.8 8.76
-20 10.5 10.5 10.6 10.4 10.7 10.54
.25 11.0 11.0 11.0 _11.0 11.0 11.00
Table 6.30(a)
Re Fpeu Rpe Fpe He
(mm ) (N) (N) (N)
.05 5.14 2251 770 1480 0.056
.10 7.80 3416 1568 1848 0.094
.15 8.76 3837 2266 1571 0.052
-20 10.54 4617 2271 2346 0.099
.25 11.00 4818 1159 3659 0.139

Table 6.30(b)
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EXPERIMENTAL AND CALCULATED RESULTS FOR Rp = 0.25, NSOH-Cu, « = 7°

Re

.05
.10
-15
.20
.25

Re

.05
.10
.15
.20
.25

Fel Fez Fca Fe4 FeS FDeu
(mm) () (mm) (mm) (mm) (mm)
3.5 3.5 3.4 3.5 3.5 3.48
3.6 3.4 3.5 3.6 3.6 3.54
4.6 4.4 4.0 4.0 3.8 4.14
4.3 3.9 4.4 4.3 4.4 4.26
4.7 4.2 4.1 3.9 4.0 4.18
Table 6.31(a)
Fpeu Rpe Fpe He
(mm) (N) (N) (N)
3.48 1524 372 1152 0.175
3.54 1551 706 845 0.092
4.14 1813 686 1127 0.162
4.26 1866 664 1202 0.176
4.18 1831 320 1512 0.254

Table 6.31(b)

EXPERIMENTAL AND CALCULATED RESULTS FOR Ry = 0.25, HCHC-Cu, & = 7°

Re Fe1 Fe2 Fes Feq Fes . Fpeu
(mm) (ram) (mm) () (mm) (vim)
.05 3.5 3.5 3.5 3.4 3.4 3.46
.10 3.5 3.5 3.6 3.4 3.6 3.52
.15 4.5 4.0 4.2 4.4 4.0 4.22
.20 4.4 4.4 3.9 4.3 4.4 4.28
.25 4.5 4.5 4.0 4.2 4.1 4.26
Table 6.32(a)
Re Fpeu Rpe Fpe e
(mm) (N) (N) (N)
.05 3.46 1516 372 1144 0.173
.10 3.52 1542 706 836 0.090
.15 4.22 1848 686 1162 0.172
.20 4.28 1875 664 1211 0.179
.25 4.26 1866 320 1546 0.263

Table 6.32(b)
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EXPERIMENTAL AND CALCULATED RESULTS FOR Ry = 0.25, CI-Br, « = 7°

Re Fel Fez Fea Fe4 Fes FDeu
(mm) (mm) (mm) (mm) (mm) (mm)
.05 3.2 3.2 3.1 3.2 3.2 3.18
.10 4.4 4.5 4.4 4.4 4.4 4.42
.15 5.4 5.3 5.4 5.4 5.4 5.38
-20 6.1 6.2 6.5 6.6 6.6 6.40
.25 7.2 7.2 7.1 7.1 7.2 7.16
Table 6.33(a)
Re FDeu Rpe Fpe He
(mon) (N) (N) (N)
-05 3.18 1393 635 758 1107
-10 4.42 1936 1210 726 1x10~7
-15 5.38 2356 1157 1199 0.0497
-20 6.40 2803 1137 1666 0.116
-25 7.16 3136 548 2588 0.254

Table 6.33(b)

EXPERIMENTAL AND CALCULATED RESULTS FOR Ry = 0.25, CI-Cu, « = 7°

Re Fe1 Fez Fes Fe4 Fes FDeu
(mm) (rom) (1rm) (mm) (mm) - (mm)
-05 3.0 3.0 3.3 3.3 3.3 3.18
10 3.8 3.8 3.7 3.7 3.7 3.74
.15 4.3 4.3 4.4 4.4. 4.3 4.34
-20 4.3 4.3 4.4 4.4 4.4 4.36
.25 4.8 4.7 4.5 4.5 4.5 4.60

Table 6.34(a)

Re FDeu RDe FDe He
(mm) (N) (N) (N)

-05 3.18 1393 372 1021 0.139

-10 3.74 1638 706 932 0.116

-15 4.34 1901 686 1215 0.186

.20 4.36 1910 664 1246 0.188

.25 4.60 2015 320 1695 0.305

Table 6.34(b)
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Re

.05
-10
.15

20

.25

Re

.05
.10
.15
.20
.25

Re

.05
-10
.15
-20
.25

Re

.05
-10
.15
.20
.25

EXPERIMENTAL AND CALCULATED RESULTS FOR Rp = 0.25, CI-AL, « = 7°

Fey Feo Fea Fes Fes FDeu
(mm) (mm) (mm) () (mm) (m)
3.3 3.3 3.3 3.4 3.4 3.26
3.5 3.5 3.6 3.6 3.5 3.46
3.6 3.6 3.6 3.6 3.6 3.60
3.6 3.6 3.6 3.6 3.6 3.60
3.7 3.7 3.6 3.7 3.7 3.68

Table 6.35(a)
Fpeu Rpe Fpe He

(mm) (N) (N) (N) '

3.26 1428 323 1105 0.077
3.46 1516 613 903 0.145
3.60 1577 595 985 0.165
3.60 1577 576 1001 0.163
3.68 1612 278 1334 0.261

Table 6.35(b)

EXPERIMENTAL AND CALCULATED RESULTS FOR Ry = 0.25, CI-SS, « = 7°

Fey Fez Fes Fes Fes Fpeu
(mm) (mm) (mm) (wm) (mm) (o)
5.8 5.8 5.8 5.8 5.8 5.80
7.5 7.6 7.6 7.5 7.6 7.56
8.8 8.8 8.9 8.8 8.8 8.82

10.1 10.2 10.1 10.0 10.2 10.12
11.7 11.6 11.5 11.5 11.6 11.58

Table 6.36(a)
Fpeu Rpe Fpe He

() (N) (N) (N)

5.80 2540 1037 1503 0.058-
7.56 3311 1970 1341 0.032
8.82 3863 1913 1950 0.096
10.12 4433 1850 2583 0.123
11.58 5072 892 4180 0.179

Table 6.36(b)
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EXPERIMENTAL AND CALCULATED RESULTS FOR Rp = 0.25, NSOH-AL, « = 7°

Re Fey Feo Fos Feq Fes Fpeu
(mm) (mm) (mm) (mm) (rum) (mm)
.05 2.5 2.3 2.4 2.4 2.3 2.38
.10 3.5 3.3 3.3 3.3 3.3 3.34
.15 3.4 3.7 3.8 3.7 3.7 3.66
.20 3.8 3.9 3.8 3.9 3.7 3.82
.25 3.9 3.9 3.9 3.7 3.9 3.86
Table 6.37(a)
(mm) (N) (N) (N)
.05 2.38 1042 323 719 0.087
.10 3.34 1462 613 849 0.128
.15 3.66 1603 595 1008 0.172
.20 3.82 1673 576 1097 0.193
.25 3.86 1691 278 1413 0.286
Table 6.37(b)
EXPERIMENTAL AND CALCULATED RESULTS FOR RT = 0.25, HCHC-AL, « = 7°
Re Fey Feo Fes Fes Fes Fpeu
() (mm) (mm) (mm) (mm) (mm)
.05 2.5 2.5 2.3 2.4 2.4 2.42
.10 3.2 3.1 3.1 3.1 3.0 3.10
.15 3.7 3.6 3.5 3.8 3.7 3.66
.20 3.9 3.8 3.8 3.9 3.8 3.84
.25 3.8 3.8 3.9 3.8 3.7 3.80
Table 6.38(a)
Re Fpeu Rpe Fpe He
(mm) (N) (N) (N)
.05 2.42 1060 323 737 0.093 -
.10 3.10 1358 613 745 0.036
.15 3.66 1603 595 1008 0.172
.20 3.84 1682 576 1106 0.196
.25 3.80 1664 278 1386 0.191

Table 6.38(b)
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EXPERIMENTAL AND CALCULATED RESULTS FOR Rq = 0.25, NSOH-SSL, « = 7°

HC Fei FC s Fe Fe4 FGS FDCU
(mm) (mm) (mm) (rom) (mm) (mm)
.05 5.2 5.0 5.0 5.0 5.0 5.04
.10 6.1 7.1 7.1 7.0 7.0 6.86
.15 8.0 8.0 8.0 8.0 8.0 8.00
.20 9.6 9.6 9.9 10.0 9.9 3.80
.25 10.4 10.5 10.5 10.5 10.5 10.48
Table 6.39(a)
Re FDCU RDe FDe Ha
(mm) (N) (N) (N)
.05 5.04 2208 770 1438 0.0502
.10 6.86 3005 1568 1437 0.044
15 8.00 3504 2266 1238 0.014
.20 9.80 4292 2271 2021 0.067
.25 10.48 4590 1159 3431 0.121
Table 6.39(b)
EXPERIMENTAL AND CALCULATED RESULTS FOR RT = 0.25, HCHC-SSL, « = 7°
Re Fes Feo Fes Fes Fes Fpeu
(o) () (mm) (mm) (yum) (mm)
.05 5.0 5.0 5.0 5.0 5.0 5.00
10 6.3 7.0 7.0 7.0 7.0 6.86
.15 8.0 8.0 8.0 8.3 8.0 8.06
.20 9.5 9.7 9.8 10.0 10.0 39.80
.25 10.5 10.5 10.5 10.5 10.5 10.50
Table 6.40(a)
Re Fpeu Rpe Fpe He
() (N) (N) (N)
.05 5.00 2190 770 1420 0.048-
.10 6.86 3005 1568 1437 0.044
.15 8.06 3530 2266 1264 0.170
.20 9.80 4292 2271 2021 0.067
.25 10.50 4599 1159 3440 0.122

Table 6.40(b)
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EXPERIMENTAL AND CALCULATED RESULTS FOR Rp = 0.25, NSOH-Cul, o« = 7°

Re Feor Fao Fea Foa Fes Fpeu
(mm) (mm) (mm) (mm) (mm) (mm)
05 2.8 2.9 2.9 2.8 2.8 2.84
10 3.0 3.2 3.1 3.1 3.0 3.08
15 3.7 3.7 3.6 3.7 3.6 3.66
.20 3.7 3.8 3.8 3.9 3.7 3.76
25 2.7 3.8 3.8 3.7 3.6 3.76
Table 6.41(a)
Re Fpeu Rpe Fpe He
(mun) (N) (N) (N)
.05 2.84 1244 372 872 0.099
.10 3.08 1349 706 643 0.039
.15 3.66 1603 686 917 0.106
.20 3.76 1647 664 983 0.118
.25 3.72 1629 320 1309 0.199
Table 6.41(b)
EXPERIMENTAL AND CALCULATED RESULTS FOR Ry = 0.25, HCHC-CulL, « = 7°
Re Fag Fe Fes Feq Fes Fpeu
(mm) (mm) (mm) (mm) (mm) (mm)
.05 2.8 2.8 2.8 2.8 2.8 2.80
.10 3.1 3.0 3.1 3.0 3.0 3.04
.15 3.7 3.6 3.7 3.7 3.7 3.68
.20 3.8 3.8 3.7 3.7 3.8 3.76
.25 3.5 3.8 3.6 3.8 3.6 3.66
Table 6.42(a)
Re Fpeu Rpe Fpe He
(mm) (N) (N) (N)
.05 2.80 1226 372 854 0.094
.10 3.04 1332 706 626 0.035
.15 3.68 1612 686 926 0.109
.20 3.76 1647 664 3983 0.118
.25 3.66 1603 320 1283 0.192

Table 6.42(b)
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EXPERIMENTAL AND CALCULATED RESULTS FOR Ry = 0.25, NSOH-BrL, « = 7°

Re Foy Feo Fea Fosq Fes Fpeu
(mm) {(mm) (mm) (mm) (mm) (mm)
0.05 2.8 3.0 3.0 2.9 2.9 2.92
0.10 3.7 3.4 4.3 4.3 4.3 4.04
0.15 5.4 5.0 5.0 5.0 5.1 5.10
0.20 5.5 5.7 5.7 5.7 5.7 5.66
0.25 5.8 5.8 5.8 5.9 5.8 5.82
Table 6.43(a)
Re Fpeu Rpe Fpe He
(mm) (N) (N) (N)
0.05 2.92 1279 635 644 1.37x10~7
0.10 4.04 1768 1210 558 1x10~7
0.15 5.10 2234 1175 1059 0.029
0.20 5.66 2479 1137 1342 0.067
0.25 5.82 2549 548 2001 0.079
Table 6.43(b)
EXPERIMENTAL AND CALCULATED RESULTS FOR Rp = 0.25, HCHC-BrL, « = 7°
Re Fey Feo Fes Fes Fes Fpeu
(mm) (mm) (mm) (mm) (mm) (m)
0.05 2.6 2.6 2.6 2.5 2.6 2.58
0.10 4.3 4.3 4.2 4.3 4.3 4.28
0.15 5.5 4.9 4.9 4.9 4.9 5.02
0.20 5.5 5.4 5.5 5.6 5.4 5.48
0.25 5.5 5.8 5.7 5.8 5.8 5.72
Table 6.44(a)
Re Fpeu Rpe Fpe He
(mm) (N) (N) (N)
0.05 2.58 1130 635 495% 1x10~7
0.10 4.28 1875 1210 665 1.4x10°7
0.15 5.02 2199 1175 1024 0.024
0.20 5.48 2400 1137 1263 0.055
0.25 5.72 2505 548 1957 0.073

Table 6.44(b)
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EXPERIMENTAL AND CALCULATED RESULTS FOR Rp = 0.25, CI-BrL, « = 7°

Re Feay Foz Fea Feoa Fes Fpeu
(mum) (mm) (mm) (mm) (mm) (mm)
05 3.1 3.0 3.0 3.1 3.1 3.06
10 4.2 4.3 4.2 4.2 4.3 4.24
15 5.2 5.2 5.3 5.2 5.2 5.22
20 5.9 G.0 6.0 6.0 6.0 5.98
25 7.1 7.1 7.1 7.0 7.0 7.06
Table 6.45(a)
Re Fpeu Rpe Fpe He
(mm) (N) (N) (N)
05 3.06 1340 635 705 1x10™7
10 4,24 1857 1210 647 1x10~7
15 5.22 2286 11567 1129 0.044
20 5.98 2619 1137 1482 0.088
25 7.06 3092 548 2544 0.247

Table 6.45(b)

EXPERIMENTAL AND CALCULATED RESULTS FOR Ry = 0.25, CI-Cul, « = 7°

Re Feay Feo Fosa Fea Fes Fpeu
(mm) (mm) (mm) (mm) (mm) (mm)
.05 3.3 3.0 3.2 3.0 3.1 3.12
10 3.7 3.7 3.6 3.7 3.6 3.66
.15 3.9 3.9 3.8 3.8 3.8 3.84
.20 4.1 4.0 4.1 4.0 4.0 4.04
.25 4.4 4.3 4.4 4.4 4.5 4.40
Table 6.46(a)
Re Fpeu Rpe Fpe He
(mm) (N) (N) (N)
.05 3.12 1367 372 935 0.132
.10 3.66 1603 706 897 0.106
.15 3.84 1682 686 996 0.127
.20 4.04 1770 664 1106 0.151
.25 4.40 1927 320 1607 0.280

Table 6.46(b)
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EXPERIMENTAL AND CALCULATED RESULTS FOR Rp = 0.25, CI-ALL, « = 7°

Re Feay Fao Fag Feq Fes Fpeu
(mm) (mm) (mm) (mm) (mm ) (mm)
05 3.3 3.2 3.2 3.1 3.2 3.20
1 3.3 3.3 3.3 3.3 3.3 3.30
15 3.3 3.4 3.4 3.4 3.3 3.36
20 3.4 3.4 3.3 3.4 3.4 3.38
25 3.5 3.5 3.5 3.5 3.5 3.50
Table 6.47(a)
Re Fpeu Rpe Fpe He
(mm) (N) (N) (N)
.05 3.20 1402 323 1078 0.2
.10 3.30 1445 613 832 0.123
.15 3.36 1472 595 877 0.131
.20 3.38 1480 576 904 0.148
.25 3.50 1533 278 1255 ' 0.236
Table 6.47(b)
EXPERIMENTAL AND CALCULATED RESULTS FOR By = 0.25, CI-SSL, « = 7°
Re Fey Fez Fes Feq Fes Fpeu
(mm) (mm) (mm) (mm) (mm) (mm)
.05 5.6 5.6 5.5 5.6 5.6 5.58
.10 7.2 7.3 7.2 7.2 7.2 7.22
.15 8.7 8.8 8.7 8.7 8.7 8.72
.20 10.0 0.90 10.0 10.0 9.9 9.96
.25 11.5 11.5 11.5 11.5 11.5 11.48
Table 6.48(a)
Re Fpeu Rpe Fpe He
(mm) (N) (N) (N)
.05 5.58 2444 1037 1407 0.0463
.10 7.22 3162 1970 1192 0.0146
.15 8.72 3819 1913 1906 0.091
.20 9.96 4362 1850 2512 0.116
.25 11.48 5028 892 4136 0.176

Table 6.48(b)
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EXPERIMENTAL AND CALCULATED RESULTS FOR Rp

RESULTS FOR Rq = 0.375, , & = 15°

Re Fey L Fos Foq FCS FDeu
(mm) (m) (mm) (mm) (mm) (rm)
0.125 6.5 6.5 6.9 6.6 6.6 6.58
0.250 10.0 10.0 10.8 10.8 10.7 10.46
0.375 11.8 11.9 12.0 11.8 11.8 11.86
\—._._ .
Table 6.49(a)
Re "~ Fpeu Rpe Fpe He
{mm) (N) (N) (N)
0.125 6.58 2882 1365 1517 6.7x1078
0.250 10.46 4582 2449 2133 0.0052
0.375 11.86 5195 1075 4120 0.140

Table 6.49(b)

