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SUMMARY

Annealed rods of copper, brass and aluminium, ehutfitial diameter D, = 0.2185
ins, were drawn in a Denison Testing Machine witid avithout back-tension through
case-hardened mild steel dies in order to invetiglae effects of reduction, die angle,
friotion and back-tension on wire drawing.

The dies were of angles 7 1/2 and 10 degrees with a constant fractional
reduction of 0.212 and of reductions 0.125 and ®\8Bh a constant angle of 5 degrees.

In order to measure the mean die pressure, anflaeef of friction, split dies
were used.  The two halves of each die were togiether by a speoial clamp and the
separating force during drawing was measured usirgin gauges fixed on the two
clamping bolts. The output of the strain gauges wdigplayed on the screen of an
oscilloscope.

During drawing, the drawing force and the sepagafiorce were recorded

when conditions were steady.

The equipment was later modified for drawing witdtk-tension.

The drawing force increases with fractional reductbut decreases initially to a
minimum and then increases as the die angle inesedhe mean die pressure decreases
sharply wiyh th increase in fractional reductiarn Imcreases as the die angle increases.

The coefficients of friction obtained were rathéyh Friction raises the yield point
of the drawn wire as is evident in the stress4stralation of the wires drawn with and

without lubrication.
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All the materials work-harden greatly before aistraf 0.1 is reached but
they hardly work-harden beyond this value of strain

Back-tension increases the drawing force, incedése coefficient of
friction but reduces the mean-die pressure.

The difference between the diameters of the wim the die increases as
fractional reduction increases, showing that tlge &f the dies decreases as
fractional reduction ia increased.

The results are in fair agreement with Siebel'®hdut not so much with
that of Hill and Tupper when the experimental valoéthe drawing foroe and mean

die pressure were compared with the theoreticalesl
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Sinoe metals are almost invariably drawn cold, work
occurs. The desired final mechanical properties can
by-suitable choioe of the drawing schedule and the
wireinthelightofitswork-hardeningcharacteris
also be needed.

The work done on the wire is expended in three ways

1 inchanging the wire dimensions

hardening
be obtained
initial state of the

tic.Heattreatmentmay

2. inredundant deformation that does not appear as a

change in wire cross-section

3. in overcoming friction

The work done per unit volume of the wire is numeri
thedrawingstress,i.e.thedrawingforceperunit
Iffriction between wire and die and redundant shea
negligible,thediemerelybecomesameansofstabi
reduction occurs under a tensile force.

The mechanics of wire drawing is concerned with the
"between extemal forces, boundary conditions of th
properties of the wire.

The subject has been repeatedly examined both theor
experimentally. At presentthere is no single equat
exact prediction of the forming force or pressure u
working conditions.

One of the main difficulties involved in wire drawi
istoobtainthecoefficientoffrictionwhichisg
theoretical considerations with known die geometry

conditions.

cally equalto
areaofcross-section.
ring are both assumed

lisingthepointatwhich

relation

e process and plastic

etically and
ionwhich cangivean

nder a wide range of

ng for example
enerallycalculatedfrom

and drawing
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CHAPTER ONE

INTRODUCTION
Wire drawing is the process whereby wire is progres
cross-sectionbypullingitthroughdiestoproduce
and shape. Circular wire is most often drawn. Ther
using a die with a tapered bore as in Fig. 1.
The pull onthe wire at exitfromthe die and the p
between the wire and conical surface of the die (th
sufficient together to stress the metal so that it
confines of the die.
The reduction in size per pass is limited by the am
can be applied without breaking the wire so that ma
toarrive atthe desired size. Inthe early days, t
of the dies and the choice of successive passes to
without annealing or breaking were closely regarded
praotical limitations became translated into standa
practice enables the same reductions to be achieved
toimprovementsinthe quality ofthe wire, hardnes
reduction, in friction.
The progressive reductions are usually made in tand
"multi-hole" wire drawing machines which may have 5
for each die is supplied by a rotating capstan whic
storage drum to reconoile the output from the die w

next.

sively reduced in
awireofaspecifiedsize

eduction is achieved by

ressure developed
e 'nip' of the die) are

is plastic within the

ount of pull that
ny passes have to be made
he shaping and hardening
give maximum reduction
assecrets. Laterthese
rd wire gauges. Modern
in fewer passes, owing

sandaccuracy of diesand

emon
to21 dies. The pull
hmay alsoserveasa

iththeinputto the



The two main problems in controlling the wire drawi
removingtheheatdevelopedbyplasticdeformation
at high drawing speeds and wear of dies which affeo
thedrawnwire. Lubricationisthereforeimportant,
the prooess in whioh the whole equipment isimmerse
fluidandthewireslipsonthecapstan. ltisused
0.03ins.diameter).Indrydrawing,soap powdersa
pickedupbythewireasitpassesthroughaboxof
Most coarse wire is drawn by the dry method. In dry
givenagoodwashinlime or boraxto clean offthe
pick up of the soap powder.