= 0.375, HCHC-Br , « = 15°

Re Fey Feo Fes Feq Fes Fpeu
(mm) (mm) (mm) (mm) (mnm) (mm)
0.125 7.0 6.9 6.8 6.9 6.7 6.86
0.250 10.4 10.: 10.0 10.4 106.2 10.28
0.375 11.7 11.8 11.8 11.9 12.0 11.84
Table 6.50(a)
Re Fpeu Rpe Fpe He
(mm) (N) (N) (N)
0.125 6.86 3005 1365 1640 5.5x10"7
0.250 10.28 4502 2449 2053 0.0022
0.375 11.84 5186 1075 3992

0.139

Table 6.50(b)
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EXPERIMENTAL AND CALCULATED RESULTS FOR Rp = 0.375, NSOH-AL, « = 15°

Re

Re

.125
.250
.375

Foyg Foo Foa Foa Fes Fpeu
(mm ) (mm) (mm) (mm) (mm) (mm)
6.3 6.2 5.9 5.8 5.9 6.02
G.0 7.0 5.9 5.8 5.8 6.10
7.0 6.3 G.4 6.4 6.4 6.52
Table 6.51(a)
Fpeu Bpe Fpe He

(mm) (N) (N) (N)
6.02 2672 691 1981 0.132
6.10 2777 1240 1537 0.066
6.52 2856 545 2312 0.187

Table 6.51(b)

EXPERIMENTAL AND CALCULATED RESULTS FOR Ry = 0.375, HCHC-AL, « = 157

Re

-125
. 250
.375

Re

-125
-250
. 375

Fet Feo Fes Feq Fes Fpeu
(mm) (mm) (mm) (mm) (mm) (mm)
5.8 6.2 6.2 5.9 5.9 6.00
6.0 7.1 7.1 5.8 5.8 6.36
6.4 6.4 6.4 6.4 6.4 6.40
Table 6.52(a)
Fpeu Rpe Fpe He

(mm) (N) (N) (N)
6.00 2628 691 1937 0.125
6.36 2786 1240 1546 0.068
6.40 2856 545 2312 0.187

Table 6.52(b)
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EXPERIMENTAL AND CALCULATED RESULTS FOR Rp = 0.375, NSOH-Cu, o = 15°

Re>

Re

<o

-125
.250
0.375

O

Fey Foz Foa Fea Fes Fpeu
(mm) (mm) (mm) (mm) (mm) (mm)
5.7 5.6 5.6 5.7 5.6 5.64
G.8 6.6 6.6 6.2 6.2 6.48
7.8 7.7 7.0 7.0 7.0 7.30
Table 6.53(a)
Fpeu Rpe Fpe He
(mm) (N) (N) (N)
5.64 2470 797 1674 0.057
6.48 2838 1429 1409 0.024
7.30 3197 628 2570 0.173

Table 6.53(b)

EXPERIMENTAL AND CALCULATED RESULTS FOR Rp = 0.375, HCHC-Cu, « = 15°

Re

0.125
. 250
0.375

o

Re

-125
-250
-375

oo o

Fey Feo Fes Feq Fes Fpeu
(mm) (wm) (mm) {mm) (mm) (mm)
5.6 5.6 5.7 5.7 5.7 5.66
6.6 6.8 6.7 6.3 6.2 6.52
7.8 7.7 7.7 7.7 7.5 7.68
Table 6.54(a)
FDeu Rpe FDe He
(mm) (N) (N) (N)
5.66 2479 797 1593 0.047
6.52 2856 1429 1427 0.026
7.68 3362 628 2734 0.197

Table 6.54(b)
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EXPERIMENTAI, AND CALCULATED RESULTS FOR Ry = 0.375, NSOH-SS, « = 15°

Re Fey Foo Fog Feq Fes Fpeu
(mm) (mm) (mm) (mm) (mm) (mm)
125 12.6 12.6 12.7 12.7 12.6 12.64
-250 17.9 17.9 18.1 18.0 18.0 17.98
.375 23.0 23.0 23.1 23.0 23.0 23.02
Table 6.55(a)
Re Fpeu Rpe Fpe He
(mm) (N) (N) (N)
-125 12.64 . 5536 2222 3314 0.058
.250 17.94 7875 3985 3890 5.9x107®
-375 23.02 10083 1750 8333 0.115
Table 6.55(b)
EXPERIMENTAL AND CALCULATED RESULTS FOR Ry = 0.375,HCHC-SS, « = 15
Re Fey Feo Fes Feq Fes Fpeu
(mm) (mm) (mm) (mm) (mm) (mm)
.125 12.7 12.6 12.7 12.7 12.7 12.68
.250 18.0 18.0 17.9 18.0 17.9 17.96
.375 23.0 23.1 23.0 23.0 23.0 23.02
Table 6.56(a)
Re Fpeu Rpe Fpe Ke
(mm) (N) (N) (N)
.125 12.68 5554 2222 3332 0.060
.250 17.96 7867 3985 3882 5.7x10"®
-375 23.02 10083 1750 8333 0.115

Table 6.56(b)

-272-



EXPERIMENTAL AND CALCULATED RESULTS FOR Rp = 0.375, CI-AL, « = 15°

(mm) (mm) (mm) (mm) (mm) (wmm)
0.125 7.5 7.4 7.4 7.5 7.4 7.44
0.250 7.7 7.6 7.6 7.7 7.6 7.64
0.375 9.2 6.5 6.6 6.5 6.5 7.06

Table 6.57(a)
Re Fpeu Rpe Fpe He

(mm) (N) (N) (N)
0.125 7.44 3259 692 2567 0.223
0.250 7.64 3346 1240 2106 0.150
0.375 7.06 3092 545 2547 0.228

Table 6.57(b)

EXPERIMENTAL AND CALCULATED RESULTS FOR Ry = 0.375, CI-Br, « = 15°

Re Fey Fe2 Fes e4 Fes Fpeu
(mm) (mm) (mm) (mm) () (mm)
0.125 8.8 8.4 7.8 7.8 7.8 8.12
0.250 12.4 12.0 11.3 .3 11.3 11.66
0.375 13.5 13.3 13.0 13.0 13.0 13.16
Table 6.58(a)
Re Fpeu Rpe Fpe He
(mm) (N) (N) (N)
0.125 8.12 3557 1365 2192 0.011
0.250 11.66 5107 2449 2658 0.04
0.375 13.16 5764 1079 4689 0.198

Table 6.58(b)



EXPERIMENTAL AND CALCULATED RESULTS FOR Ry = 0.375, CI-Cu, « = 15°

Re Feay Feo Fas Feq Fes Fpeu
(mm) (mm) (mm) (mm) (mm) (mm)
0.125 7.0 6.8 6.8 6.8 6.8 6.84
0.250 8.0 7.0 7.0 7.0 7.0 6.20
0.375 9.2 7.7 7.6 7.6 7.6 7.94

Table 6.59(a)

Re Fpeu Rpe Fpe He
(mm) (N) (N) (N)
0.125 6.84 2996 797 2199 0.121
0.250 7.20 3154 1429 1725 0.06
0.375 7.94 3478 628 2850 0.215

Table 6.59(b)

EXPERIMENTAL AND CALCULATED RESULTS FOR Ry = 0.375, CI-SS, « = 15°
Re Foy Fes Fos Feo Fos Fpey
(mm)) (mm) (mm) (mm) (mm) (mm)
0.125 13.5 13.5 13.4 13.4 13.5 13.46
0.250 19.0 18.0 19.1 19.1 19.0 19.04
0.375 23.8 23.8 23.9 23.8 23.7 23.80
Table 6.60(a)
Re Fpeu Rpe Fpe He
(mm) (N) (N) (N)
0.125 13.46 3896 1748 4148 0.082
0.250 19.04 8340 1834 6506 0.085
0.375 23.80 10424 2275 8149 0.128

Table 6.60(b)
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EXPERIMENTAL AND CALCULATED RESULTS FOR Rp = 0.375, NSOH-CuL, « = 15°

Re Fey Fao Feg Fea Fos FDeu
(mm) (mm) (mm) (mm) {mm) (mm)
. 125 6.3 5.5 5.4 5.5 5.5 5.64
.250 6.8 6.3 6.4 6.3 6.3 6.38
.375 7.3 6.7 6.7 6.8 6.7 6.84
Table 6.61(a)
Re Fpeu Rpe Fpe He
(mm) (N) (N) (N)
.125 5.64 2470 797 1674 0.057
. 250 6.38 2794 1429 1365 0.019
. 375 6.84 2996 628 2368 0.144

Table 6.61(b)

EXPERIMENTAL AND CALCULATED RESULTS FOR Rp = 0.375,HCHC-Cul, « = 15°

Re Fey Fez Fes Fea Fes Fpeu
(mm) (mm) (mm) (mm) (rm) (mm)
0.125 6.4 5.6 5.4 5.5 5.4 5.66
0.250 6.6 6.4 6.4 6.4 6.3 6.42
0.375 7.3 6.7 6.8 6.8 6.7 6.86
Table 6.62(a)
Re Fpeu Rpe Fpe He
(mm) (N) (N) (N)
0.125 5.66 2479 797 1682 0.058
0.250 6.42 2812 1429 1383 0.021
0.375 6.86 3005 628 2377 0.144

Table 6.62(b)
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EXPERIMENTAL AND CALCULATED RESULTS FOR Ry = 0.375, NSOH-BrlL, « = 15°

Re Fe Fe oz Fes Fes Fes Fpeu
{(mm) (mm) {(mm) (mom) (mm) (rmm)
.125 6.4 6.4 6.5 6.5 6.4 6.44
. 250 10.0 9.9 9.9 9.9 10.0 9.94
.375 11.8 11.7 11.7 11.7 11.6 11.70
Table 6.63(a)
Re Rpe Fpe He
(mm) (N) (N) (N)
.125 6.44 2821 1365 1456 4.8x10°¢
. 250 9.94 4354 2449 1905 6.8x10"6
. 375 11.70 5125 1075 3931 0.134
Table 6.63(b)
EXPERIMENTAL AND CALCULATED RESULTS FOR Rp = 0.375, HCHC-BrL, « = 15°
Re Fey Fez Fes Feq Fes Fpeu
(mm) (mm) (mm) (mm) (mum) (mm)
.125 6.5 6.4 6.5 6.5 6.5 6.48
.250 10.8 10.0 10.1 10.0 10.0 10.18
.375 11.8 11.8 11.7 11.6 11.7 11.74
Table 6.64(a)
Re Rpe Fpe He
(mm ) (N) (N) (N)
.125 6.48 2838 1365 1473 4.8x10°8
.250 10.18 4459 2449 2010 7.1x10~4
. 375 11.74 5142 1075 3948 0.135

Table 6.64(b)
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EXPERIMENTAIL, AND CALCULATED RESULTS FOR Rp = 0.375, NSOH-SSL, « = 15°

Re Fey Fos Fes Foq Fes Fpey
(mm) (mm) (mm) {(mm) {(mm) (mm)
.125 12.5 12.4 12.4 12.5 12.4 12.44
.250 17.2 17.3 17.4 17.4 17.4 0 17.34
.375 22.4 22.3 22.4 22.5 22.6 22.44
Table 6.65(a)
Re Fpeu Rpe Fpe He
(mm ) (N) (N) (N)
.125 12.44 5449 2222 3228 0.058
.250 17.34 7595 3985 3611 1x107®
.375 22.44 9829 1750 8080 0.106

EXPERIMENTAL AND CALCULATED RESULTS FOR Rp = 0.375,

Table 6.65(b)

HCHC-SSL, « = 15°

Re Fey Fe2 Fes Feq Fes FDeu
(mm) (rum) (mm) (vam) (mm) (mm)
.125 12.4 12.4 12.5 12.4 12.5 12.44
.250 17.3 17.4 17.4 17.4 17.3 17.36
.375 22.3 22.5 22.5 22.6 22.5 22.4
Table 6.66(a)
Re Fpeu Rpe Fpe He
(mm) (N) (N) (N)
-125 12.44 5448 2222 3226 0.058
.250 17.36 7604 3985 3619 1x10-®
.375 22.48 9846 1750 8096 0.099

Table 6.66(b)
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EXPERIMENTAL AND CALCULATED RESULTS FOR Rp = 0.375, NSOH-ALL, « = 15°

RQ Fel F(’? o Fe 3 Fe 4 Fes FDeu
(mm) (mm) (mm) (mm) (mm) (mm)
. 125 5.9 5.8 5.8 5.9 5.8 5.84
. 250 6.7 5.8 5.9 5.9 6.0 6.06
.375 6.8 6.7 5.9 5.9 5.9 6.24
Table 6.67(a)
Re Fpeu Rpe Fpe He
(mm) (N) (N) (N)
. 125 5.84 2558 691 1859 0.114
.250 6.06 2654 1240 1441 0.053
.375 6.24 2733 545 2188 0.166

Table 6.67(b)

EXPERIMENTAL AND CALCULATED RESULTS FOR Ry = 0.375, HCHC-ALL, « = 15°

Re Fey Fo2 Fes Fes Fes Fpeu
(mm) (mm) (rom) (mm) (mm) (mm)
.125 5.8 5.8 5.8 5.9 5.8 5.82
. 250 6.0 6.0 6.3 6.0 6.3 6.12
. 375 6.4 6.4 6.0 5.9 6.0 6.14
Table 6.68(a)
Re Fpeu Rpe Fpe He
(wm) (N) (N) (N)
.125 5.82 2550 691 1859 0.114
. 250 6.12 2681 1240 1441 0.053
.375 6.14 2689 545 2144 0.159

Table 6.68(b)
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EXPERIMENTAL AND CALCULATED RESULTS FOR Rp = 0.375, CI-ALL, « = 15°

Re Fes Feo Fos Fogq Fes Fpeu
(mm) (mm) (mm) (mm) (mm) (mm)
0.125 7.0 7.0 6.9 6.9 7.0 6.96
0.250 7.0 7.0 6.7 6.7 6.7 6.82
0.375 7.3 7.1 6.5 6.4 6.4 6.74
Table 6.69(a)
Re FDeu Rpe FDe Ha
(mm) (N) (N) (N)
0.125 6.92 3049 692 2357 0.189
0.250 6.82 2987 1240 1747 0.03861
0.375 6.74 2952 545 2407 0.203

Table 6.69(b)

EXPERIMENTAL AND CALCULATED RESULTS FOR Rq = 0.375, CI-Brl, « = 15°

Re Fey Fez Fes Fea Fes Fpeu
(mm) (mm) () (mm) (mm) (rm)
0.125 8.0 8.0 8.0 8.0 8.0 8.00
0.250 11.2 11.2 11.1 11.1 11.2 11.16
0.375 12.8 12.7 12.8 12.8 12.7 12.76
Table 6.70(a)
Re Fpeu Rpe Fpe He
(mm) (N) (N (M)
0.125 8.00 3504 1365 2139 0.075
0.250 11.16 4888 2449 2439 0.025
0.375 12.96 5589 1079 4514 0.182

Table 6.70(b)
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EXPERIMENTAL AND CALCULATED RESULTS FOR Ry = 0.375, CI-Cul, « = 15°

Re Fey Feo Fas Feq Fes Fpeu
(mm) (mm) (mm) (mm) (mm) (mm)
. 125 6.3 6.3 6.4 6.4 6.3 6.34
.250 7.0 6.9 6.9 6.9 6.9 6.92
.375 7.2 7.0 7.3 7.3 7.4 7.24
Table 6.71(a)
Re Fpeu Rpe Fpe He
(mm ) (N) (N) (N)
.125 6.34 2777 797 1980 0.094
.250 6.92 3031 1429 1602 0.042
.375 7.94 3171 628 2543 0.169

Table 6.71(b)

EXPERIMENTAL AND CALCULATED RESULTS FOR Rp = 0.375, CI-SSL, « = 15°

Re Fey Fea Fes Fes Fes Fpeu
(ram) (rom) (mm) (mm) (mm) (mm)
.125 13.0 13.1 13.0 13.1 13.0 13.04
. 250 18.3 18.2 18.2 18.3 18.3 18.26
-375 23.3 23.2 23.2 23.3 23.3 23.26

Table 6.72(a)

Re Fpeu Rpe Fpe He
(mm ) (N) (N) (N)

.125 13.04 5712 1748 3964 0.072

.250 18.26 7998 1834 6164 0.0725

.375 23.26 10188 2275 7913 0.119

Table 6.72(b)
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EXPERIMENTAL AND CALCULATED

\*\‘
Re

.083
-166
- 250

o OO

Re

0.083
-166

o

RESULTS FOR Rq = 0.25, NSOH-AL, « = 15°

Fei Fao Feg Fes Fpeu
(mm) (mm) (mm) (mm) (mm)
6.0 6.1 5.4 5.5 5.5 5.70
6.5 6.2 5.5 5.0 5.3 5.70
6.7 6.5 5.2 5.4 5.0 5.76

Table 6.73(a)
Rpe Fpe He

(mm) (N) (N) (N)

5.70 2497 691 1806 0.22

5.70 2497 1299 1198 0.0889
5.76 2523 605 1918 0.235

Table 6.73(b)

EXPERIMENTAL AND CALCULATED RESULTS FOR Rp = 0.25, HCHC-AL, « = 15°

Re

o

-083

0.250

Re

-083
-166
- 250

co o

Fey Feo Fes Fes Fpeu
(mm) (mm) (mm) (rum) (vam)
5.8 5.9 5.7 5.7 5.8 5.78
5.7 5.9 5.8 5.8 5.8 5.80
5.7 5.9 5.8 5.9 5.8 5.82

Table 6.74(a)
Rpe Fpe He

(mm) (N) (N) (N)

5.78 2532 691 1841 0.228

5.80 2540 1299 1241 0.098
5.82 2549 " 605 1944 0.241

Table 6.74(b)
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EXPERIMENTAL AND CALCULATED RESULTS FOR Ry

Re

\
0.083
0.166
0.25¢

Re

O o O
D e O
Ty @
O oW

= 0.25, NSOH-SS, « = 15°

Fet Fez Fes Fosq Fes Fpeu
(mm) (mm) (mm) (mm) (mm) (mm)
8.6 8.7 8.5 8.7 8.7 8.64
12.6 12.7 12.5 12.7 12.7 12.64
156.7 15.8 15.7 15.8 15.8 15.76
Table 6.75(a)
Fpeu Rpe Fpe He
(mm) (N) (N) (N)
8.64 3784 2222 1562 0.019
12.64 5536 4175 1361 1x10°®
15.76 6903 1943 5153 0.0812

Table 6.75 (b)

EXPERIMENTAL AND CALCULATED RESULTS FOR Ry = 0.25, HCHC-SS, « = 15°

Re

0.083
0.166
0.25¢

Re

0.083
0.166
0.25¢

Fey Feo Fes Fes Fes Fpeu
(mm) (mm) (mm) (mm) (mm) (mm)

8.8 8.8 8.8 8.9 8.8 8.78
12.5 12.6 12.6 12.7 12.7 12.62
15.8 15.8 15.7 15.7 15.8 15.76

Table 6.76(a)
Fpeu Rpe Fpe He

(mm) (N) (N) (N)

B.78 3846 2222 1624 0.023
12.62 5528 4175 1353 1x1078
15.76 63903 1943 4960 0.081

Table 6.76(b)
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EXPERIMENTAL AND CALCULATED

RESULTS FOR Rp = 0.25, NSOH-Br, « = 15°

Re Fey Foo Fos Feo 4 Fes Fpeu
(mun) (mm) (mm) (mm) (mm) (mm)
.083 5.8 5.7 5.8 5.7 5.7 5.74
. 166 8.1 8.0 7.8 7.9 7.9 7.98
.250 9.0 3.0 8.3 8.2 8.3 8.56
Table 6.77(a)
Re Fpeu Rpe Fpe . He
(mm) (N) (N) (N)
.083 5.74 2514 1365 1149 1x10~7
. 166 7.98 3495 2566 929 5.7x10°8
.250 8.56 3749 1194 2555 0.106

Table 6.77(b)

EXPERIMENTAL AND CALCULATED RESULTS FOR Rp = 0.25, HCHC-Br, « = 15°

Re Fey Feo Fea Feq Fes Fpeu
(mm) (mm) (mm) (mwm) (mm) (mm)
.083 5.6 5.7 5.8 5.7 5.8 5.72
.166 7.5 7.7 7.8 7.9 7.8 7.74
.250 8.9 8.4 8.4 9.0 8.7 8.68
Table 6.78(a)
Re Fpeu Rpe Fpe He
() (N) (N) (N)
.083 5.72 2505 1365 1140 1.05x10~7
. 166 7.74 3390 2566 824 5.6x107¢ .
.250 8.68 3802 1194 2608 0.111

Table 6.78(b)
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EXPERIMENTAL AND CALCULATED RESULTS FOR Rp = 0.25, NSOH-Cu, « = 15°

———

Re Feq Foz Fas Fegq Fes ~ Fpeu
(mm ) (mm) (mm) (mm) (mm) {mm)
.083 5.0 4.9 4.9 4.8 4.9 4.92
.166 5.0 5.0 4.8 4.9 4.9 4.92
.250 5.2 5.0 4.9 4.9 4.9 4,96
Table 6.79(a)
Re Fpeu Hpe Fpe He
(mm) (N) (N) (N)
.083 4.92 2155 797 1358 0.091
. 166 4.92 2155 1497 658 1x10~7
.250 4.96 2173 697 1476 0.103
Table 6.79(b)
EXPERIMENTAL AND CALCULATED RESULTS FOR Rp = 0.25, HCHC-Cu, « = 15°
Re Feq Feo Fes Feq Fes Fpeu
(mm) (mm) (mm) (mm) (mm) (mm)
.083 5.0 5.0 5.0 4.9 4.9 4,96
.166 5.2 5.2 5.1 5.3 5.2 5.20
.250 5.3 5.3 5.4 5.0 5.3 5.26
Table 6.80(a)
Re Fpeu Rpe Fpe He
(mm) (N) (N) (N)
.083 4.96 2173 797 1376 0.0940
. 166 5.20 2278 1497 781 8.7x10€
.250 5.26 2304 697 1607 0.126

Table 6.80(b)
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EXPERIMENTAL AND

CALCULATED RESULTS FOR Ry = 0.25, CI-AL, o« = 15°

Re Fey Faz Fogs Foq Fes Fpeu
(mm) (mm) (mm) (mm) (mm) (mm)
.083 5.8 5.5 5.5 5.4 5.5 5.54
.166 7.0 5.5 5.6 5.5 5.5 6.88
.250 6.7 5.4 5.5 5.5 5.5 6.82
Table 6.81(a)
Re Fpeu Rpe Fpe He
(mm) (N) (N) (N)
.083 5.54 2427 692 1735 0.205
.166 6.88 3013 1299 1714 0.193
.250 6.82 2987 605 2382 0.341
Table 6.81(b)
EXPERIMENTAL AND CALCULATED RESULTS FOR Rp = 0.25, CI-Br, « = 15°
Re Fet Feo Fes Fos Fes Fpeu
(mm) (mm) (mm) (mm) (mm) (mm)
.083 6.3 6.2 6.3 6.2 6.3 6.26
.166 8.5 8.5 8.4 8.4 8.5 8.46
.250 9.4 9.3 9.3 3.4 9.3 9.34
Table 6.82(a)
Re Fpeu Rpe Fpe He
(mm ) (N) (N) (N)
.083 6.26 2742 1365 1377 0.03
. 166 8.46 3706 2566 1140 1x1077
.250 9.34 4091 1194 2897 0.140

Table 6.82(b)
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EXPERIMENTAL AND CALCULATED RESULTS FOR Rp = 0.25, CI-Cu, « = 15°

Re

.083
-166
.250

Re

.083
.166
250

EXPERIMENTAL AND CALCULATED RESULTS FOR Rp =

Fey Feo vFea Fea Fes Fpeu
(mm) (mm) (mum) (mm) (mm) (mm)
5.7 5.1 5.3 5.3 5.2 5.32
6.0 5.3 5.3 5.2 5.3 5.42
7.5 5.3 5.3 5.3 5.2 5.72
Table 6.83(a)
Fpeu Bpe Fpe He

(mm) (N) (N) (N)
5.32 2330 797 1533 0.121
5.42 2374 1497 877 0.08
5.72 2505 697 1808 0.161

Table 6.83(b)

0.25, CI-SS, « = 15°

Re

.083
- 166
250

Re

-083
- 166
-250

Fey Feo Fea Fogq Fes Fpeu
(mm) (mm) (mm) (mm) (mm) (mm)
9.7 9.6 9.8 9.7 9.7 9.70
13.3 13.3 13.4 13.2 13.4 13.32
16.5 16.4 16.5 16.5 16.4 16.46
Table 6.84(a)
Fpeu Rpe Fpe He
(mm) (N) (N) (N)
9.70 4249 1755 2494 0.053
13.32 5834 4584 1250 8x107®
16.46 7210 2358 4852 0.096

Table 6.84(b)
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EXPERIMENTAL AND CALCULATED RESULTS FOR Ry = 0.25, NSOH-Cul, « = 15°

Re

-083
-166
250

Re

.083
- 166
250

Fet Foo Fog Feq Fes Fpeu
(mm) {mm) (mm) (mm) (mm}) (mm)
4.7 4.6 4.7 4.7 4.7 4.68
4.8 4.5 4.3 4.3 4.3 4.44
5.4 4.5 4.5 4.5 4.6 4.70
Table 6.85(a)
Fpeu Rpe Fpe He
(mm) (N) (N) (N)
4.68 2050 797 1253 0.0734
4.44 1945 1497 448 3.5x1078
4.70 2059 697 1364 0.0838

Table 6.85(b)

EXPERIMENTAL AND CALCULATED RESULTS FOR Rp = 0.25, HCHC-Cul, « = 15°

Re

.083
.168
.250 .

Re

-083
- 166
250

Feg Feo Fes Feq Fes Fpeu
(mm) (rm ) (ram) (mm}) (mm) (mm )
4.6 4.6 4.5 4.5 4.5 4.56
4.6 4.6 4.7 4.6 4.7 4.64
5.3 4.6 4.6 4.5 4.6 4.72
Table 6.86(a)
Fpeu Rpe Fpe He

(mm ) (N) (N) (N)
4.56 1997 797 1200 0.065
4.64 2032 1497 535 3x10°8
4.72 20867 697 1370 0.0856

Table 6.86(b)
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EXPERIMENTAL AND CALCULATED RESULTS FOR Rp = 0.25, NSOH-BrL, « = 15°

Re

0.083
.168
0.250

<

-083
- 166
250

S oo

Fes Fez Fag Feoa Fes Fpeu
(mm) (inm) (mm) (mm) (mm) (mm )
5.7 5.8 5.7 5.7 5.7 5.72
7.3 7.3 7.4 7.2 7.3 7.30
8.2 8.1 8.1 8.2 8.1 8.14
Table 6.87(a)
Fpey Hpe Fpe He
(mm) (N) (N) (N)
5.72 2505 1365 1140 1.05x10°7
7.30 3197 2566 631 5.6x108
8.14 3565 1194 2371 0.088

Table 6.87(b)

EXPERIMENTAL AND CALCULATED RESULTS FOR Ry = 0.25, HCHCBrL, « = 15°

Re

.083
-168
250

[ R ]

Re

0.083

0.25¢

Fey Feo Fes Feq Fes Fpeu
(mm) (mm) (mm) (mm) (mm) (mm)
5.6 5.7 5.6 5.7 5.7 5.66
7.3 7.2 7.3 7.3 7.2 7.26
8.1 8.2 8.2 8.1 8.1 8.14
Table 6.88(a)
Fpeu Rpe Fpe He

(mm) (N) (N) (N)

5.66 2479 1365 1114 1x10~7
7.26 3180 2566 614 5x10~8
8.14 3565 1194 2371 0.088

Table 6.88(b)
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EXPERIMENTAL AND CALCULATED RESULTS FOR Rp = 0.25, NSOH-ALL, « = 15°

Re

0.083
0.166
0.250

Re

0.083
0.166
0.250

Feay Feo Fag Fes Fes Fpeu
(mm) (mm) (mm) (mm) (mm) (mm)
5.2 5.3 5.3 5.5 5.4 5.34
5.5 5.4 5.3 5.4 5.4 5.40
5.3 5.5 5.4 5.4 5.5 5.42
Table 6.89(a)
Fpeu Rpe Fpe He
(mmm) (N) (N) (N)
5.34 2339 691 1648 0.186
5.40 2365 1299 1066 0.064
5.42 2374 605 1769 0.203

Table 6. 89 (b)

EXPERIMENTAL AND CALCULATED RESULTS FOR Rp = 0.25, HCHC-ALL, « = 15°

Re Feoy Foo Fes Fes Fes Fpeu
(mm) (mm) (rom) (mm) (mm) (mm)
0.083 5.5 5.3 5.4 5.4 5.3 5.38
0.168 5.4 5.4 5.5 5.4 5.4 5.42
0.250 5.4 5.5 5.5 5.4 5.5 5.46
Table 6.90(a)
Re FDeu Rpe Fpe He
(rm) (N) (N) (N)
0.083 5.38 2356 691 1665 0.19
0.166 5.42 2374 1299 1299 0.109
0.250 5.46 2392 605 1787 0.207

Table 6.90(b)
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EXPERIMENTAIL AND CALCULATED RESULTS FOR Ry = 0.25, NSOH-SSL, « = 15°

Re Fer Foa Fos Feoq Fes Fpeu
(mm) (mm) (mm) (mm) (mm) (mm)
-083 8.7 8.6 8.6 8.6 8.6 8.62
166 12.2 12.2 12.3 12.3 12.3 12.26
- 250 15.2 15.2 15.2 15.2 15.2 15.20
Table 6.91(a)
Re FDeu Rpe FDe He
(mm) (N) (N) (N)
-083 8.62 3776 2222 1554 0.018
- 166 12.26 5370 4175 1195 1x107®
250 15.20 6658 1943 4715 0.069
Table 6.91(b)
EXPERIMENTAL AND CALCULATED RESULTS FOR Ry = 0.25, HCHC-SSL, « = 15°
Re Fei Fez Fea Fe4 Fes FDeu
(mm) (mm) (mm) (mm) (mm) (mm)
.083 8.7 8.7 8.7 8.7 8.7 8.70
- 166 12.3 12.2 12.2 12.2 12.2 12.22
- 250 15.3 15.2 15.3 15.2 15.2 15.24
Table 6.92(a)
Re Fpeu Rpe Fpe He
(mmm ) (N) (N) (N)
-083 8.70 3811 2222 1589 0.021
.166 12.22 5352 4175 1177 10—
.250 15.24 6675 1943 4732 0.070

Table 6.92(b)
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EXPERIMENTAL AND CALCULATED RESULTS FOR Rp = 0.25, NSOH-ALL, « = 15°

lte Fey Foz Fes Foq Fes Fpeu
(mm) (mm) (mm) (mm) (mm) (mm)
0.083 5.5 5.5 5.4 5.5 5.5 5.48
0.166 5.9 5.2 5.4 5.2 5.4 5.52
0.250 5.7 5.1 5.0 5.0 5.0 5.16
Table 6.93(a)
Re Fpey Rpe Fpe He
{mm) (N) (N) (N)
0.083 5.48 - 2400 692 1708 0.199
0.166 5.52 2418 1299 1119 0.074
0.250 5.16 2260 605 1655 0.179

Table 6.93(b)

EXPERIMENTAL AND CALCULATED RESULTS FOR Rp = 0.25, CI-BrL, « = 15°

Re Fei Fez Fea Fe4 Fes FDeu
(mm) (mm) (mra) (mm) (mm) (mm)
0.083 6.0 5.9 6.0 6.1 5.9 5.98
0.166 8.2 8.2 8.3 8.2 8.3 8.54
0.250 8.8 8.7 8.8 8.8 8.7 8.76
Table 6.94(a)
Re Fpeu Rpe Fpe He
(rm) (N) (N) (N)
0.083 5.98 2619 1365 1254 2.5x1077
0.166 8.54 3741 2566 1175 1x10-7
0.250 8.76 3837 1194 2643 0.115

Table 6.94(b)
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EXPERIMENTAIL AND CALCULATED RESULTS FOR Rq = 0.25, CI-Cul, « = 15°

Re Foy Feo FCQ Faq Fasg Fpeu
(mm) (mm) (mm) (mm) (rom ) (mm)
.083 5.8 5.2 5.1 5.2 5.2 5.30
.166 5.8 5.4 5.4 5.3 5.3 5.44
.250 5.3 5.2 5.3 5.3 5.3 5.28
Table 6.95(a)
Re Fpeu Rpe Fpe He
{mm) (N) (N) (N)
.083 5.30 2321 797 1524 0.12
. 166 5.44 2383 1497 886 0.010
.250 5.28 2313 697 - 1616 0.127

Table 6.95(b)

EXPERIMENTAL AND CALCULATED RESULTS FOR Ry = 0.25, CI-SSL, « = 15°

Re Fey Feoz Fea Feos Fes Fpeu
(mm) (mm) (mm) (mm) (mm) (mm)
.083 9.6 g 9.6 9.6 9.7 9.64
- 166 13.0 13.0 13.1 13.1 13.0 13.04
- 250 15.2 15.2 15.1 15.3 15.2 15.20
Table 6.96(a)
Re FDeu RDe FDe “e
(rm) (N) (N) (N)
.083 9.64 4222 1755 2467 0.0512
.166 13.04 5712 4584 1128 2.1x10®
.250 15.20 6658 2358 4300 0.069

Table 6.96(b)
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Fig.(6.27)

SETS OF 7° SEMI-ANGLE CAST IRON ELEMENTAL DIES
FOR 0.250 & 0.375 TOTAL FRACTIONAL REDUCTIONS
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Fig.(6.29)

SETS OF 7° SEMI-ANGLE HCHC ELEMENTAL DIES
FOR 0.250 & 0.375 TOTAL FRACTIONAL REDUCTIONS
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Fig.(6.30)

SETS OF 15 SEMI-ANGLE CAST IRON ELEMENTAL DIES
FOR 0.250 & 0.375 TOTAL FRACTIONAL REDUCTIONS



TLoCT

Fig.(6.31)
SETS OF 15° SEMI-ANGLE NSOH ELEMENTAL DIES
FOR 0.250 & 0.375 TOTAL FRACTIONAL REDUCTIONS
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Pig.(6.32)

SETS OF 15 SEMI-ANGLE HCHC ELEMENTAL DIES
FOR 0.250 & 0.375 TOTAL pf?ACTIONA.L REDUCTIONS



Fig.(6.33)

TYPICAL SETS OF NEW AND USED SPECIMENS
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Curves of Elemental Radial Pressure Against Elemental Fractional Reduction
along Working Face of a Cast Iron Die with 7° Semi-Angle and Total Fractional
Reduction of 0.375 for Different Tribological Treatment
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Curves of Elemental Radial Pressure Against Elemental Fractional Reduction
Die_with « = 7' 'Total Fractional Reduction

along Working Face of a Cast lron
of 0.375 for Different Tribological Treatment
Aluminium Specimen Drawn at 3 cn/min
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Curves of Elemental Frictional Force Against Elemental Fractional Reduction
along Working Faces of Proto-Dies with 7° Semi-Angle
(Aluminium Specimen with Dromus As Lubricant)
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CALIBRATION RESULTS AT Re = 0.075