The reduction per passfallswithinarange from 10
normalpractice;withfinewires, limitsfrom15to
coarse wires are given 20 to 45 percent per pass, T
have values between 5 0 and 25
varies from zero to two wire diameters.

The die geometry is defined as aratio where

Mean diameter
Length of oontact between wire and die

ng process are
andfrictionparticularty
tsthe size and shape of
'Wet drawingrefersto
d inabath of suitable
forfinewires(lessthan
reused,thepowderbeing
powderaheadofthedie.
drawing, the wire is

surfaceandfacilitate

to50percentin
25percentareusualwhile

he total die angle can

0 and the length of the cylindrical portion



There are several theories in existence each yieldi
value ofthe coefficient of friction. The selection
theory has been further obstructed by the fact that
roughly samekindofdependenceofdrawingforceon
relation measured in most previous experiments.

The presentwork being describedwas carried outto
effects of

(i) semi die angle
(i) reduction

(i) friction (iv) and back-tension onthe
drawing force and mean die pressure.
Theinvestigations have been confined to round wire

of fruncated cones and to slow drawing, with and wi

The results of the experiments were compared with s

existing theories.

ng adifferent
ofthe mostadequate
all of them predict

reductionwhichisthe

investigatethe

,fodiesinthe shape

thout ‘back-pull’.

ome of the



CHAPTER TWO

(a) PREVIOUS RELEVANT WORK _(WITHOUT BACK-PUL)

Lynch, Riplin and Sachg) did some work on wire drawing under pressu
They worked with kerosine at a pressure of 170@)@&nd at room temperature.  The
experiments were made on commercial piano wirgashdter O.076 ins which showed an initial
tensile strength  of 330,000 psi,  This wire wemwn at a pressure of 170,000 psi, without
further annealing, to a final diameter of 0.026 in@atural strain of 1.9). For comparison, a
piece of some wire was drawn through a draw plaégraospheric pressure to the same final
diameter of 0.026 ins. It was not possible to céneydrawing further at atmospheric pressure, the
wire having lost all capacity for further extensiemd breaking with no preliminary yield.
Tensile tests were performed on this wire at thermediate stages at which the diameter was
the same as for drawing under pressure. Upstain of about 1.3, the behaviour of the wires
drawn by the two methods was indistinguishable iwithe scatter of results.  Tensile stress,
true stress at fracture and retained ductilityrensf the same function of the drawing strain;
they both increased linearly with the drawing strai But beyond a strain of 1.3, the wire
drawn at atmospheric pressure began to deteridha&téensile stress and true stress at fracture
diminishing until at a drawing strain of 1.9; themmant ductility was zero and both tensile stress
and true stress at fracture coincided at 430,000'pe wire drawn under pressure showed no

comparable deterioration.



Closelyrelatedtotheproductionofwirebydrawin ginliquidunder

hydrostatic pressure is the formation of wire by ex trusion fromachamber
under hydrostatic pressure. Itis found that pressu re is not transmitted
to the extruding orifice because of lateral frictio nonthe sides of the
chamber if the material is extruded without the aid of hydrostatic
pressure. Theeffectisthat pressures highenough tosplitthe extruding
chamber are reached before extrusion begins. No suo h difficulty is
enoountered however, whenthe chamber isfilled wit hliquid and extrusion
beginswhen the flow stress, which for softer mater ialsis muchbelowthe
pressures which the steel chambers can withstand, i s reached.

On carrying out an investigation on the two methods (drawing and

@

extruding), Howard and Spendelow Jnr. found no difference in the

propertiesofwiresafterinvestigation. ltwasfou ndthatextrusionmade
greater reductions of area at a single pass possibl e.
Workingwithsteelbars,LuegandPomp ® foundthatthedifference
between the two diameters (die and wire) was indepe ndent of the drawing
force and that itincreased with reductionwhen the die agle was small but
decreased with reduction in the case of large die a ngle.
FordandWistreich @ experimentingwithcopperwireconfirmedthat
the difference between the die and wire diameters i s practically
independentofthedrawingforceanddiepressure. Theyworkedwithwires
of different initial sizes but of identical mechani cal and metallurgical
properties and were drawn through the same dies. In their case, the wire

was invariably smaller thanthe die butthe reverse isknownto happen.
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Whitton considered the total drawing force as com posed of three
parts; that due to drawing homogeneously, the frict ion force at the die/wire
interface, and the force due to redundant shearing inthe body of the metal.
Whiletheactionoffrictionandredundantworkmay beinterdependent, forthe
calculation of the forces they contribute, they wer e calculated separately.

(6)

He used Sach's theory (that the

drawing foroe P = AZYm(l "'_pof;toé E - (%)p OOtﬁ as a basis because

it aocounts for the first two contributions and eddhe force due to redundant shearing.