PHESSURE STRAIN GAUGE READINGS (Micro)
1b/in2 €ry €r2 €ra €ra €rav
200 1.40 1.50 1.00 1.30 1.65
400 3.00 3.00 2.60 2.80 3.54
600 4.50 4.50 4.20 4.40 4.40
800 6.10 6.20 5.80 6.00 6.03
1000 7.80 7.80 7.30 7.60 7.63
1200 9.30 9.40 9.00 9.30 9.25
1400 11.00 11.00 10.50 10. 90 10.85
1600 12.60 12.70 12.10 12.30 12.43
1800 14.20 14.20 13.8 14.10 14.08
2000 15.70 15.90 15.40 15.70 15.68
2200 17.50 17.40 17.10 17.20 17.24
2400 19.00 19.00 18.70 18.80 18.88
2600 20.60 20.70 20.30 20.40 20.50
2800 22.30 22.20 21.9 22.00 22.10
3000 23.90 24.00 23.4 23.70 23.75
Table (7.01)
CALIBRATION RESULTS AT Re = 0.150
PRESSURE STRAIN GAUGE READINGS (Micro)
lb/in2 6r1 €r2 €r3 €ra €rav
200 1.50 0.60 1.30 1.40 1.2
400 3.10 2.30 2.80 2.90 2.78
600 4.50 3.90 4.30 4.50 4.30
800 6.20 5.40 5.90 6.10 5.90
1000 7.70 7.10 7.50 7.70 7.50
1200 9.50 8.70 9.20 9.30 9.18
1400 11.00 10.30 10.80 10.80 10.73
1600 12.70 11.90 12.40 12.50 12.38
1800 14.40 13.60 14.10 14.30 14.10
2000 16.00 15.30 15.50 15.70 15.63
2200 17.80 16.90 17.30 17.40 17.35
2400 19.20 18.60 18.90 19.00 18.93
2600 20.80 20.30 20.40 20.60 20.53
2800 22.50 21.90 22.20 22.20 22.20
3000 24.30 23.70 23.90 23.90 23.95

Table (7.02)
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CALIBRATION RESULTS AT Re = 0.225

PRESSURE STRAIN GAUGE READINGS (Micro)
1b/in2 €r1 €r2 €ra €rs €rav
200 1.30 1.50 1.30 1.10 1.28
400 2.90 3.20 2.80 3.10 3.00
600 4.60 4.80 4.50 4.70 4.65
800 6.20 6.50 6.00 6.10 6.20
1000 7.90 8.10 7.60 7.80 7.85
1200 3.40 9.70 9.20 9.40 9.43
1400 11.00 11.30 10.80 10.90  11.00
1600 12.60 13.10 12.50 12.60  12.70
1800 14.20 14.40 14.20 14.30  14.28
2000 15.90 16.40 15.90 16.00  16.05
2200 17.50 18.00 17.50 17.60  17.25
2400 19.10 19.60 19.20 19.20  19.28
2600 20.40 21.20 20.70 20.80  20.78
2800 22.40 22.90 22.50 22.60  22.60
3000 24.10 24,60 24.10 24.30  24.28

Table (7.03)

CALIBRATION RESULTS AT Re = 0.300

PRESSURE STRAIN GAUGE READINGS (Micro)
lb/in 2 €r‘1 €r 2 €r3 €r4 €rav
200 1.40 1.20 1.30 1.50 1.35
400 3.10 2.90 2.80 3.00 2.95
600 4.50 4.50 4.30 4.50 4.45
800 6.20 6.10 5.90 6.10 6.08
1000 7.80 7.60 7.40 7.70 7.63
1200 9.30 9.10 9.00 9.30 9.20
1400 10.90 10.80 10.50 10.80  10.75
1600 12.40 12.50 12.10 12.50  12.38
1800 14.10 14.00 13.80 14.20  14.03
2000 15.70 15.60 15.40 15.70  15.60
2200 17.40 17.20 17.10 17.30  17.25
2400 19.00 18.80 18.60 18.90  18.83
2600 20.50 20.30 20.20 20.50 20.38
2800 22.10 21.90 21.80 22.10  21.98
3000 23.70 23.40 23.40 23.70  23.55

Table (7.04)
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CALIBRATION RESULTS AT Re = 0.375

PRESSURE, STRAIN GAUGE READINGS (Micro¥
Ib/in2 €r1 €ra2 €ra €ra €rav
i%% 2.90 1.40 1.30 1.10 1.68
500 4.30 2.90 2.70 2.50 3.10
500 5.90 4.50 4.30 4.10 4.70
1000 7.50 5.90 5.70 5.50 6.15
1200 9.10 9.00 7.20 6.90 9.77
1200 10.70 10.50 8.70 8.50 9.60
1600 12.20 12.00 10.30 10.20 11.18
1800 13.80 13.60 11.80 11.60 12.70
2000 15.40 15.00 13.30 13.10 14.20
2200 16.70 16.50 14.90 14.60 15.68
2400 18.40 18.10 16.50 16.20 17.30
2600 20.00 19.50 18.00 17.70 18.80
2800 21.50 21.00 19.40 19.20 20.28
3000 23.00 22.60 20.90 20.70 21.80
24.50 24.00 22.60 22.30 23.35

Table (7.05)
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Graphs of Average Strains Against Pressure for Calibration
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24

Lt ~3
3000 8 x 10

Gradient =

Yy = mx + cC

From the graph ¢ = 0

We want P =me, +c
m in this case = ——l*~*:
8 x 1073
P =125 €, (1b/in?)
But 1 1b/in? = 6498.76 N/m?

P = 125 x 6498.76 € (N/m?)

125 x 6498.76

1 x 1078 €

= 0.81235 € MPa
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EXPERIMENTAL RESULTS FOR Rp =

0.375

& 7" SPECIMEN ALUMINIUM ALLOY, DRAWING SPEED: 2 cm/min
TRIBOLOGICAL TREATMENT : LUBRICATED WITH MOLYKOTED
Re €11 €2 €3 €ra €rav Pe
(micros) (MPa)
0.075 12.3 4.0 5.1 5.4 6.7 5.44
0.150 14.5 9.1 9.4 9.4 10.6 8.61
0.225 14.9 12.0 12.8 13.0 13.18 10.71
0.300 24.0 26.4 25.4 25.2 26.25 21.32
0.375 27.3 27.2 27.1 27.1 27.18 22.10
Table (7.06)
EXPERIMENTAL RESULTS FOR Rp = 0.375
& = 7 SPECIMEN ALUMINIUM ALLOY, DRAWING SPEED: 3 cm/min
TRIBOLOGICAL TREATMENT : LUBRICATED WITH MOLYKOTED
Re €r1 €rz €rs €ra €rav Pe
(micros) (MPa)
0.075 8 10 10 8 9.0 7.31
0.150 10 12 11 11 11.0 8.94
0.225 11 16 15 17 14.95 11.98
0.300 24 25 24 23 24.0 19.50
0.375 26 29 30 30 28.75 23.36
Table (7.07)
EXPERIMENTAL RESULTS FOR Rqp = 0.375
x = 7 SPECIMEN ALUMINIUM ALLOY, DRAWING SPEED: 4 cm/min
TRIBOLOGICAIL TREATMENT : LUBRICATED WITH MOLYKOTED
Re €r1 €r2 €ra rav Pe
(micros) (MPa)
—\*‘s
0.075 2.5 2.3 2.4 2.40 1.95
0.150 5.8 5.7 5.7 5.73 4.66
0.225 10.0 11.4 10.7 10.70 8.69
0.300 26 27.79 27.5 27.07 21.99
0.375 30 30 30.2 30.10 24.43

Table (7.08)
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EXPERIMENTAL RESULTS FOR Ry = 0.375

x =7 SPECIMEN ALUMINIUM ALLOY, DRAWING SPEED: 2 cm/min

TRIBOLOGICAL TREATMENT : LUBRICATED WITH PARAFFIN
Re €r1 €r2 €rs €rav Pe

(micros) (MPa)
0.075 2.7 2.9 2.8 2.8 2.28
0.150 5.0 5.2 5.0 5.1 4.12
0.225 8.7 9.3 8.5 8.83 7.17
0.300 17.8 17.0 17.5 17.4 14.16
0.375 29.5 27.5 28.2 28.4 23.1
Table (7.09)
EXPERIMENTAL RESULTS FOR Rp = 0.375

x =7 SPECIMEN ALUMINIUM ALLOY, DRAWING SPEED: 3 cm/min

TRIBOLOGICAL TREATMENT : LUBRICATED WITH PARAFFIN
Re €ri1 €r2 €r3 €rav Pe

(micros) (MPa)
0.075 7.4 7.5 7.3 7.4 6.01 -
0.150 9.0 9.0 9.2 3.1 7.37
0.225 11.3 11.5 11.5 11.4 8.29
0.300 18.8 18.7 18.8 18.77 15.25
0.375 25.0 23.7 24.2 24.3 19.74
Table (7.10)
EXPERIMENTAL RESULTS FOR Rq = 0.375

x = 7° SPECIMEN ALUMINIUM ALLOY, DRAWING SPEED: 2 cm/min

TRIBOLOGICAL TREATMENT : LUBRICATED WITH MOBILET "427"

P

Re €r1 €r2 €ra €rav e
(micros) (MPa)
0.075 5.4 5.7 5.4 5.5 4.47
0.150 5.5 5.9 5.8 5.73 4.66
0.225 9.4 10.3 9.8 9.83 7.99
0.300 16.6 17.4 17.2 17.10 13.87
0.350 24.5 24.5 24.6 24.53 19.93

Table (7.11)
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EXPERIMENTAL RESULTS FOR Rp = 0.375

«x =7 SPECIMEN ALUMINIUM ALLOY, DRAWING SPEED: 3 cm/min
TRIBOLOGICAL TREATMENT : LUBRICATED WITH MOBILET "427"
Re €r1 €r2 €r3 €rav Pe
{micros) (MPa)
0.075 5.2 5.2 5.1 5.17 4.20
0.150 5.0 5.4 5.4 5.27 4.28
0.225 10.2 11.6 12.2 11.33 9.20
0.300 17.6 18.0 17.6 17.73 14.40
0.375 25.4 27.6 26.0 26.33 21.39

Table (7.12)

EXPERIMENTAL RESULTS FOR Rp = 0.375

« =7 SPECIMEN ALUMINIUM ALLOY, DRAWING SPEED: 2 cm/min
TRIBOLOGICAL TREATMENT : LUBRICATED WITH VACTRA "2"

P

Re €r1 €r2 €r3 €rav e
(micros) {(MPa)
0.075 6.6 6.7 5.8 6.37 5.18
0.150 6.0 7.0 6.9 6.63 5.39
0.225 10.9 11.0 11.1 11.00 8.94
0.300 19.2 17.4 18.2 18.26 14.83
0.375 29.5 28.0 28.8 28.77 23.37

Table (7.13)

EXPERIMENTAL RESULTS FOR R = 0.375

x =7 SPECIMEN ALUMINIUM ALLOY, DRAWING SPEED: 3 cm/min
TRIBOLOGICAL TREATMENT : LUBRICATED WITH VACTRA "2"
Re €r1 €r2 €ra €rav Pe
(micros) (MPa)
0.075 4.3 4.6 4.5 4.47 3.63
0.150 5.2 5.2 5.3 5.23 4.25
0.225 10.6 11.7 10.9 11.10 8.99
0.300 18.5 18.4 18.5 18.47 15.00
0.375 29.3 28.8 28.17 28.93 23.50

Table (7.14)
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EXPERIMENTAL RESULTS FOR Ry =

0.375

SPECIMEN ALUMINIUM ALLOY, DRAWING SPEED: 3 cm/min

x = 7
TRIBOLOGICAL TREATMENT : LUBRICATED WITH DROMUS "gr
Re €r1 €r2 €r3 €rav Pe
(micros) (MPa)
0.075 5.2 5.2 5.1 5.17 4,20
0.150 5.0 5.4 5.4 5.27 4.28
0.225 10.2 11.6 12.2 11.33 9.20
0.300 17.6 18. 0 17.6 17.73 14.40
0.375 25.4 27.6 26.0 26.33 21.38
Table (7.15)
EXPERIMENTAL RESULTS FOR Ry = 0.375
x = 7° SPECIMEN ALUMINIUM ALLOY, DRAWING SPEED: 3 cm/min
TRIBOLOGICAL TREATMENT : LUBRICATED WITH DROMUS rp"
Re €r1 €r2 €rs3 €rav Pe
(micros) (MPa)
0.075 3.7 3.3 3.6 3.53 2.87
0.150 4.6 3.5 3.8 3.97 3.23
0.225 11.0 9.4 10.2 10.2 8.29
0.300 17.0 17.0 17.2 17.1 13.87
0.375 24.0 24.9 24.3 24.4 19.82

Table (7.16)
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DRAWING STRESS (MPa)

TYPICAL THEORETICAL CURVES OF DRAWING STRESS AGAINST FRACTIONAL

REDUCTION SHOWING ALLOWANCES FOR FRICTION AND REDUNDANT
DEFORMATION
¢ = 7°; u= 0.2, and ¥ = 300 MPa]
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CALIBRATION

Elemental Strains due to Redundant Deformation with the

Mean Value, €., for Number One Die in Set of Three (« = 15°)

SPECIMEN STRAIN READINGS PER PASS (Micro) AVERAGE STRAIN PASS (Micro)

NO. €ut1 €n12 €uis €u14 €uta
1 48 a6 47 47 47.00
2 46 48 47 47 47.00
3 47 47 49 50 48.25
4 50 48 48 46 48.00
5 47 47 49 48 47.75
6 47 47 48 49 47.75
7 48 48 48 47 47.75

Mean Strain Reading (at Re = 0.125), €., = 47.64 (micro)

Table (8.01)

Elemental Strains due to Redundant Deformation with the
Mean Value, €., for Number Two Die in Set of Three («x = 15°)

1

SPECIMEN ~ STRAIN READINGS PER PASS (Micro) AVERAGE STRAIN PASS (Micro)

NO. €uzt €uz2 €u23 €uz4 €u2a
1 58 58 57 58 57.75
2 58 59 58 58 68.25
3 59 60 58 57 58.50
4 59 58 60 58 58.75
5 59 60 58 58 58.75
6 61 58 57 60 59.00
7 58 59 58 58 58.25

Mean Strain Reading (at Re = 0.25), €., = 58.46 (micros)

Table (8.02)_
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Elemental Strains duc to Redundant Deformation with the

Mean Value, € oua_for Number Three Die in Set of Three (x = 15")

SPECIMEN STRAIN READINGS PER PASS (Micro) AVERAGE STRAIN PASS (Micro)
€

NO. €us1 €us2 €u33s €434 u3a
1 61 64 60 65 62.50
2 66 64 65 64 64.75
3 63 61 61 61 61.50
4 64 62 63 63 63.00
5 65 66 65 63 64.75
6 64 61 62 62 62.25
7 67 63 64 64 64.50
Mean Strain Reading (at Re = 0.375), €3 = 63.32

Table (8.03)

SUMMARY OF THE STRAINS DUE TO REDUNDANT DEFORMATION,
WITH THEIR CORRESPONDING DRAWING FORCES, Fpe,
FOR THE ANNEALED BRASS SPECIMEN

gel 1

ELEMENT Fpeu € oy
No. (N) (micro)
1 2821 47.64
2 4354 58.46
3 v 5125 63.32

Table (8.04)
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€Cou = M Fpey + ©

where ¢ = 40 (micro) from the graph.

€eu = M Fpey + 40

From the graph:

m = —22_ - 0.00446

5600

€oy = 0.00446 Fpe, + 40 (8.8)

STRAINS DUE TO REDUNDANT DEFORMATION, €., WITH THEIR
EQUIVALENT DRAWING FORCES, Fpo, CALCULATED FROM EQUATION (8.8) WITH THEIR
CORRESPONDING REDUNDANT STRAINS FOR ALUMINIUM ALLOY SPECIMEN

ELEMENT Fpeu €eu Rpe €Re
No. (N) (micro) N) (micro)
1 2550 51.373 691 13.92
2 2681 51.96 1240 24.03
3 2681 51.99 545 10.54

Table (8.05)

STRAINS DUE TO REDUNDANT DEFORMATION, €., WITH THEIR

EQUIVALENT DRAWING FORCES, Fpa, CALCULATED FROM EQUATION (8.8) WITH THEIR
CORRESPONDING REDUNDANT STRAINS FOR COPPER SPECIMEN

ELEMENT Fpeu €eu Rpe €Re
No. (N) (micro) (N) (micro)
1 2479 51.06 650 13.39
2 2812 52.54 1165 21.77
3 3005 53.40 510 39.06

Table (8.06)_
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Elemental Strains due to Redundant Deformation with the
Mean Value, €., for Number One Die in Set of Five (& = 77)

SPECIMEN STRAIN READINGS PER PASS (Micro) AVERAGE STRAIN PASS (Micro)

NO. €ust €utz €u13 €ut+ €u1la
1 24 23 24 25 24.00
2 23 25 24 24 24.00
3 24 24 24 25 24.25
4 24 24 25 24 24.25
5 23 24 24 25 24.50
6 24 24 24 24 24.00
7 25 24 25 24 | 24.50

Mean Strain Reading (at Re = 0.075), €., = 24.21 (micro)

Table (8.07)

Elemental Strains due to Redundant Deformation with the
Mean Value, €., for Number Two Die in Set of Five (x = 7°)

SPECIMEN STRAIN READINGS PER PASS (Micro) AVERAGE STRAIN PASS (Micro)

NO. €uri €422 €u23 €uz4 €u2a
1 26 26 26 26 26.00
2 27 26 27 26 26.50
3 27 28 26 27 27.00
4 27 26 27 28 27.00
5 28 28 27 27 27.50
6 26 27 27 28 27.00
7 28 27 27 28 27.50

Mean Strain Reading (at Re = 0.150), €., = 26.93 (micro)

Table (8.08)
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Elemental Strains due to Redundant Deformation with the
Mean Value, €¢,5 for Number Three Die in Set of Five («x = 7°)

SPECIMEN STRAIN READINGS PER PASS (Micro) AVERAGE STRAIN PASS (Micro)

NO. €ust €u32 €usa €us4 €u3sa
1 31 32 32 32 31.75
2 33 34 33 32 33.00
3 31 31 33 32 31.75
4 32 32 32 33 32.25
5 33 33 31 33 32.50
6 32 31 31 32 31.50
7 32 33 31 32 32.25

Mean Strain Reading (at Re = 0.225), €., = 32.14 (micros)

Table (8.09)

Elemental Strains due to Redundant Deformation with the
Mean Value, €., for Number Four Die in Set of Five (o = 7°)

SPECIMEN STRAIN READINGS PER PASS (Micro) AVERAGE STRAIN PASS (Micro)

NO. €us €us2 €u4s €u4s €u4a
1 35 34 34 35 34.50
2 34 34 35 34 34.25
3 35 35 35 34 34.75
4 34 35 35 34 34.50
5 34 34 34 34 34.00
6 33 35 35 35 35.00
7 34 34 35 35 34.50

Mean Strain Reading (at Re = 0.300), €., = 34.50 (micros)

Table (8.10)
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Elemental Strains due to Redundant Deformation with the
Mean Value, €., for Number Five Die in Set of Five (« = 7°)

SPECIMEN STRAIN READINGS PER PASS (Micro) AVERAGE STRAIN PASS (Micro)

NO. €ust €usz2 €us3 €us4 €usa
1 37 36 36 36 36.25
2 36 36 37 37 36.50
3 38 38 38 37 37.75
4 38 37 38 38 37.75
5 37 37 36 37 36.50
6 36 36 37 37 36.50
7

37 36 36 37 36.50

Mean Strain Reading (at Re = 0.375), €..c = 36.82 (micros)

Table (8.11)

SUMMARY OF THE STRAINS DUE TO REDUNDANT DEFORMATION,
€cous WITH THEIR CORRESPONDING DRAWING FORCES, Fp,,
FOR _THE ANNEALED BRASS SPECIMEN

ELEMENT Fpeuw € ou
No. (N) (micro)
1 2724 24.21
2 3171 26.93
3 3872 32.14
4 4152 34.50
5 4363 36.82

Table (8.12)
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€ey = M Fpey + ¢

where ¢ = 6 (micro) from the graph.

€eu =M Fpey + 6

From the graph:

m = =37 - 0.0068
5400
€oy = 0.0068 Fpoy + 6 (8.9)

STRAINS DUE TO REbUNDANT DEFORMATION, €., WITH THEIR

EQUIVALENT DRAWING FORCES, Fpo., CALCULATED FROM EQUATION (8.9) WITH THEIR
CORRESPONDING REDUNDANT STRAINS FOR ALUMINIUM ALLOY SPECIMEN

ELEMENT Fpeu €eu Rpe €Re
No. (N) (micro) (N) (micro)
1 1445 15.826 323 3.952
2 1883 18.800 597 5.962
3 1936 19.170 562 5.563
4 2059 20.00 525 5.100
5 2129 20.480 243 2.338

Table (8.13)

STRAINS DUE TO REDUNDANT DEFORMATION, €_,. WITH THEIR
EQUIVALENT DRAWING FORCES, Fpe, CALCULATED FROM EQUATION (8.9) WITH THEIR
CORRESPONDING REDUNDANT STRAINS FOR COPPER SPECIMEN

ELEMENT Fpeu €ecu Rpe €Re
No. (N) (micro) (N) (micro)
1 1568 16.99 372 3.95
2 1805 18.27 688 6.964
3 1875 18.75 648 6.48
4 2295 21.61 605 5.70
5 2435 22.56 280 2.594

Table (8.14)

~325-



STRAIN READINGS AT VARIOUS POINTS [3] DURING A PASS OF AN
ALUMINIUM TUBE SPECIMEN THROUGH 15° SEMI-ANGLE ELEMENTAL DIE ASSEMBLY

WITH 10 mm EXIT DIAMETER

READINGS €eo1 €e2 €es
PER PASS (micros)
1 46 60 69
2 55 61 67
3 54 61 66
4 54 61 66
5 53 61 66
6 53 61 66
7 53 61 66
8 53 61 66
9 53 61 66
10 53 61 66
11 53 61 66
12 53 62 66
13 53 62 67
14 54 62 67
15 54 62 67
16 54 62 67
17 54 62 67
18 54 62 67
19 54 62 67
20 53 62 67
21 54 63 68
22 54 63 68
23 51 61 66
€, 17 19 10
je 53.46 61.52 66.70

ea'

Table (8.15)
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STRAIN READINGS AT VARIOUS POINTS [3] DURING A PASS OF AN
ALUMINIUM TUBE SPECIMEN THROUGH 15° SEMI-ANGLE ELEMENTAL DIE ASSEMBLY

WITH 10 mm EXIT DIAMETER

READINGS €a1 €e2 €es
PER PASS (micros)
1 47 57 66
2 47 57 66
3 a7 57 67
4 47 58 67
5 48 58 68
6 48 58 68
7 48 59 68
8 49 59 69
9 49 59 69
10 49 59 69
11 49 59 69
12 49 59 70
13 49 59 70
14 50 60 70
15 50 60 71
16 50 60 71
17 51 61 71
18 51 61 71
19 51 61 71
20 51 61 71
21 52 62 72
22 51 61 72
23 48 60 72
€, 13 17 13
l€eal 49.17 51.35 69.48

Table (8.16)
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STRAIN READINGS AT VARIOUS POINTS (3] DURING A PASS OF AN
ALUMINIUM TUBE SPECIMEN THROUGH 15° SEMI-ANGLE ELEMENTAL DIE ASSEMBLY
WITH 10 mm EXIT DIAMETER

READINGS €e1 €e2 €es
PER PASS (micros)
1 51 59 75
2 51 60 74
3 49 59 73
4 49 59 72
5 49 59 72
6 48 59 72
7 48 59 72
8 49 59 72
9 49 59 72
10 49 60 72
11 49 60 73
12 49 60 73
13 49 60 73
14 50 61 73
15 50 61 73
16 50 61 73
17 50 61 74
18 50 61 74
19 50 61 74
20 50 61 74
21 50 61 74
22 51 62 74
23 51 62 74
24 51 62 74
€, 13 18 17
l€ eal 49.61 60.22 73.17

Table (8.17)

-328~



STRAIN READINGS AT VARIOUS POINTS [3] DURING A PASS OF AN
ALUMINIUM TUBE SPECIMEN THROUGH 15° SEMI-ANGLE ELEMENTAL DIE ASSEMBLY
WITH 10 mm EXIT DIAMETER

READINGS €e1 €e2 €es
PER PASS (micros)
1 52 58 63
2 51 59 63
3 51 59 63
4 52 59 64
5 52 59 64
6 52 59 64
7 52 59 64
8 52 59 64
9 52 59 65
10 52 60 65
11 52 60 65
12 53 60 65
13 53 60 65
14 53 61 66
15 53 61 66
16 54 61 66
17 54 62 67
18 55 62 68
19 56 62 68
20 56 63 68
21 56 63 68
22 56 64 69
€r 17 18 10
€ eal 53.22 60.52 65.57

Table (8.18)
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TYPICAL STRAIN READINGS €,'s FROM DATA LOGGER AT ONE PASS
OF AN ALUMINIUM TUBE SPECIMEN THROUGH 15° SEMI-ANGLE ELEMENTAL

DIE_ASSEMBLY

. STRAIN (Micros)

000 0002 0 001 0002 0 002 0501 O
000 0002 0 001 0002 0 002 0500 O
000 0052 0 001 0058 0 002 0563 O
006 0051 0 001 0059 0 002 0563 O
000 0051 0 001 0059 O 002 0563 0
000 0052 0 001 0059 0 002 0564 O
000 0052 0 001 0059 O 002 0564 O
000 0052 0 001 0059 002 0564 0
000 0052 0 001 0059 0 002 0564 O
000 0052 0 001 0059 0 002 0564 O
000 0052 0 001 0059 0 002 0565 O
000 0052 0 001 0059 0 002 0565 0
000 0052 0 001 0060 0 062 05G5 0
000 0053 0 001 00GO 0 002 0565 O
000 0053 0 001 0060 0 002 0565 O
000 0053 0 001 0060 O 002 0566 O
000 0053 0 001 0061 0 002 0566 O
000 0054 0 001 0061 O 002 0566 O
000 0054 0 001 0061 O 002 0567 O -
000 0055 0 001 0062 0 002 0567 O
000 0055 O 001 0062 O 002 0568 O
000 0056 0 001 00G2 O 002 0568 O
000 0056 0 001 0063 0 002 0568 O
000 005G 0 001 00G3 0 002 0568 O
000 0056 0 001 0063 0 002 0569 9
000 0017 0 001 0018 3 002 0510 O

000 0017 0 001 0018 3 002 0510 ©

) TABLE (8.20)
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TYPICAL STRAIN READINGS €.'s FROM DATA LOGGER AT ONE PASS
OF AN ALUMINIUM TUBE SPECIMEN THROUGH 15° SEMI-ANGLE ELEMENTAL

DIE ASSEMBLY

STRAIN (Micros)
000-0001 0 001 0000 O 002 0499 0

000-0001 0 091~0000 0 002 0439 O
000 0000 0 001 0084 0 002 0537 O
000 0051 G 001 0059 U 002 0575 N
U00 0051 0 001 0Q0GG 0 602 0574 O
900 0any 2 5t 0050 9 062 0573 4
vy 9oy 0 001 0059 13.002 0572 0
VUG 0049 O 001 00595 0 002 0572 O
000 0048 0 001 0059 0 002 0572 O
000 0048 0 001 0059 0 002 0572 O
000 0048 0 001 0059 0 002 0572 O
000 0049 0 001 0059 0 002 0572 O
000 0049 0 001 0060 O 002 0573 0
000 0049 0. 001 0060 0002 0573 O
000 0049 0 001 00GO G 002 0573 O
000 0049 0 001 00GO O 002 0573 O
000 0050 O 001 0061 0 602 0573 O
000 0050 0 001 0061 G 002 0574 O
000 0050 0 001 0061 0 002 057u'0
000 0050 0 001 00610 002 0S74 O

000 0050 0 001 0061 0 002 0574 O
000 0050 0O 001 0061 O 002 0S74% O
000 0050 0 001 0061 O 002 0574 O
000 0051 0 001 0062 0 002 0574 O
000 0051 0 001 0062 0 002 0574 O
000 0051 0 001 0062 0 002 0575 O
000 0051 0 001 0062 O 002 0575 O

000 0051 0 001 006Z 0 002 0575 0

000 0051 0 001 0062 © D02 0575 O

’ ' TABLE (8.21)

000 0013 0 001 0018 O 002 0517 0
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TYPICAL STRAIN READINGS €,’s FROM DATA LOGGER AT ONE PASS
OF AN ALUMINIUM TUBE SPECIMEN THROUGH 15° SEMI-ANGLE ELEMENTAL

DIE ASSEMBLY
STRAIN (Micros)

000~0000 0 001 0000 0 002 0500 O
000 0002 0 001 0077 0 002 0580 0
000 004G 0 001 0060 0 002 0569 O
000 0055 0 001 00G1 O 002 0567 O
000 0054 0 001 0061 O 002 0566 0
000 0054 0 001 0061 O 002 0566 0
000 0053 0 001 0061 0 002 05GG 0
000 0053 0 001 0061 0 CO2 0566 O
000 0053 0 001 00G1 O 002 0566 O
000 0053 0 001 0061 O 002 0566 O
000 0053 0 001 0061 0 002 0566 O
000 0053 0 001 0061 0 002 05GG O
000 0053 0 001 0061 O 002 0566 O
000 0053 0 001 0062 0 002 3566 O
000 0053 0 001 0062 0 002 0567 0
000 0054 0 001 0062 0 002 0567 0
000 0054 0 001 0062 0 002 0567 O
000 0054 0 001 0062 0 002 0567 9
003 2054 C 091 0062 € 0C2 €567 O
000 Q054 0 001 0362 0 002 0567 O
000 0054 0 001 0062 0 002 05G7 O
000 0053 0 001 0062 0 002 0567 0
000 0054 O 001 0063 O 002 0568 O
000 0054 O 001 0063 0 002 0568 O
000 0051 0 Q01 0061 O 092 0568 O
000 0017 0 001 0013 0 002 0510 0

000 001G 0 001 0019 9 002 0510 O

TABLE (8.22
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STRAIN READINGS AT VARIOUS POINTS [3] DURING A PASS OF AN
COPPER TUBE SPECIMEN THROUGH 15° SEMI-ANGLE ELEMENTAL DIE ASSEMBLY
WITH 10 mm EXIT DIAMETER

READINGS €e1 €e2 €es
PER PASS (micros)

1 64 64 42

2 62 64 44

3 62 64 46

4 62 64 46

5 6L 65 48

6 62 65 48

7 62 66 49
8 62 67 50

9 59 63 45
10 58 62 44
11 57 61 43
12 57 61 43
13 59 64 46
14 59 65 47
15 61 66 48
16 61 66 49
17 62 66 49
18 60 66 50
19 60 65 52
€ 24 20 -11
[€ eal 60.53 64.42 49.42

Table (8.23)
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STRAIN READINGS AT VARIOUS POINTS [3] DURING A PASS OF AN
COPPER TUBE SPECTMEN THROUGH 15° SEMI-ANGLE ELEMENTAL DIE ASSEMBLY

WITH 10 mm EXIT DIAMETER

READINGS €t €e2 €ea
PER PASS {micros)

1 63 55 68

2 64 55 69

3 64 55 69

4 64 56 70

5 64 56 70

6 65 56 71

7 65 56 71

8 66 57 71

9 66 57 71

10 66 57 72
11 67 58 72
12 67 58 73
13 67 58 73
14 68 58 74
15 68 59 69
16 68 59 74
€, 30 12 11
l€oql 65.81 66.94 71.1

Table (8.24)
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STRAIN READINGS AT VARIOUS POINTS [3] DURING A PASS OF AN

COPPER TUBE SPECIMEN THROUGH 15° SEMI-ANGLE ELEMENTAL DIE ASSEMBLY
WITH 10 mm EXIT DIAMETER

PER PSS oot (micvos) Fe
1 65 61 78
2 64 61 80
3 64 61 79
a 65 62 79
5 60 58 80
6 57 56 75
7 53 57 72
8 58 57 73
9 58 58 73
10 59 59 74
11 60 59 75
12 62 61 76
13 62 77
. 24 15 17

€ ol 60.54 59.17 76.23

Table (8.25)
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STRAIN READINGS AT VARIOUS POINTS [3] DURING A PASS OF AN

WITH 10 mm EXIT BIAMETER

READINGS €t €e2 €e3
PER PASS (micros)
1 56 51 65
2 55 52 66
3 55 52 66
4 55 53 66
5 55 53 66
6 56 54 67
7 57 55 63
8 57 55 68
9 59 57 70
10 59 57 71
11 60 58 71
12 61 59 72
€, 21 10 14
[€aal 57.1 54.67 73.42

Table (8.26)
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STRAIN READINGS AT VARIOUS POINTS [3] DURING A PASS OF AN
COPPER TUBE SPECIMEN THROUGH 15° SEMI-ANGLE ELEMENTAL DIE ASSEMBLY
WITH 10 mm EXIT DIAMETER

READTNGS € ot €en €oa
PER PASS (micros)

1 65 61 78

2 64 61 80

3 64 61 79

4 64 61 79

5 65 62 80

6 60 58 75

7 57 56 72

8 53 54 69

9 48 52 66

10 58 57 73
11 58 57 73
12 59 58 74
13 60 59 75
14 62 59 75
15 62 61 76
16 62 59 77
€, 25 14 16
l€eal 60.9 58.9 75.7

Table (8.27)
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STRAIN READINGS AT VARIOUS POINTS [3] DURING A PASS OF AN
COPPER TUBE SPECIMEN THROUGH 15° SEMI-ANGLE ELEMENTAL DIE ASSEMBLY
WITH 10 mm EXIT DIAMETER

READINGS €o1 €e2 €es
PER PASS (micros)
1 56 51 64
2 55 52 65
3 55 52 65
4 55 52 66
5 55 53 66
6 55 53 66
7 56 54 66
8 56 54 67
9 57 55 67
10 57 55 68
11 59 57 68
12 59 57 70
13 60 59 71
14 60 60 71
15 60 60 71
e 21 10 8
= 57.0 54.93 67.4

Table (8.28)
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LYPICAL STRAIN READINGS, €,’s FROM _DATA LOGGER AT ONE PASS
OF A COPPER TUBE SPECIMEN THROUGH 15° SEMI-ANGLE ELEMENTAL

DIE ASSEMBLY

STRAIN (Micros)

000-0000 0 001 Q00O

002 0497 0

000-0000 0 001 0000 0 002 096
000~0000 0 001 0000 0 002 0496
000~0000 0 001 0000 0 002 0196
000~0010 0 001-0005 0 002 04Y2
000-0008 0 001-0005 0 002 0u92
000-~0008 0 001~0005 0 002 0u92
000~0008 0 001-0005 0 002 0492
000 0026 0 001 0049 0 002 05GY
000 0056 0 001 0051 0 002 0565
000 0055 0 001 0052 0 002 0565
000 0055 0 001 0052 0 002 0566
000 0055 0 001 0052 0 002 0566
000 0055 0 001 0053 0 002 0566
000 0055 0 001 0053 0 002 0566
000 0056 0 001 005% 0 002 0567
500 0056 0 001 0054 0 002 0567
000 0057 0 001 3055 0 002 0566
000 0057 0 001 0055 0 002 05G3
000 0059 0 001 0057 G 002 0570
000 0059 0 001 0057 0 002 0571
000 0060 O 001 0058 0 002 0571
000 0061 0 001 0059 0 002 0572
000 0021 0 001 0010 O 002 0514
000 0020 0 001 0010 0 0C2 051

TABLE (8.29
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TYPICAL STRAIN READINGS, €
OF A COPPER TUBE bpr_(;mgugnouc,n