He came out with the value
_2 OCL(I )
Pe =3 A2Ym r

where P = force due to redundant work. e

Thisvalueisaproductoftheexpressionsforforc eduetoredundant
work obtained by Sachs ©) and Wistreich ) respectively. He found that
his expression prediots values of drawing force and mean-die pressure
within ~ +10 per cent over a reasonable normal range of drawing. In normal
draws, the die angle lies between 5 and 25 and redu ctions may vary from

10 to 45 per cent. He also found that the predicted

values for annealed rods were low and those for pre strained material
previous methods (5)high.Witton's  thecryreducestheerrorsg ivenby
by half since the previous theory which takes accou nt of the redundant
deformation in the process is suitable for predict ons within +20%,

A theory for the coefficient of friction was derive d by Yang ®) .

This theory is the same as that of Machell%?r)\ in 1948 but a fact T7

was missed in Machellan's equation.  As in tls2ad previous workers,



it was found that the coefficient of friction depen
separating force to the drawing foroe if the die ge
conditionsarekeptconstant. ltwasnoticedthatt
coefficient of friction obtained fromthe calculati
was appreciable and that the coefficient of frictio
increaseinreductionratio(percent). Themeandi

increaseofreductionofareaandatsmallreductio

comparatively small. The drawing force from his exp

above the theoretical values

Cook and Wistreich (10)
alloy stripsthroughawedge-shaped die made of str
plastic. The pressure normal to the die-metal inter
photelastic method and the stress patternwas recor
in motion. In order to photograph the stress patter
being drawn, the testwas carried on at a steady sp
foundthattheconventionaldieshapewasunsuitabl
analysis because outside particular areas, the die
andtheisoclricssoill-definedthatthe principal
notbetracedwith certainty. Theirresultswerein

theory of drawing to Hill (1) .

ds on the ratio of the
ometry and drawing
hedifference betweenthe
onwithandwithoutland
nwas decreasing with
epressuredecreasedwith
n,theeffectoflandwas

erimentwas however far

carried out some work by drawing lead-tin

ess-optically sen-sitive
face was measured by
dedwhilstthe stripwas
nwhilst the metal was
eed of 1 ft/min. Itwas
eforphotoelasticstress
was soslightly stressed
stresstrajectricscould

goodagreementwiththe

Christopherson and Nayl&lrz)observed that the drawing force-

speed relation was similar in general form to th&ibn speed relation for a bearing

under constant load.  They pointed out that



the results for soap lubrication were notnecessari
beachieved. Theyemployedasimplecontrivance, by
under pressure toawire drawing die similartotha

Cameron (13)

.Thisconsistedsimplyofatubethroughwhichthe

on its way to the die. The lubricant adhered to the

andwasdrawnintothetubebyitsviscosity butwa

freely through it by the oonstriction caused by the

They concluded that the arrangement called ‘the inl

was practicable atleast for fairly soft materials,

the dimensions of the tube was reasonable and that

force was not excessive.
Wistreich(14)madeadistinctionbetweendrawingt

lubrioation is required and drawing for surface whe

is deliberately restricted to the minimum compatibl

ly the bestthat oould
whichoilwassupplied
tusedbyMacLellahand
wirepassed
surface of the wire
spreventedfrompassing
die at the far end.
et tube arrangement
that the tolerance on

the resulting drawing

osizewhenbest
n lubrication

e - with freedom from

scuffing. He then improved on Christopheré%n and others' work on

'forced’ lubrication.
lubricant to the required pressure.
tube to the flow of oil,

wire.

In his experiments, thiee itself was made to pump the
He develapttkory relating the pressure in the
in terms of viscosity,pesed and dimensions of the tube and

He worked with mineral oil on account tf known

viscosity-pressure-temperature characteristic @udise, being a poor boundary

lubricant,

it constituted a critical test of thetimod from the point of view of die wear.

He found out that the dies lasted from two to twdimhes longer and were more easily

reconditioned because wear was
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distributed more uniformly. The wire was generally cooler, and in
several instances, protective coatings were dispens ed with.

Wistreih ) employed MacLellan's ©) method wherebywire was drawn
through a die split into two halves longitudinally. The force tending to
separatethetwohalvesofthediewasmeasuredcon currentlywiththedrawing
force. Thetwohalvesofthe diewere pressedtoget herwithaforce.Hwhich
was progressivelyreducedfromH>StoS>Hduringdr awing. Heemployedadial
gaugetodetectthe separationofthe die-halvesan dreckonedthe quantity
(S-H)tobenegligiblewhenthegapwas"atleastO .00025ins". Thebreaking
of an electric circuit was used to detect when the separation was
appreciable and test were terminated when the separ ation was about 0.004
ins. Annealed light-drawn electrolytic copper was ¢ hosen for the work
becauseitwas easyto lubricate welland would not causethesteeldiesto
weartoorapidly. ltwas pointed out that the diffe rences between die and
drawnwire sizeswere much higherthan couldbeacc ountedforbythe elastic
distortionscausedbythedrawingforceanddiepre ssure.Thesedifferences
were fairly insensitive to the ratio of drawing str esstoyield stressand
varied markedly with die angle and it was concluded that these unexpected
large differences were caused by continued deformat ion beyond exitfrom
the die.