DIE ASSEMBLY

000-0C00
000 00C3
000G 090
o066y
000 00Gu
000 0065
000 0065
000 00G5S
000 0006
000 006G
000 006G
000 00G7
000 0067
000
000 00G8

000 00638

000 00GS8
000 0025

000 0025

0

001 0000
001
601
001
001
001 0056
001
001
001
001
001
001 0056
001 0058
001
001 0058
001 0059
U01 0059
001 0014

001 0014

's FROM DATA LOGGER_AT ONE PASS

0

0

STRAIN (Micros)

002
002
002
002
0072
022
002
N2
002
002
002
Q02

002

poz2
002
002
002

002

TABLE (8.30)

15° SEMI-ANGLE ELEMENTAL




DI ASSEMBLY .
STRAIN (Micros)
000 0001 0 001 0000 € 002 0501 O

000 00Gu4 0 001 CcoLy 0 002 052 O

000 0062 0 001 006H O 002 Obuh 0

000 0062 0 001 00CH O 002 0O5u6 ¢
000 0062 0 001 00GH O 002 0546 O
000 0061 O 001 00GS O 002 0548 O
000 0062 0 001 0OGS O 002 0548 O
000 0062 0 001 00GG 0 002 0549 O
000 0062 0 001 0067 O 0Q2 0550 O
000 0059 0 001 0063 0 002 0545 ©
000 0058 0 001 00G2 G 002 0O5uY% O
000 0057 0 001 0061 0 002 053 O
000 0057 0 001 Q0G1 O 002 0543 O
000 0059 0 001 000GYH O 002 0546 0
000 0059 0 001 G065 O 002 0S47 O
000 0060 0 001 0066 O 002 05“8 0
000 0061 0 001 00GG O 002 0549 O
000 00G1 0 001 006G 0 002 0549 O
000 0062 0 001 006G O 302 0550 ©
000 00G0 0 001 0065 0 002 0552 0
D00 0060 O 001 ODL> w LL2 0552 0
000 0024 0 001 0020 0 002 0489 O

000 0023 0 001 0023 0 002 Cug9 O

TABLE (8.31)
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STRAIN READINGS AT VARIOUS POINTS [6] DURING A PASS OF AN
ALUMINIUM TUBE SPECIMEN THROUGH 7° SEMI-ANGLE ELEMENTAL DIE ASSEMBLY
WITH 10 mm EXIT DIAMETER

READINGS €0y €e2 €e3 €cy es
PER PASS (micros)

1 24 -19 39 - 30

2 24 -19 38 - 30

3 24 -19 38 - 30

4 24 -19 37 - 30

5 24 -19 37 - 29

6 24 -19 37 - 29

7 24 -19 37 - 28

8 23 -19 37 - 28

9 23 ~19 37 - 28

10 23 -19 37 - 28

11 23 -18 37 - 27

12 23 -18 37 - 27

13 23 -18 37 - 27

14 23 -18 37 - 27

15 23 -18 37 - 27

16 23 ~-18 37 - 26

€, 12 1 20 - 8
l€eal 23.38 18.63 37.25 - 28.19

Table (8.32)
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STRATN READINGS AT VARIOUS POINTS [5] DURING A PASS OF AN
ALUMINTUM TUBE SPECIMEN THROUGH 7° SEMI-ANGLE ELEMENTAL DIE ASSEMBLY

WITH 10 mm EXIT DIAMETER

READINGS €or €os €os o4 s
PER PASS (micros)

1 22 -16 31 ~-19 25

2 22 -16 30 -19 25

3 22 -15 29 ~20 26

4 22 -15 29 -20 26

5 22 -15 28 =20 27

6 22 -15 28 -21 28

7 21 -15 28 -21 28

8 21 ~15 28 =21 29

9 21 -14 28 ~21 29
10 21 -14 28 -21 29
11 21 -14 27 -21 29
12 20 -14 27 -22 30
13 20 -14 27 -22 30
14 20 -14 26 =22 30
15 19 -14 26 -23 30
16 20 -14 26 -22 30
€, 20 -3 11 -1 8
l€eal 21.00 14.56 27.88 20.94 28.19

Table (8.33)
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STRAIN READINGS AT VARIOUS POINTS [5] DURING A PASS OF AN
ALUMINIUM TUBE SPECIMEN THROUGH 7° SEMI-ANGLE ELEMENTAL DIE ASSEMBLY

WITH 10 mm EXIT DIAMETER

READINGS €1 €on €e3 €e4 €es
PER PASS (micros)
1 23 -22 26 -28 42
2 23 -21 26 -28 41
3 23 -20 25 -25 45
4 23 ~-20 25 -23 44
5 23 -20 25 -23 44
6 23 -20 25 -23 44
7 24 -20 25 ~23 44
8 24 -20 25 -23 44
9 23 -20 25 -23 44
10 23 -20 25 -23 44
11 23 -20 25 -23 44
12 24 -20 25 -22 44
13 24 -19 25 -22 44
14 24 -19 25 -22 43
15 24 -19 26 -22 44
16 24 -19 25 -22 43
€, 11 2 8 1 23
(€ eal 23.44 19.94 25.188 23.44 43.63

Table (8.34)
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STRAIN READINGS AT VARIOUS POINTS [5] DURING A PASS OF AN
ALUMINIUM TUBE SPECIMEN THROUGH 7° SEMI-ANGLE ELEMENTAL DIE ASSEMBLY

READINGS €et €2 €es €cq4 €es
PER PASS (micros)
1 23 -19 36 -30 32
2 23 -19 36 -29 32
3 23 -19 37 -29 32
4 23 -19 37 -29 32
5 23 -19 37 =27 32
6 23 -19 37 =27 32
7 23 -19 37 =27 32
8 24 -19 37 -26 32
9 24 -19 37 -25 32
10 24 -19 37 ~-23 32
11 24 -19 37 -23 32
€ 10 1 19 5 11
l€eal 23.36 19 36.73 26.82 32

Table (8.35)
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STRAIN READINGS AT VARIQUS POINTS [5] DURING A PASS OF AN
ALUMINIUM TUBE SPECIMEN THROUGH 7° SEMI-ANGLE ELEMENTAL DIE ASSEMBLY
WITH 10 mm EXIT DIAMETER

READINGS €e1 €e2 €es €e4 €es
PER PASS (micros)
1 19 -20 29 -10% 37
2 23 ~20 21 -16x% 44
3 22 ~18 30 -5 49
4 22 -18 29 ~6% 48
5 22 -17 29 ~7% 48
6 22 -17 28 -7% 47
7 22 ~-17 27 -8% 47
8 21 -17 27 -8% 47
9 21 -16 27 ~-8% a7
10 21 -16 26 -9% 47
11 20 -15 26 -10x% 46
12 19 -15 26 ~10% 46
13 18 -14 24 -11% 45
14 18 ~-13 24 -11x% 45
15 18 -13 24 ~11% 45
16 19 ~13 25 ~11% 46
17 19 -13 25 -11x% 46
18 18 -13 24 —-11x% 46
19 18 -13 24 -12x% 46
20 18 -13 24 ~-11% 46
21 18 -13 24 -5% 46
22 18 -15 20 —2% 46
r 8 -2 8 25
l€eal 19.82 15.36 25.6 - 45.91

Table (8.36)
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STRAIN READINGS AT VARIOUS POINTS [5] DURING A PASS OF AN
ALUMINIUM TUBE SPECIMEN THROUGH 7° SEMI-ANGLE ELEMENTAL DIE ASSEMBLY
WITH 10 mm EXIT DIAMETER

READINGS €ey €e2 €es €es €es
PER PASS (micros)
1 23 -20 43 -22 53
2 23 -19 42 -22 52
3 22 -18 41 -22 51
4 21 -18 39 -22 49
5 21 -17 39 -23 48
6 21 -17 38 -22 48
7 21 -17 38 -22 47
8 21 -17 38 -14x 47
9 21 -16 38 -15% 47
10 21 -16 38 -15% 47
11 20 -16 37 -9x 47
12 20 -16 37 -10x 47
13 19 -16 34 -9%x 47
14 19 -16 35 ~7x 46
15 19 -15 35 7% 46
16 19 -15 35 46
17 19 -15 35 46
18 19 -15 35 46
€, g9 -1 20 0 27
l€eal 20.5 16.61 37.6 22.22  47.78

Table (8.37)
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TYPICAL STRAIN READINGS, €.’s FROM DATA L.OGGER AT ONE PASS

OF A ALUMINIUM TUBE SPECIMEN THROUGH 7° SEMI-ANGLE ELEMENTAL
: DIz ASSEMBLY STRAIN (Micros)
000-0000 0 001-0097 0 002 Q001 0 002-0699 0 004 00060 O©

000 0019 0 001-0080 0 002 0029 0 0030690 0 004 G037 0
000 0023 b 001~0080 0 002 0021 0 0030684 0O 004 Q0009 O
000 0022 O DOleOB?lO 002 0030 0 002--070S 0 004 OCHu2 O
000 0022 0 001-0082 0 002 0029 O 003-0706 0 004 0043 ¢
000 0022 0 001-0083 0 €02 0029 0 003=0707 0 004 004§ O
000 0022 0 001-0083 0 002 0028 O 003-~0707 0 004 9947 O
000 0022 0 001-0083 0 002 0027 0 0030708 0 004 0047 O
000 0021 0 0010084 O 002 0027 0 003-0708 0 004 0047 O
000 0021 0 001-0084% 0 002 0027 O 003-0708 O 004% Q047 O
000 0021 0 001-0084 0 002 0026 0 003-0709 0 00% 0047 O
000 0020 0 001~0085 O 002 002G 0 903-0710 0 004 004G O
000 0019 0 001-0085 002 0026 0 003~0710 0 004 004G O

000 0018 0 001-0086 0 002 0024 0 003-0711 O 004 0045 O
000 0018 0 001-0087 0 002 0024% 0 003-0711 O 004% 0045 O
000 0018 0 001~0087 0 002 0024 O 003-0711. 0 094 0045 0
000 0019 0 001-~0087 0 002 0025 0 003-0711 O 004 0046 O
000 0019 0 001~-0087 O 002 .0025 0 003-0711 O 004 004G O
000 0018 0 001-0087 0 002 0024 O 003-0711 O 004 OQ4E O
060 0018 0 001-0087 0 002 0024 O 003-0711 O 004 004G O
000 0018 0 001~0087 O 002 0024 O 003-0711 O 00Y% CO4E O

000 0018 0 0010088 0 002 0024 0 0030712 0 004 00OUG O
000 0018 0 001-0087 0 002 0024 O CO03-0711 0 904 Q946 O
000 0008 0 001-0099 0 002 0008 0 003~0702 0 004 0026 O

000 0007 0 001-0099 O 002 0008 O 003-~0702 O 004 002G O

TABLE (8.38)
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000 0001 0 000 0001

000 0001 0 000 0001

0010099
000 0001
001-0100
000 0001
000 0001
000 0001
000 0001
000 0012
000 0020
000 0022
000 0022
000 0022
000 0022
000 0022
000 0022
000 0021
000 0021
000 0021
000 0021
000 0021
000 0020
000 0020
000 0020

000
000

0019

0u20
000 0010

000 0010

0

002-0000

002-0000
0010099
0010099
001-~0099
001~0089
Ob1~009H
001-008Uu
001~0084
001~0084
001~0085
001~0085
0010085
0010085
001~0085
0010085
0010086
001-0086
0010086
001~0086
001~0036
001-0086
001-0086
0010087
001-0097

001 0098

OF A _ALUMINIUM TUBE SPECIMEN -
DIE A

0

0

0

PICAL STRAIN READINGS, €,'s FROM DATA LOGGER AT ONE PASS

{OUGH 7' SEMI-ANGLE ELEMENTAL

000 0001
000 0001

N03-0399

003;0399
002-0000
002 0000
002 0000
002 0001
002 0024
002 0031
002 0631
002 0030

002 0029

002 0023

002 0028
002 Q028

002 0028

002 0028

002 0028
002 0028
002 0027
002 0027
002 0027
0n2 0026
002 0026

002 0026

002 0011

002 ¢g011

TABLE (8.39

oy

SSEMBLY

STRAIN (Micros)
oou 0001, 0 UUL uvwul

000 0001 0 000 0001

0043000

0040000
003-0399
003-0399
003-0399
003-0405
003-0418
003-0419
003-0419
003-0419
0030420
003~0u20
003~0u420
0020421
003-0421
003-0u21
003-0421
003-0u21
003-0u21
0030422
003-0422
003-0u422
003-~0423
003~0422
003~0400

003 ouo00

0

004~00090
004~0000

004+~0000

00400065

004~0016
004~0025
004-0025
00u4~0025
00u-0026
0040020
00u«~0027
00L4-0028
004~0028
00u4~0029
004--0029
0040029
004--0029
0du-0039
004+-0030
004+~0039
004~C039
004+~0030
09u~0008

0040008

U



STRAIN READINGS AT VARIOUS POINTS [5] DURING A PASS OF AN
COPPER _TUBE SPECIMEN THROUGH 7° SEMI-ANGLE ELEMENTAL DIE ASSEMBLY

WITH 10 mm EXIT DIAMETER

READINGS € et €e2 €es €e4 €es
PER PASS (micros)
1 19 -18 41 ~23 15%
2 19 -18 41 -23 18
3 18 -18 41 ~23 18
4 19 -18 41 -22 21
5 i8 -18 41 -22 22
6 18 -18 41 -22 22
7 18 -18 41 -22 23
8 21 ~17 41 -22 23
9 20 -17 40 ~22 23
10 22 -17 42 -22 23
11 22 -17 42 ~22 23
12 22 -17 42 ~22 23
13 22 -17 42 -22 23
14 21 -18 42 -22 23
15 21 -18 42 -22 23
16 19 -18 42 -22 23
17 21 -18 42 -22 24
18 21 -18 42 ~21 24
19 21 -18 40 -21 23
20 20 -19 40 -21 24
21 20 -19 40 -21 23
22 20 -19 40 ~21 23
23 20 -18 40 =21 23
24 20 -18 40 -21 20
25 21 -17 40 ~20 15%
26 20 ~17 40 -20 15%
27 20 ~17 40 ~20 8%
28 20 -17 40 ~20 8%
€, 7 1 24 -2 0
[€eql 20.11 17.75 40.93 21.57 22.39

Table (8.40)
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STRAIN READINGS AT VARIOUS POINTS [5] DURING A PASS OF AN
COPPER TUBE SPECIMEN THROUGH 7° SEMI-ANGLE ELEMENTAL DIE ASSEMBLY

WITH 10 mm EXIT DYAMETER

READINGS €o1 €e2 €es €ea €es
PER PASS (micros)
1 23 -17 43 ~23 51
2 24 -18 42 -23 49
3 24 -18 42 -22 49
4 24 -17 42 =22 49
5 24 -17 42 ~22 48
6 23 -17 41 =22 48
7 23 -17 41 -21 48
8 23 -17 41 -21 48
g 23 -17 41 -21 48
10 23 -17 41 =21 48
11 23 ~17 41 -21 47
12 23 -17 41 =21 47
13 23 -17 40 =21 47
14 23 -16 41 -21 47
15 22 -16 41 =21 47
16 22 -16 41 -20 47
17 22 -16 41 -20 46
18 22 -16 41 =20 46
19 22 -16 41 =20 46
20 22 -16 41 -20 46
21 22 -16 40 =20 46
22 22 -16 40 -20 46
23 22 ~-16 40 -20 46
24 22 -16 40 -20 46
25 21 -15 40 -20 46
€ 10 0 24 -3 24
l€oal 22.69 16.56 41.00 20.92 47.28

Table (8.41)
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STRAIN READINGS AT VARIOUS POINTS [5] DURING A PASS OF AN
COPPER TUBE SPECIMEN THROUGH 7° SEMI-ANGLE ELEMENTAL DIE ASSEMBLY

WITH 10 mm EXIT DIAMETER

READINGS €01 €e2 €ea €e4 €es
PER PASS (micros)
1 23 -19 38 - 19
2 27 -20 37 - 19
3 26 ~20 35 - 19
4 26 -20 35 - 18
5 26 -20 34 - 18
6 26 -20 34 - 18
7 26 ~19 34 - 18
8 26 -19 34 - 18
9 26 -19 34 - 18
10 26 -19 34 - 18
11 26 -19 34 - 18
12 25 -19 33 - 18
13 25 -19 33 - 18
14 25 -19 33 - 18
15 25 -19 33 -~ 18
16 25 -19 33 - 18
17 25 -19 33 - 18
18 25 -19 33 - 18
19 25 -19 33 - 18
20 25 -18 33 - 18
21 25 -18 33 - 18
22 25 -18 33 - 18
23 25 -18 33 - 18
r 12 2 16 - -4
[€ oql 25.39 19.04 33.87 18.17

Table (8.42)
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STRAIN READINGS AT VARIOUS POINTS [5] DURING A PASS OF AN

COPPER_TUBE SPECIMEN THROUGH 7° SEMI-ANGLE ELEMENTAL DIE ASSEMBLY
WITH 10 mm EXIT DIAMETER

READINGS € o1 €e2 €e3 €4 €es
PER PASS (micros)
1 26 -33 33 -34 24
2 22 ~26 B2% -46 24
3 21 -22 51% -35 25
4 21 -21 44% -31 23
5 20 -21 40% -28 23
6 20 -21 35 -23 23
7 20 -21 30 -21 23
8 20 -21 29 -21 23
9 20 -21 29 -21 22
10 20 -21 29 -21 -
11 20 -21 29 -21 -
12 20 -21 29 -21 -
13 20 -21 29 -21 -
14 20 -20 29 -20 -
15 19 -20 28 -19 -
16 19 -20 28 ~19 -
17 19 -20 28 -19 -
18 19 -20 28 -19 -
19 19 -20 28 -19 -
20 19 -20 28 ~19 -
€r 7 4 13 1 1
l€oal 20.2 21.6 29.31 23.90 23.33