That wire deforms more than is apparent from the ch ange of

. . . . (7
dimensions has been noticed by WIStrgIEH‘Ie noted that the
'redundant’ deformation varies inversely with tagor (area of contact between wire

and die) / (cross-section of thére). When this
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ratio is small, the wire bulges before comingamtact with the die. It may also continue
to thin down after emergenoe from the die evenghdhe mean tensile stress is well below
its yield stress.  The greater the friction, there rapid the work-hardening, the less
pronounced the redundant deformation for a givelrstock configuration. It was pointed
out also that the mean die-pressure is never lilkebe much less than about two-thirds of
the mean yield stress and for large die anglessaral reductions, may exceed it by a factor
of more than two.  The greater the friction, liwwer the die pressure. The die angle for
which the drawing force is least is proportional tothe square root of the product of the
coefficient of friction and the fractional elongati of the wire by drawing. It was
shown as well that the split-die method and thegdare for the measurement of the
"splitting" force make it possible to determine toefficient of friction without recourse to

drawing theory,



. . . 15
Wistreich's results were in good agreement Wlﬂ‘bsfé )

theory but not so much with Hill and Tuppérzs‘r))Theory.
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(b) PREVIOUS RELEVANT WORK WITH BACK-PULL

Some values (awere derived by Howden and Lun(tle) from values of back-pull
factor, b, by means of the back-pull theory givgribnt and MacLeIIargg) but they did not
attempt to consider the effect of parallel (seg Bialthough this was stated to have been in
some cases as muchas 1=0.5*

Wiltreich(17)

published a paper that contained a fairly catepteview of the
experimental observations of the variation of ut, b
without any attempt to explain the results,

. L _ Prom Baron and Thompsorglss)
investigation, considerable new

data on the variation of b, and correspondingesh 5 for a wide
range of dies, lubricants and reductions of aregeovided. It
appears from their results that any effect of pelradven if due

only to small radius at the throat of the die, wagligible except
possibly for very small reductions of area.  Arabonis results for
such reductions are explained in terms of "redunsi@ain”, but
curvature of the channel may have been a contngdéctor. An
important conclusion from their investigation iathy. is independent
of r. Variation of r was achieved by drawingrfr one coil through
one of a series of dies, i.e. keeping A constadtA, varied.

Slightly strain-hardened basic mild steel ; (D= 0.025 in.) was
drawn by Lewis;(lg) at 30 ft/min through a tungsten carbide die
(R = 50, 1 = 0.5) with soap as lubricant and r = 0.228. he Tata
give b as 0.5 and conseque nlyas 0.087. A neglect of the effect

of parallel would giv p as 0.145.
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Baron and Thompséjr’?) have pointed out that the 'back-pull
against reduction curve published by Simgr% shows an appreciable
departure from linearity; this they attributed tariation ofju 1,vith inter-facial
pressure.  The data relate to 0.44 per cenboaphtented steel wire (D = 0.098
in.) drawn at very 'low speed’' with dry soap @sricant through a tungten carbide
die lex :=7O,1= 0.5, r=0.333). Approximating the curve ofick-pull against r, by
method
of least squares, its slope gives b = 0.55; cpaedingly. p=0.075

(19)

which agrees ew " with Lewis' result, while neglecting the effect

of parallel, =012” One set of Thompsor(\2§) results is directly comparable with

those of Simon(go). Mild steel wire (@ = 0.0715 in.) was drawn with
a very good soap lubricant at a speed of 0.06 mthmough a tungsten
carbide die &= 5.5 , 1=0,r=0.191). The back-pull curve gives

b =0.315 and” insequenip = 0,004, This is the oPposite of a speed 8
who found the u increased with effect noted by Baron and Thomp&&h

speed. Itis also contrary to the effect obtawét 7 per cent nickel

silver drawn through the same die as the mild steml this 1 rose

from 0.039 to 0.075 for a speed increase from @22 in/min.
Wistreich(17) has quoted Heselwoog’g) results to suggest that

for steels drawn through tungsten carbide dies sotp as lubricantj

b increases with increasin"'c This is the reversaef/ariation
suggested by MacLelldf®
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Different sizes of wire were drawn by MacLellan t hrough a

tungsten oarbide (D, = 0,039 in, & = 64”) at a drawing speed of

14.

1,0 ft/min. In his report, the diameter of the draw nwireD 2showsa
slight decrease for the greatest reduction of area. This suggest
continued plasticflow ofthe metal afterleavingt he conical partofthe

die under the influenoe of the correspondingly larg e drawing

stresses. The relation between b and r is far from the simple
proportionality predicted by Hillas (24) as quoted by Baron and

Thompson (18) on the assumption that ) is independent of r. In this

prediction, effects of parallel were not considered and the following

relation was obtained
b = 2(1 + p cotex)
Theabsenceofproportionalityinhisresultsisdu etoavariation

of ,uwhich is from 0.25 at small reductions to 0.0 97 atthe largest

reduction.