Table (8.43)



STRAIN READINGS AT VARIOUS FOINTS (5] DURING A PASS OF AN

COPPER TUBE SPECIMEN THROUGH 7 SEMI-ANGLE ELEMENTAL DIE ASSEMBLY
WITH 10 mm EXIT DIAMETER

READINGS €1 €ao €o3 €oq €es
PER PASS (micros)
1 22 -20 49 -12 31
2 21 -20 48 -19 17%
3 21 -19 48 -18 59
4 21 -19 47 -17 59
5 21 -19 48 ~17 58
6 21 ~-19 47 -16 56
7 20 ~19 45 -16 56
8 19 -16 44 -14 55
9 20 ~-19 47 -15 55
10 21 -19 47 -16 52
11 21 -20 48 -16 53
12 22 -20 48 -17 54
13 22 ~-20 439 -17 54
14 22 ~-20 48 -16 55
15 22 -20 49 -16 55
16 21 ~-20 48 -16 55
17 20 -19 47 -15 54
18 19 -18 46 -14 54
19 19 -18 47 ~-14 54
20 19 -18 46 -16 53
21 19 -18 46 ~15 52
22 19 -18 46 ~-14 52
23 19 -18 ‘ 46 -14 52
24 19 -18 46 -14 52
25 19 -18 a6 14 52
26 19 -18 46 -14 52
r 7 2 31 -8 29
(€ oql 20.31 18.77 47.27 15.46 51.96

Table (8.44)



STRAIN READINGS AT VARIOUS POINTS [5] DURING A PASS OF AN
COPPER TUBE SPECIMEN THROUGH 7° SEMI-ANGLE ELEMENTAL DIE ASSEMBLY

WITH 10 mm EXIT DIAMETER

READINGS €ot €e2 €es €es €es
PER PASS (micros)
1 20 -22 38 ~20 33
2 21 ~20 29 -20 15
3 22 -18 28 -21 15
4 21 -20 44 -18 46
5 20 -19 43 -15 44
6 138 -19 42 -13% 43
7 19 ~18 42 -12% 43
8 19 -18 42 ~11x 43
9 19 -18 42 -9x 43
10 18 -18 41 -8% 42
11 18 -18 4] =8x 42
12 18 18 42 8% 42
13 17 -18 41 —-Bx 44
14 17 -17 41 7% 44
15 18 -18 42 7% 44
16 18 ~-18 42 -6% 44
17 18 -18 42 -5% 44
18 18 -18 42 -4% 45
19 19 -18 42 -1x 44
20 17 ~19 42 0% 43
21 17 -18 41 42
22 16 -17 41 5% 42
. 7 2 24 -6 18
€ oal 19.476  18.41 40.453 17.714 40.318

Table (8.45)
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STRAIN READINGS AT VARIOUS POINTS [5] DURING A PASS OF AN
COPPER _TUBE SPECIMEN THROUGH 7° SEMI-ANGLE ELEMENTAL DIE ASSEMBLY

WITH 10 mm EXIT DIAMETER

READINGS €ey €02 €e3 €oy €as
PER PASS (micros)
1 20 ~-22 38 ~-20 42
2 21 -20 29 -20 42
3 22 -18 28 =20 42
4 21 -20 44 ~20 42
5 20 -19 43 -20 44
6 19 -19 42 =21 43
7 19 -18 42 =21 44
8 19 -18 42 -20 42
9 19 ~-18 42 -20 42
10 18 -18 41 -18% 42
11 18 -18 41 -15% 42
12 18 -18 42 -12x% 42
13 17 -17 41 -12% 42
14 17 -18 41 ~7% 42
15 18 -18 42 ~7% 4]
16 18 -18 42 -5% 42
17 18 -18 42 ~5% 42
18 18 -18 42 ~5x% 42
19 18 -19 42 —2% 42
20 19 -18 41 -1% 42
21 17 -17 40 ~1x% 42
22 17 -17 40 2 42
€r 6 2 24 -3 20
l€eal 18.68 18.364 40.318 20.33 42.182

Table (8.46)
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TYPICAL STRAIN READINGS,
. SPECIMER

oK

A _COPPER TUBE

000-0000
004~0000
000~0000
000 0000
000 0001
000 0026
000 0022
000 0021
000 0021
000 0020
000 0020
000 0020
000 0020
000 0020
000 0020
000 0020
000 0020
000 0020
000 0019
000 0019
000 0019
000 0019
000 0019

000 0007

-000 0007

0

001-~0100 0 092--0000 C 003-~0700 O

001~-0100
001~0099
0010101
001-0067
0010074
0010078
001-0078
00106079
001-0079
001-0079
001-0079
001-0079
001~0079
001-0079
0010079
001~0079
001-0080
0010080
0010030
001~0080
001~0080
001~0096

001~0097

€o's 'ROM DATA LOGGER A'I‘ ONE PASS

N IHR()U(;H 7' SEMI-ANGLE ELEMENTAL

STRAIN (Micros)

002-0000
002 0001
032 0033
002 0062
002 0051
002 0O0uu
002 0040
C02 0035
002 0030
052 0029
002 0029
002 0029
002 0029
002 0029
002 0029
002 0029
002 0028
002 00238
002 0028
002 0028
002 0028

002 0013

002 0013

TABLE (8.47)

R

L

V]

003-0700 !

003~06¢9
D03~05G6
003-0654
003~06065
003-0669
003-0672
003-0677
003~93679
003-0679
003~00679
003-0679
003-0679
003~0679
003~0679
0C3-0680
003-0681
003+-0681
003-0681
003-0681
003~06861
003+-0089

003~0099

00y
0oh
ncu
couy
0d4
0oL
g0y
coh
AR
ooy
o0u
oou
00y
00Uy
00Uy
09
o0n
oou
004
004
oon
00y

oou

~0000 O

0037 0
0031 9
0023 0
00616 0

0014 0
0014 0
0014 0.
0014 0
0014 0
0011 0
0013 0
0013 0
0013 0
0013 0
0012 0 .
0012 0
0091 0

0001 C



TYPICAL STRAIN READINGCS, €,'s FROM DATA LOGGER AT ONE PASS -’

OF A COPPER TUBE SPECIMEN THROUGH 7’ SEMI-ANGLE ELEMENTAL

000-0000 0 001-0099

000
000
000
000
000
0600
000
000
0090
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000

000

0001
0020
0021
0022
0021
0020
0018
0019
0019
0019
0018
0018
0018
0017
0017
0018
0018
0018
60138
0018
0019

0017

0017

0016
0007

0007

0

001-0096
0010078
001~0080
001-0082
001~0080
0010081
001-0081
001-0082
001--0082
0010032
001-0082
0010082
0010082
001~0083
001-0082
001-0082
001~0082
001~6082
001-0082
0010081
0010082
001-0083
0010083
001~0034

0010098

001-0033

STRAIN (Micros)
0 002 00NO0 O 003-~0700 0O 004~0QOQOQO

0 002 0003 0 003-0697 0 004 0001
0 002 0033 0 003-~0680 0O 004 0033
0 002 0029 0 003~-0630 O 00H 0015
0 002 0328 O 003-0679 0 0OO4 0015
0 002 o044 0 003-0682 O 00" 004G
0 002 0043 O 003-068S O 004 O0OOuy
0 002 o6u2 O 003;0688 0 004 OOuy
0 002 0042 0O 003-0G86 0 004 00Ou3
0 002 0042 0 003~0687 0 004 9043
0 002 0042 0 003~CG37 O OOﬁ o0u3
0 002 0041 0 0030688 0 CO4 0043
0 002 0041 0O 003~0688 0O 00bB QOu2
0 002 0042 O 003-0688 0O 004 QOu2
0 002 0041 0 003-0689 0 004 0042
0 002 0041 O 003-0691 0O 004 OOuYy
0 002 0042 0 003-3631 0 004 OOCuy
0 002 0042 0 003-0692 0O 004 OOuyYy
0 002 0042 0 003-0692 0 004 OOunH
0 002 OOHé 0 003-0G92 0 00Ny 0Q0uy
0 002 0042 O 003-0G92 O 0NON QOu5
0 002 0042 0 003~0603 O 0OO4 QOuy
0 00z 0041 0 003-0694 0O 0O4 QOUu3
0 002 0041 0 003-0694 0 0QY oQu?D
0 002 0040 0 003-0695 0 00U 0NY2

0 092 0024 0 0903-9700

(]
[
—

0013

0 902 0024 0 003-2707 9 344 0018

TABLE (8.48
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TYPICAL STRAIN READINGS, €.,’s FROM DATA LOGGER AT ONE PASS

OF A COPPER TUBE SPECIMEN THROUGH 7° SEMI-ANGLE ELEMENTAL

000
000
000
000
000
000
000
000
000
000
000

000

000"

000
000
000
000
000
OOd
000
gaoo

000

000

ooaq

000

000

000

300

030

nnn

00061

0003

0001

0023

0024

002y

002y

002y

0023
6023
0023
0023
0023
0023
0023
0023
0023

0022

0022

0022
Qo022

0322

0022,

0022
0022
0022
0022
0021

0010

nn41n

001-0099
0010097
001~0099
001-0083
001~0082
001-0052
001-0083
001-0083
001-0083
001-0083
001-0083
001~0083
001+-0083
001-0083
001-0083
001-0083
001-008Y
001-008Y
001-008Y
001-008Y
001-0084
001~003U
001-003Y4
001--008Y4
001-0084
001-008Y
001-008"
001-0085
001-0099

anN1-nnN9g

DIE ASSEMBLY

STRAIN (Micros)

0 002
0 002
0 002
0 002
0 002
0 G02

0 002

0 002

0 002
0 002
0 002
0 002
0 002
0 002
0 002

0 002

.0 002

0 002
0 002
0 002
0 002
0 002

0 002

0 002
0 002
0 002
0 002
0 002

0 002

0001

J

[eo]

0030492 0 004 00CYH

000u 0 003-0u4535 0 004 0002 D

0002
oou3
oou2
0042
oou2
00y2

0

oou1 O

001
0041
oout
0041
oou1
oou1
ooyl
oou1
oouo
onuil
oou1
ocu1l
och1
oou1
gouo
couo
aouo

0oug0

003-0493'0 0cu 0001 O
003-0477 0004 0041 O
0030477 0 004 0049 O
003-047€ 0 004 0Q0Ou9 9
003-0478 0 0OOH 0049 O
G03-0u478 0 OOW 0048 O

003-0473 0O OO04 oOCu8s 0

.003-0479 0 004 0048 O

0030479 0 004 0048 0
003-C479 O 004 0048 O
003-0479 0 004 0043 0
003-0479 0 CO4 0047 O
003-0479 U 0G4 9947 0
003~C479 0 004 0047 O
003-0%79 0 004 Q047 0
003-0479 0 004 0047 0
003-0479 0 024 0047 0
003-0472 O 004 0046 O

003-0u80 0 034 QQuG

[w]

003-0480 0 004 QO4G O
003-04800 004 094G O

003-043G 0 304 00HMG O
003-0480 0 004 3J0uC O
003-0480 0 0G4 0046 O
003-0480 0 004 004G O
003~0472 0 004 004G O

003-0502 0 004 0C2u4 O

003-0502 0 004 0024 O

TABLE (8.49



Tables of the Relevant Experimental Results for the Analysis of the
Experimental Redundant Deformation Strains €,..x of Aluminium Specimens
Drawn Through 15° Semi-angled Elemental Dies Assembly
[Assembly of 3 Elements]

FIRST (ENTRY) ELEMENT OF THE ASSEMBLY

No.of Passes €eai €, €ct €out €re1x (micro)
or Specimen (micro) (micro) (micra) (micro) (€gy—(€gq€r<€,)]
1 53.46 17 0 51.373 14.913
2 49.17 13 0 51.373 15.203
3 49.61 13 0 51.373 14.773
4 53.22 17 0 51.373 15.153

Table (8.50)

SECOND ELEMENT OF THE ASSEMBLY

No.of Passes €eaz €ro €co €euz €re2x (micro)
or Specimen (micro) (micro) (micro) (micro) [€gy(€gq<€€.)]
1 61.52 19 17 51.96 26.44
2 59.35 17 17 51.96 26.61
3 60.22 18 17 51.96 26.74
4 60.52 18 17 51.96 26.44

Table (8.51)

FINAL (EXIT) ELEMENT OF THE ASSEMBLY

No.of Passes €ead €ra €ca €eus €resx (micro)
or Specimen (micro) (micro) (micro) (micro) [€q,~(€eq€r<€.)]
1 66.70 10 17 51.99 12.29
2 69.48 13 17 51.99 12.51
3 73.17 17 . 17 51.99 12.82
4 65.57 10 17 51.99 13.42

Table (8.52)
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Tables of the Relevant Experimental Results for the Analysis of the
Experimental Redundant Deformation Strains €pogx% of Copper Specimens

Drawn Through 15° Semi-angled Elemental Dies Assembly
[Assembly of 3 Elements]

FIRST (ENTRY) ELEMENT OF THE ASSEMBLY

No.of Passes € ont €py €cq €eut €re1x (micro)
or Specimen (micro) (micro) (micro) (micro) [eeu”(éea—erﬁgc)]
1 60.53 24 0 51.06 14.53
2 65.81 30 0 51.06 15.25
3 60.54 24 0 51.06 14.52
4 57.10 21 0 51.06 14.96
5 60.90 25 0 51.06 15.16
6 57.00 21 0 51.06 15.06

Table (8.53)

SECOND ELEMENT OF THE ASSEMBLY

No.of Passes € a2 €ro €c2 €cuz €reax (micro)
or Specimen (micro) (micro) (micro) (micro) [€qyu—(€eg€r—€s)]
1 64.42 20 16 = 52.54 24.12
2 56.94 12 16 52.54 23.6
3 59.17 15 16 52.54 24 .37
4 54.67 10 16 52.54 23.87
5 58.90 14 16 52.54 23.64
6 54.93 10 16 52.54 23.61

Table (8.54)

FINAL (EXIT) ELEMENT OF THE ASSEMBLY

No.of Passes € oa3 €r3 €ca €eus €reax (micro)
or Specimen (micro) (micro) (micro) (micro) [€gy—(€eq€r€)]
1 49.42 ~-11 17 53.40 9.98
2 71.10 11 17 53.40 10.30
3 76.23 17 17 53.40 11.17
4 73.42 14 17 53.40 10.98
5 75.7 16 17 53.40 10.70
6 67.4 8 17 53.40 11.00

Table (8.55)
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Tables of the Relevant Experimental Results for the Analysis of the
Experimental Redundant Deformation Strains €p..gx of Aluminium Specimens

Drawn Through 7° Semi-angled Elemental Dies Assembly

[Assembly of 5 Elements]

FIRST (ENTRY) ELEMENT OF THE ASSEMBLY

No.of Passes

€

€r1

€y €

€re1x (micro)

eat X eut
or Specimen (micro) (micro) (micro) (micro) [(€gy=(€pog€,<€)]
1 23.38 12 0 15.826 4.446
2 21.00 10 0 15.826 4.826
3 23.44 11 0 15.826 3.386
4 23.36 11 0 15.826 3.466
5 19.82 8 0 15.826 4.006
6 20.50 g 0 15.826 4.326
Table (8.56)
SECOND ELEMENT OF THE ASSEMBLY
No.of Passes €e €r2 €co2 € €reax (micro)
or Specimen (micro) (micro) (micro) (micro) [€gy=(€gq<€r<€,)]
1 18.63 1 6 18.8 7.17
2 14.56 -3 6 18.8 7.24
3 19.94 2 6 18.8 6.86
4 19.00 1 6 18.8 6.80
5 15.36 ~2 6 18.8 7.44
6 16.61 -1 6 18.8 7.19
Table (8.57)
THIRD ELEMENT OF THE ASSEMBLY
No.of Passes €en3 € €ca €eus €resx (micro)
or Specimen (micro) (micro) (micro) (micro) [eeu—(eeaﬂsr—ec)]
1 37.25 20 5 19.17 6.92
2 27.88 11 5 19.17 7.29
3 25.188 8 5 19.17 6.982
4 36.73 19 5 18.17 6.44
5 25.6 8 5 19.17 6.57
6 37.6 20 5 19.17 6.57

Table (8.58)
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FOURTH ELEMENT OF THE ASSEMBLY

No.of Passes
or Specimen

€eas

€ra €c4 €eus €resx (micro)

(micro) (micro) (micro) (micro) [eeu—(eea~€r-€C)]

1 - - 8 20.0 -

2 20.94 -1 8 20.0 6.06

3 23.44 1 8 20.0 5.56

4 26.82 5 8 20.0 6.18

5 - - 8 20.0 -

6 22.22 0 8 20.0 5.78

Table (8.59)
FINAL (EXIT) ELEMENT OF THE ASSEMBLY

No.of Passes € eas €rs €cs €eus €resx (micro)
or Specimen (micro) (micro) (micro) (micro) [€gqy—(€eq<€r<€.)]