CHAPTERTHREE

THEORY

If the wire drawing die instead of being solid, is
longitudinally, the force that tends to separate th
concurrently with the drawing force, then the coeff
diepressure canbecalculated directlyfrommeasur
wire drawing theory.

The coefficient of friction between wire material a
assumed constant.

Theareaoftheelementofthedie-wireinterfaced

by the equation
a = L(—-l-—h-—z-) ae
e e

=7 sinpe
From polygon of forces of fige 2

dP = qmd.M sinoc+)4 qndM o0s ol

I

H

as .
and .‘_10 qnd.M 0os oc-);qndM sinec

i}

whoenoe the drawing foroe
2JC

15.

splitin half
e two halves is measured
icientoffriction andthe

ementwithoutresourceto

nd die is

Moffigure2isgiven

(-A-l - Az)(l +)l GOtOéqm'g'g seesevstsassasesnssranee (2)

(Al - .A.Z)(CWQC_—}.I)C]D 'g"%.c PIERBEBEIREIIRIGRIEREIEIILTS (3)

P = S dp = (Al —Az)(l “_.F‘ cotoc)qn TR (lp)
- ™ =0 . -

=
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and the splitting force

s Sﬂds =& ( . : (
= K —"i'- A:L HAZ)(OO'IBOQ.-}I)QE sesssnersinsnasey (5)

e=0 :

fron (&) and (5)

))‘ = tan (—P_S -x) sesssscsvssnbssstassssasnnsdonvrnssinnd (6)

S
i qm = (Al - Az‘g(cotx‘_}l) Y I N R N R R NN Y] (7)

i

Since the drawing force is fairly constant andlibek-tension is absolutely constant, the
theory of back-tension is the same as that witbagk-tension but with the net drawing

force (R, - Q) replacing the drawing force without backdiem P and so we have

).lx = tan (""'J'CS_"' —OC) GessesRLstIcLrsIsIsRIIRRIIRRIRESY (8)
X

s, |
qu = (Al — Az)(oorb' u;_}lx)' o-.o.t.c.ttoooo......ooc.loo.io (9) .

Wiire Drawing Theory

Whereas no rigorous theory of wire drawing is ds ye existence, the numerous
approximate theories have been put forward basedare or less arbitrary assumptions
about the manner of deformation and leaving outidfpendence of the stress system on the
deformation. . For purposes of comparison withrésailts of this investigation, Siebel's
theory as well as Hill and Tupper's theory of twoensional or "sheet" drawing, which is
rigorously deduced from the mathematical theorplasticity, recommended by its

originators for wire drawing are considered.
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Siebel'¥® theory differs from all other approximate theories inttha

it postulates a non-uniform distribution of stresgr the cross -son of the wire but rests
on the assumption that the work of drawaaa be resolved into three parts:-  the work of
homogeneous deformation, of friction between die¢ wire, and of redundant
deformation (i.e. that which does not bring alemy change in the dimensions of the

wire), Siebel's formulae for drawing force and Mek& pressure are:-

A

A
1
P = Az YI‘.I 'ln(_”) +‘PE"A2YI'1 ln("'"') + % AZYEIOC sssssautasan (10)

A, 4y

= o 1 +"E f'l"} + 2 “;ano.too
9 Ym[’r ( =) 111(112 " +£) 1n(‘:'A_1_) ‘ﬁ_« (11)
A

The three terms in equation (10) represent thetribations of homo-geneous
deformation, friction, and redundant deformatiespectively. Equation (11)
indicates that friction lowers the die pressure eaimt, and that the die pressure
exceeds the yield stress for a wide range of digearand reductions. The optimum
die angle, i.e.the angle for which the drawiagé is minimum for a particular
reduction varies with coefficient of friction anelduction, derived by minimising

equation (10) is

D oopt = ,‘1.5)-1 ln(-:?)
2

-l Ir
— T I E I RN R Y P Y Y Y Y Y S IRYY) (12)
o -
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examined first in the (25) In Hill and Tupper's theory , the process is
absence of friction and work hardening. Homogeneous and redundant
defornation are not separable and the dependence of the work of
defornation on die angle and reduction cannot be ex pressed
analytically. However, for convenience of compariso n with experiment
and with Siebel's theory, Hill and Tupper's analysi s may be symbolised

as follows:

. A

P = A, Ym;zi 1n(A2) essessesessessnsorerssraccsssssccanss (13)

ler P

and qm ="";""' 'rz I E R R R R Y N R Y N P R R RSN PSS Y] (11{-)
wheredisafunctionofreductionanddieanglean disneverlessthanunity

and * denotes absence of friction.
Hill and Tupper assumed that the effect of friction on die

pressure may in practice be neglected so that

qﬂ = q; = 1 ; z Yl'.'!. g 1n('§'2-) CPAP N AP PR N UG PN R IO RNEC TSI PR (15)

and in consequence

*
P=(1l+nocotx) P
= (1-]3 }l oot W) AZ Y.EI. ﬁ In (‘i_;) ) oaocounooooofa-.un..oooto. (16)
Theabove equationsreveal differencesbetweenthe twotheorieswichh
can betested bythe presentinvestigation. Theyal so show similarities that

point the way to a generalisation of experimental d ata.



19. CHAPTER FOUR EXPERIMENTA

EQUIPMENT MP .PROCEDUREa) EQUIPMENT

The equipment used in the experiment consistseobthton Denison Machine which
served as the drawing machine and holder for thaptately cylindrical and unsplit part of the
die, the die through which the rods were drawnnd @ special damp that was used to clamp
the two halves of the split part of the die togetheoughout drawing.  Strain gauges were
employed to  /measure the splitting foroe on e die halves, the output from the strain
gauges being displaced on an oscilloscope.

A photograph of the assembled equipment is predeémtglate 1. The equipment was

modified for back-tension drawing as described Wwelo

The Dies

The dies of fig. 5 were made of mild steel baestinere was no suitable carbon
steel.  One end of each die was wholly cylindrézal the other end split into two symmetrical
parts. This was done by milling a length of thidscylindrical block slightly more than twice
that of the required split half.  This was tloen into two equal parts.  The part which
was a complete half was then placed over the m@trthat comprised of a completely
cylindrical portion. Throughout the machining optgma, the two nating halves were held in the

ohuck of the lathe machine so that their alignmentained undisturbed.



20.

They were made in the shape of truncated cones as d emanded by theory with
semi-anglerangingfrom5to0 10, Theinside ofthe dieswere casehardened
as described below, and the inside of each half pro perly cleaned with emery
clothtosnoothenthe passage forthe materialsto bedrawnaftertheyhad

been case hardened.

Tocasehardenadie, the outside surface (includin gthehalvedpart)
wascoveredwithcoppersulphatesolutioninorder thatthesurfacemightnot
be as hardened as the inside and that it might not be brittle outside. The
dieswere then buried in carbon chips withina cont ainer. Thelevel ofthe
carbon chips was below the height of the container. The carbon chips were
coveredwithasheetofironandtheremainingspac eofthecontainersealed
up withwet mud in order to avoid oxidation. The wh ole unitwas then placed
inafurnace atatemperature of 900 °c.The temperature was maintained at
this level for about 3 hours. Current was switched off and the container
removed after the furnace had cooled to room temper ature. The dies were
placedbackintothefurnaceatroomtemperaturean dcurrentswitchedonuntil
atemperature of 840 °Cwasattainedinorderto hardenthem. Theyweret hen
removed andcooledinoilsoastotemperthem. The ywere later returnedto
the furnace and heated until atemperature of 770 © Cwasreached. Theywere
then removed and quenched in water so as to temper them. The hardness of
the dieswas about 860 V.P.N. as obtained froman a verage of a series of

hardness tests.



The Clamp

Theclampwasmadeupoftwo 2 ins.diameterboltseach3.5ins.long
and threaded to 1Z Ins. from each end, eight . & ins.B.S.F. nuts (two at
each end of the bolts with one acting as a look-nut forthe otherwhenthe
bolts were stressed), and two plates that actually press the two halves

together as shown in Fig. 3.

The separating force was recorded by four strainga ugestypeP.S.5
of120ohmsresistancewhichwereattachedtothem iddleoftheboltsaxially
andconnectedtoforna’'WheatstoneBridgecircuit intheconventionalmanner
andFig.4 showsthe connection ofthe straingauges andthe o scilloscope.
The battery was the energiser of the cir-cuit, the ameter registered the
oonstant current of 40 milliamperes. The 100 ohm re sistor was used to
maintaintheconstantcurrentandthe 10ohmresist ancebox(betweenstrain
gauges 3 and 4) was used to balance the strain gaug e Vheatstone Bridge
circuit.

Wire .
Thematerialstobe drawnwere madefrom 1/4ins.d iametercopper,

brass(70 (V(Copper, 30 (V(Zinc) and aluniniunrods whichwere the only soft

materials available. These were then machined to th e required ingoing
diameter and the drawing ends chamfered so thatthe y could enterthe die,
be clamped and pulled. The wire was preparedinthr eesizestogivethree
differentreductions. The materialwasfirstcleane dwithemeryclothand
later with acetone. It was then dipped into graphit e, the lubricant used
in the experiment. Prior to drawing, the specimens were annealed as

follows:



Aluminium;  This material was heated in the furnace until the
320 °cwasattained.Thetem peratureofthefurmacewas
faronehour. Thefurnacewasthenadjustedtocool
10and15Cperhourto 230

and allowed to cool in air.

Brass . This material was heated in the furnace until the
600°Cwas attained. Thetemperatureofthefurnacewas
levelforanhourandthematerialallowedtocool

the temperature got to that of the room.

Copper . This material was heated in the furnace to atemp
The temperature was maintained at this level for on
removed and later quenched in water, because itwas

(0.2185 ins. diameter).