1 - 28.19 8 3 20.48 3.29

2 28.19 8 3 20.48 3.29

3 43.625 23 3 20.48 2.855

4 32.00 11 3 20.48 2.48

5 45.11 25 3 20.48 2.57

6 47.78 27 3 20.48 2.70

Table (8.60)
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Tables of the Relevant Experimental Results for the Analysis of the

Experimental Redundant Deformation Strains €p.oq% of Copper Specimens

Drawn Through 7° Semi-angled Elemental Dies Assembly
[Assembly of 5 Elements]

FIRST (ENTRY) ELEMENT OF THE ASSEMBLY

No.of Passes €eoat €1 €ct €out €re1x (micro)
or Specimen (micro) (micro) (micro) (micro) [€gy—(€eq<€r€s)]
1 20.11 7 0 16.99 3.88
2 22.69 10 0 16.99 4.30
3 25.39 12 0 16.99 3.60
4 20.20 7 0 16.99 3.79
5 20.31 7 0 16.99 3.68
6 19.476 7 0 16.99 4.516
7 18.68 6 0 16.99 4.31

Table (8.61)

SECOND ELEMENT OF THE ASSEMBLY

No.of Passes €onz €r2 €c2 €euz €rezx (micro)
or Specimen (micro) (micro) (micro) (micro) {eeu"(€ea‘€r‘€c)]
1 17.75 1 6 18.27 7.52
2 16.56 0 6 18.27 7.71
3 19.04 2 6 18.27 7.23
q 21.60 4 6 18.27 6.87
5 18.77 2 6 18.27 7.50
6 18.41 2 6 18.27 7.83
7 18.364 2 6 18.27 7.906

Table (8.62)

FINAL (EXIT) ELEMENT OF THE ASSEMBLY

No.of Passes €ead €r3 €cs €eus €reax (micro)
or Specimen (micro) (micro) (micro) (micro) [€eu-(€ea~€r—€c)]
1 40.93 24 5 18.75 6.82
2 41.00 24 5 18.75 6.75
3 33.87 16 5 18.75 5.88
4 29.31 13 5 18.75 7.44
5 a7.27 31 5 18.75 7.48
6 40.453 24 5 18.75 7.297
7 40.318 24 5 18.75 7.432

Table (8.63)
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FOURTH ELEMENT OF THE ASSEMBLY

No.of Passes €eond €ra €cq €eus €resx (micro)
or Specimen (micro) (micro) (micro) (micro) [€gyu—(€ea€r<€c)]
1 21.57 -2 8 21.61 6.04
2 20.92 -3 8 21.61 5.69

3 - - 8 21.61 -

4 23.90 1 8 21.61 6.71
5 15.46 -8 8 21.61 6.15
6 17.714 -6 8 21.61 5.90
7 20.33 -3 8 21.61 6.28

Table (8.64)

FINAL (EXIT) ELEMENT OF THE ASSEMBLY

No.of Passes €eas €rs E€q5 €eus €resx (micro)
or Specimen (micro) (micro) (micro) (micro) [€eu—(€ea—€r—€c)]
1 22.39 0 3 22.56 3.17
2 47.28 24 3 22.56 2.28
3 18.17 -4 3 22.56 3.39
4 23.33 1 3 22.56 3.23
5 51.96 29 3 22.56 2.60
6 40.318 18 3 22.56 3.242
7 42.183 20 3 22.56 3.377

Table (8.65)
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Resulting Table from Further Analysis of the Results

(Strains and Forces) Related to Elemental Die Number One of the Assembly

of the 3 Elemental Dies [« = 15

* — Aluminium Specimens]

PASSES €ret €re1x Ay Rpey Rpe1 ARy [8erl [ARN %A g
OR (€rex<€rel1 e T1{Rpe—Rpel 1{i—t={—1

SPEC IMEN |[— x€re lere) 1 LRpal «

Lere
(micros) (N) (N) (N) %

1 13.92 14.913 0.993 691 740 49 0.071 7.1
2 13.92 15.203 1.283 691 755 64 0.092 9.2
3 13.92 14.773 0.853 631 733 42 0.061 6.1
4 13.92 15.153 1.233 69 752 61 0.089 8.9

Table (8.66)

Resulting Table from Further Analysis of the Results

(Strains and Forces) Related to Elemental Die Number Two of the Proto-Die Assembly
the 3 Elemental Dies [« 15° — Aluminium Specimens]

PASSES €Lep  €reax  Oer Rpe2 Rpe2 ARy (Aer) [ARpY %A,
OR (Erex<rel [Rpe 1[RpeRpe] {—t={—}
SPECIMEN [— X€re lere) 2 Rpel 2
Lere
(micros) (N) (N) (N) %
1 24.03 26.44 2.41 1240 1364 124 0.10  10.0
2 24.03 26.61 2.5 1240 1373 133 0.107  10.7
3 24.03 26.74 2.71 1240 1380 140 0.113 11.3
4  24.03 26.44 2.41 1250 1364 124 0.10  10.0

Table (8.67)

Resulting Table from Further Analysis of the Results
(Strains and Forces) Related to Elemental Dle Number Three (Exit) of the Assembly o
the 3 Elemental Dies [« — Aluminium Specimens]

—

PASSES  €,.e3 €reax A€y Rpes Rpes ARy (A1 (ARpl %4,
OR €rex€rel [Rpe 1(Rpe-Rpels {—t={—1
SPECIMEN I xe‘[‘e l€l"el 3(HDej 3
lere
(micros) (N) (N) (N) %
1 10.54 12.29 1.75 545 636 91 0.166 16.6
2 10.54 12.51 1.97 545 647 102 0.187 18.7
3 10.64 12.82 2.28 545 663 118 0.216 21.6
4 10.54 13.42 2.88 545 694 149 0.273 27.3

Table (8.68)



Resulting Table from Further Analysis of the Results Related to Elemental Die Number
One (Entry) of the Proto-Die Assembly of the 3 Elemental Dies
[x = 15° — Copper Specimens]

PASSES €ret €retx A HDel Rpe1 AF‘D r ARD %Ay
OR [€rex€rel MRpe T[RpeRpe] — = —
SPECIMEN [— x€re €re HRpe
lere
(micros) (N) (N) (N) %
1 13.39 14.53 1.14 650 705 55 0.085 8.5
2 13.39 15.25 1.86 650 740 90 0.139 13.9
3 13.39 14.52 1.13 650 705 55 0.084 8.4
4 13.39 14.96 1.57 650 726 76 0.117 11.7
5 13.39 15.16 1.77 650 736 86 0.132 13.2
6 13.39 15.06 1.67 650 731 81 0.125 12.5

Table (8.69)

Resulting Table from Further Analysis of the Results Related to Elemental Die Number
Two of the Proto-Die Assembly of the 3 Elemental Dies

[x = 15° — Copper Specimens]
PASSES €rez €re2x A€r RDez RDeZ ARD AE!‘ ARD %A
OR (Erex<€rel [Rpe T[RpeRpe] — =—
SPECIMEN [— x€red €re  Rpe
lere
(micros) (N) (N) (N) %
1 21.77 24.12 2.35 1165 1291 126 0.108 10.8
2 21.77 23.6 1.83 1165 1263 98 0.084 8.4
3 21.77 24.37 2.60 1165 1304 139 0.119 11.9
4 21.77 23.87 2.10 1165 1277 112 0.097 9.7
5 21.77 23.64 1.87 1165 1265 100 0.086 8.6
6 21.77 23.61 1.84 1165 1264 99 0.085 8.5

Table (8.70)

Resulting Table from Further Analysis of the Results Related to Elemental Die Number
Three (Exit) of the Proto-Die Assembly of the 3 Elemental Dies
[x = 15° — Copper Specimens]

PASSES  €pe2 €resx be, Rpe2 Rpez .- 4Ry bep LRy %A
OR [€re*"€re} rRDe 1[RDe‘RDe] _— =

SPEC IMEN |— x€,e €re Rpe

L€ re J
(micros) (N) (N) (N) %

1 9.06 9.98 0.92 510 562 52 0.102 10.2
2 9.06 10.30 1.24 510 580 70 0.137 13.7
3 9.06 11.17 2.11 510 629 119 0.233 23.3
4 9.06 10.98 1.92 510 618 108 0.212 21.2
5 9.06 10.70 1.64 510 602 92 0.181 18.1
6 9’06 11.00 1.94 510 619 109 0.214 21.4

Table (8.71)
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Resulting Table from Further Analysis of the Results Related to Elemental Die Number
One (Entry) of the Proto-Die Assembly of the § Elemental Dies

[ = 7° ~ Aluminium Specimens}
PASSES €rer €reix Ley Rpey Rpey ARy ARy ber %4
OR {ere*_€re] rRDe 1(HDG—HDE] - =
SPECIMEN [— x€red Rpe €re
lece . J
{micros) (N) (N) (N) %
1 3.952 4.446 0.494 323 363 40 0.125 12.5
2 3.952 4.826 0.874 323 394 71 0.221 22.1
3 3.952 3.386 -0.566 323 277 -46 -0.143 14.3
4 3.952 3.466 -0.486 323 283 -40 -0.123 12.3
5 3.952 4.006 0.054 323 327 4% 0.014 1.4x%
6 3.952 4.326 0.374 323 354 31 0.095 9.5

Table (8.72)

Resulting Table from Further Analysis of the Results Related to Elemental Die Number
Two of the Proto-Die Assembly of the 5 Elemental Dies
[« = 7° — Aluminium Specimens}

PASSES €re2 €rez2x Aey- Rpe2 Rpe 2% ARy Aep ARy %A
OR (€rex<rel (Rpe 1(RpeRpel — =—
SPECIMEN [— x€red €re Rpe
lere
(micros) (N) (N) (N) %
1 5.962 7.17 1.208 597 718 121 0.203 20.3
2 5.962 7.24 1.278 597 725 128 0.214 21.4
3 5.962 6.86 0.898 597 687 30 0.151 15.1
4 5.962 6.80 0.838 597 681 84 0.141 14.1
5 5.962 7.44 1.478 597 745 148 0.248 24.8
6 5.962 7.19 1.228 597 720 123 0.206 20.6

Table (8.73)

Resulting Table from Further Analysis of the Results Related to Elemental ‘Die Number
Three of the Proto-Die Assembly of the 5§ Elemental Dies

[x =7 — Aluminium Specimens]
PASSES  €,e3 €reax Y Rpes Rpe ARy Aer ARy %A
OR (€Erex<rel (Rpe 1{Rpe—Rpe] — = —
SPECIMEN I— x€red €re  Rpe
!.é:re _‘
(micros) (N) (N) (N) %
1 5.563 6.92 1.357 562 699 137 0.244 24.4
2 5.563 - 7.29 1.727 562 737 175 0.310 31.0
3 5.563 6.982  1.419 562 705 143 0.255 25.5
4 5.563 6.44 0.877 562 651 89 0.158 15.8
5 5.563 6.57 1.007 562 664 102 0.181 18.1
6 5.563 6.57 1.007 562 664 102 0.181 18.1

Table (8.74)



Resulting Table from Further Analysis of the Results Related to Elemental Die Numbeﬂ
Four of the Proto—-Die Assembly of the 5 Elemental Dies

[x = 7° — Aluminium Specimens]
PASSES €res Eresx be Rpe 4 Rpes ARy s ARy %A
OR [ére*{re] rRDe 1 [RDE—HDQ] - =
SPECIMEN |— Xgre*{ €re RDe
Lere
{(micros) (N) (N) (N) %
1 5.10 - - 525 - ~ -~ -
2 5.10 6.06 0.6 525 624 99 0.188 18.8
3 5.10 5.56 0.46 525 573 48 0.09 9.0
4 5.10 6.18 1.08 525 636 111 0.212 21.2
5 5.10 - - 525 - - - -
6 5.10 5.78 0.68 525 5395 70 0.133 13.3

Table (8.75)

Resulting Table from Further Analysis of the Results Related to Elemental Die Number]
Five (Exit) of the Proto-Die Assembly of the 5 Elemental Dies

[x = 7° — Aluminium Specimens]
PASSES  €res €resk be Rpes Rpes ARy Ae. ARy %A
OR (€rex<rel Rpe T(Rpe~Rpel - =
SPECIMEN [— x€red € Rpe
lere
(micros) (N) (N (N) %
1 2.338 3.29 0.952 243 342 99 0.407 40.7
2 2.338 3.28 0.952 243 342 99 0.407 40.7
3 2.338 2.855 0.517 243 297 54 0.221 22.1
4 2.338 2.48 0.142 243 258 15 0.061 6.1
5 2.338 2.57 0.232 243 267 24 0.099 9.9
6 2.338 2.70 0.362 243 281 38 0.155 15.5

Table (8.76)

-369-



Resulting Table from Further Analysis of the Results Related to Elemental Die Number
One (Entry) of the Proto-Die Assembly of the 5 Elemental Dies

[ = 7° — Copper Specimens ]
PASSES €ret €retx ber Rpe 1 Rpey ARy ARy be L %A
OR [ére*{re] rRDE 1[RDe—RDe] - =
SPECIMEN |— x€red Rpe €re
l€re J
(micros) (N) (N) (N) %
1 3.95 3.88 -0.07 372 365 -7 -0.018 -1.8
2 3.95 4.30 0.35 372 404 32 0.083 8.9
3 3.95 3.60 -0.35 372 339 ~33 -0.089 -8.9
4 3.95 3.79 -0.16 372 357 -~15 -0.041 -4.1
5 3.95 3.68 -0.27 372 347 ~-25 . ~-0.068 -6.8
6 3.95 4.514 0.564 372 425 53 0.143 14.3
7 3.95 4.31 0.36 372 406 34 0.091 ag.1

Table (8.77)

Resulting Table from Further Analysis of the Results Related to Elemental Die Number
Two of the Proto-Die Assembly of the 5 Elemental Dies -

[x = 7° — Copper Specimens]
PASSES  €rcp €reskx  Aep Rpez  Rpezx ARy be. ARy %A
OR (Erex<re] Rpe T(RpeRpel — =— .
SPECIMEN [— *€red €re  RBpe
l€re J
(micros) (N) (N) (N) %
1 6.964 7.52 0.556 688 743 55 0.08 8.0
2 6.3964 7.71 0.746 688 762 74 0.107 10.7
3 6.964 7.23 0.266 688 714 26 0.038 3.8
4  6.964 6.67 -0.294 688 659 ~29 -0.042 -4.2
5 6.964 7.50 0.536 688 741 53 0.077 7.7
6 6.964 7.83 0.866 688 774 86 0.124 12.4
7 6.964 7.906 0.942 688 781 a3 0.135 13.5

Table (8.78)
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BE§Bl§igg_Tahlc fggmnFurghgpﬂégng§i§wgiﬂghe Results Related to Elemental Die Number

Three of the Proto-Die Asscmbly of the 5 Elemental Dies

[o = 7 ~ Copper Specimens

PASSES €res €reax A Rpes Bpe ARy S %A
OR € —€ [Rpe T{Rp—R ] —_— =
SPECIMEN ( reX re] l,Ei X€rexl De ™De e Rp.
L€ re
(micros) (N) (N) (N %
1 6.48 6.82 0.34 648 682 34 0.053 5.3
2 6.48 6.75 0.27 648 675 27 0.042. 4.2
3 6.48 5.88 -0.60 648 588 -60 -0.093 -9.3
4 6.48 7.44 0.96 648 744 96 0.148 14.8
5 6.48 7.48 1.00 648 748 100 0.154 15.4
6 6.48 7.297 0.817 648 730 82 0.126 12.6
7 6.48 7.432 0.952 648 743 © g5 0.147 14.7

Table (8.79)

Resulting Table from Further Analysis of the Results Related to Elemental Die Number
Four of the Proto-Die Assembly of the 5 Elemental Dies

[x = 77 - Copper Specimens]
PASSES €res Eresk By Rpes Rpes ARy sep ARy XA
538 o R
ECIMEN [— *€red €re Rpe
lere ‘
(micros) (N) (N) (N) %
1 5.70 6.04 0.34 605 641 36 0.06 6.0
2 5.70 5.69 -0.01 605 604 -1.0% 0.06 0.2
3 5.70 - - 605 - - - -
4 5.70 6.71 1.01 605 712 107 0.177 17.7
5 5.70 6.15 0.45 605 653 48 0.08 8.0
6 5.70 5.90 0.20 605 626 21 0.035 3.5
7 5.70 6.28 0.58 605 667 62 0.102 10.2

Table (8.80)

-371-



Resulting Table from Further Analysis of the Results Related to Elemental Die Number
Five (Exit) of the Proto-Die Assembly of the 5 Elemental Dies

fx = 7° - Copper Specimens]
PASSES €res €resx Ay Rpes Rpes ARp ber ARp %0
OR [€rex<rel [Rpe T1[RpeRpe) — =—
SPECIMEN |— X'Erezﬁ‘{ €re Rpe
l€re ]
(micros) (N) (N) (N) %
1 2.594 3.17 0.576 280 342 62 0.222 22.2
2 2.591 2.28 -0.314 280 - 246 -34 -0.121 ~-12.1
3 2.594 3.39 0.796 280 366 86 0.307 30.7
4 2.594 3.23 0.636 280 349 69 0.245 24.5
5 2.594 2.60 0.006 280 281 1.0 0.0023 0.23
6 2.594 3.24 0.646 280 350 70 0.249 24.9
7 2.594 3.377 0.783 280 365 85 0.302 30.2

Table (8.81)
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Example of Unreliable Contact Strains Recorded for Individual Elements
when subjected to a Total Drawing Force, Fyr

€c1 €c2 €ca c4 cs
(micro)

13 0 54 8 20
22 12 90 15 33
31 28 127 24 42
41 46 165 36 53
47 65 195 55 63
55 86 225 77 69
62 107 250 100 75
71 129 273 124 79
79 150 290 145 84
82 170 304 165 88
84 187 317 191 91
84 200 328 218 94
84 216 339 246 93

TABLE (8.92)
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TYPICAL, SPECIMEN CONTACT STRAINS PRINT-OUT WHEN
ASSEMBLY OF THREE ELEMENTAL DIES WAS SUBJECTED
TO A TOTAL DRAWING FORCE Fgyr
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TABLE (8.93) .
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Fig.(8.4)

SET OF NSOH ELEMENTAL DIES FOR MEASUREMENT
OF STRAINS AND ANALOGUE OF ELEMENTAL DRAWING

FORCE, ef)eu> & Fpeu



Fig. (8.5)

ASSEMBLIES OF ELEMENTAL DIES WITH 7° AND 15° SEMI-ANGLES
TOR NO2N0 & 02T TOTAT ERACTIONAT REDITICTIONS
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Fig.(8.6)

SET UP OF THE EQUIPMENT EMPLOYED FOR REDUNDANT
DEFORMATION AND COEFFICIENT OF FRICTION EXPERIMENTS