Moadifioation of equipment for back-tension drawing

22.

temperature of
maintainedatthislevel

slowlyatarateofbetween

0 .
C.Thematerialwasthentakenoutofthefurnace

temperature of
maintainedatthis

withinthefurnaceuntil

erature of 300 C.
e hour and the material

of small cross-section

The length of the preformed rods to be drawn with b
made longer than in the experiementwithout back-te
eachpiecethreadedsothatitcouldbescrewedto
diameter, tapped atone endtoalength of 3/4ins.
otherendwhichalloweda3/16"diameterBondonste

block (see Fig. 8). The thread mentioned above, was

ack-tension was
nsion, and the far end of
acylindricalblook3/4ins.
Aholewasdrilled atthe
elcabletobetiedtothe

a l/4" B.S.F.



The cable was made to pass overa 1/2in, thick pla
that rested over the upper jaws of the Denison Mach
rounded along one side ofits length and itwas des
side just passed over the centre of the upper jaws
completelyverticalwithinthejaws, fromthisplat
a7/i6ins.diametercircularmildsteelbarwhich
The other end of the cable was then made to carry a

132 Ib.

te of mild steel
ine. This plate was
ignedthat the rounded
so that the cable was
e, thecablepassedover
actedasafixedpulley.

constant load of



24.

® PROCEDURE

Tensile Test. Tensile test was performed on a sampl e of each annealed
material to be drawn. The sanple of gauge length 2 ins. was stressed inthe
Denison Machine at the sane speed as in the actual drawing process, a speed
of about 0.3 ins/min. The force and the correspondi ng extensionduring the

test were recorded.

Wire Drawing . Beforetestswere carried out, the d.c. balancea ndgainofthe

oscilloscope were checked.

D.C.BalanceofOscilloscope .Thetraceonthescreenoftheoscilloscopewas

adjusted to be at the central position, with SENSIT IVITY switch set to the
0.2VOLTS/CMposition. Withthe D.C. BALANCE contro |,thetracewasadjusted

to the same position. The SENSITIVITY switch was la ter changed to 0.2
VOLTS/CM. Itwas then checked that there was no cri tical shift of the trace

as the SENSITIVITY switch was changed from 1 mV to 0.2 VOLTS/CM.
CheckingofimV/CMGAIN .Thestandard Amplitude Calibratoroutputwaschan ged
to 5 millivolts, the VERTICAL SENSITIVITY switchwa salsochangedto 1 mV/CM
andthe VERTICALDISPLAY control adjustedtocentre thedisplay. Thedisplay

was checked to be of amplitude of 5 on. whioh was w ithin the recommended

5cm+1mm (3 %).

Qalibration of the Strain Gauges . Four special mild steel blocks

(5/8"x5/8"x 3V 2) were each drilled and tapped axially at one end so that



the threaded ends of each of the bolts could be scr
forming two block-to-block units and the strain gau
follows:-Dowelsweremadeattheotherendsofthe
ensured no relative notion between either unit when
Fig. 6. The two compound blocks werefitted intoth
the two bolts were stressed simultaneously. The loa
increasedtoamaximumofl.4tons.Movementofthe
(incm.)correspondingtoagivenloadwasrecorded

A graph ofload against oscilloscope trace movement
in Fig. 9 to give the strain gauge calibration curv
corresponding to the movement of the oscilloscope t

i.e. the separating force was later read from the g

Drawing of the wire. Each test piece (D

end earlier chamfered to enter the die was cleaned
graphite and putintothe die, whose splithalvesw
thespecialclampoffig.3. Theupperpartofthe
wasthen heldinthe upperjaws of the Denison Mach
ofthematerialpulledbythelowerjawsofthemac
tensiletestmanner. Thedrawingforcewhichincrea
became fairly constant was then read from the indic
Machine simultaneously with the movementofthetra
fromwhioh the separating force was obtained. Curre

maintained at 40 milliamperes throughout the experi
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ewed into two of them
ges calibrated as
blocksfortwopinsthat
stressed as shownin
e Denison Machineand
ds were gradually
traceoftheoscilloscope
at0.1ton.intervals.
was plotted as shown
e. The force
race whilst drawing,

raph.

1 =0.2185 in.). with the drawing

in acetone, dipped into
ere heldtogetherwith
diewhichwasnothalved
ineandthedrawingend
hineinthe conventional
sedgraduallybutlater
ator of the Denison
ceonthe oscilloscope
ntinthe circuitwas

ment as the



usual current carried by most strain gauges without getting too heated up
and burnt is about 20 milliamperes. The 40 milliamp ere currentis shared
equally by the strain gauges 1 & 4 and2 & 3connected in parallel.
Earlier,thestraingaugeswerebalanced. Thiswas donebyconnectingthe
junctionsof1 & 4and2 & 3,asshowninthecircuitdiagramoffig.4,

to an avometer.

Whilecurrentpassingthroughthestraingaugecirc uitwasmaintained
at40  milianperes, the variable resistance between 4 and 3was adjusted
until no current was registered by the avoneter to balance the Wheatstone
Bridge circuit. This was done before readings were started.

Back-tension drawing

Calibration of back-tension load. Because of friction, it was felt that
theeffectoftheactualloadappliedasback-tensi onloadwouldbereduced.
The back-tension load was thus calibrated to know t he effective value at
thefarend ofthe drawing rod. Thiswas done by placing a spring balance
in between the lower and upper jaws of the Denison Machine with one of its
twohookstiedtothelowerjawsandtheothertoo neendoftheBondonsteel
cable. The other end of the cable was being progres sively loaded and the
correspondingreadingsofthespringbalance noted. Thearrangenentofthe

spring balance and loads is presented in fig. 8A.
The load is approximately equal to half of the appl iedload as

shown in fig. 7.

26.



Drawing.

In the experiment, a snall load of about 0.02 tons
applied atthe drawing end of the rod withoutany p
whenthe back-pullwas later applied, therod didn
Theblockscreweduntothefarendofthedrawingr
thejaws ofthe Denison Machine becausethe die,wh
v sins)wasgreaterthanthediameter(3/4ins.)oft
by the jaws of the machine.

The actual back-tension load was applied at the fre
Bondon steel cable and the drawing force increased
tonf applied until it became fairly steady. This dr
read and recorded simultaneously with the trace mov
oscilloscope screen.

In both experiments, with and without back-tension,

drawing was very slow, about 0.3 ins. per minute.

was initially
ullatthe back so that
otcome outofthe die.
odwasquitefreewithin
ose extemal diameter (

heblock,wasbeingheld

e end of the
from the initial 0.02
awing load was then

ementon the

the speed of

217.



28. CHAPTER FIVE

PRESENTATION OF RESULTS. DISCUSSION AND CONCLUSIONS

0] Stress-strain characteristic curves thedrelation

between relative work-hardening ratd strain for

the materials

The stress-strain characteristic ourves for thierigds  (oopper, brass and aluminiun)
before drawing are presented in Figs. 10, 10A &l 1 The curves reveal that the materials
work-harden greatly.

. . . 1
The curves of the relation between relative wondbaing rate 3 (d‘fl) and

strain £ are presented in Fig. 11.1 ("¢ the flow stress
of the material). It is seen fron the curveg tithe values of relative work hardening rate for
brass and aluniniun are higher than those for eopfor the same strain and that the difference
between the values for brass and aluniniun is nattrn ~ The graphs also show that for large
strains, the materials do not work-harden conalalgr Beyond a strain of 0.1, copper hardly

work-hardens while the rate at which brass andimilum work-harden is very low.

(i)  Relation between mean-die pressure ancudige
The graph of mean die pressure against die anglégpfl2 shows that the
mean-die pressure increases considerably withriple or the three materials.  The rate

of increase is greatest in Aluniniun and leadiraeiss.  The die pressure increases fron

about
. 2 . o] . 2 o .,
10 tons/in for die angle of 5 to about 18 tons/in for 10 die angle
in case of aluniniun. For brass, the die pressure i ncreases from
about 12 tons/in 2 to about 17 tons/in 2 while values for copper increases

fron 9 tons/in 2 to about 16 for the sane



range of angle.



Itfollowsthatifthe dieangle iskeptlow,them
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eandiepressureis

low thus reducing die wear and increasing the life of the die.

(i) Relation between the drawing force and the d ie angle.
Thecurvesoftherelationbetweenthedrawingforc eandthedieangle

arepresentedinFig.13. Thedrawingforceatany angleisgreatestforbrass

followed by aluminium. Copper has the lowest drawin
showthatthedrawingforceatfirstdecreasestoa

as the die angle increases for the three materials.
drawing force increases as the strength of the mate

beween 7 Y 2 and 10 degrees.

(iv ") Relation between the drawing force and reduction

gforce. The curvesalso
minimumandthenincreases
The angle of minimum

rial decreases, butlies

Thecurvesoftherelationbetweenthedrawingforc
presented in Fig. 14. The drawing force increases a
Therateatwhichthedrawingforceincreasesforb
for aluminium or copper.

In practice, the tendency is to arrive at the desir
after a few passes, this may mean taking a fairly |
will therefore require a considerably great drawing

The drawing forceis limited because the wire will

exceeds a certain value.

(v) Relation between the mean-die pressure and red

eandreductionare
s reduction increases.

rassisgreaterthanthat

ed dimension
arge reduction which
force.

breakifit

uction.

The curves of the relation between the mean-die pre
reduction are shown in Fig. 15. They show that the

decreases sharply as reduction increases. This is i

ssure and
mean-die pressure

n agreement with



the findings of Wistreich . They also show that
in practice, the greater the reduction, the lower t

and that means the less the die wear and the longer

(vi) Stress-strain relation for drawn wires.

The stress-strain curves for the wires drawn lubric
unlubricatedarepresentedinFigs.16,l6AandI6B
the yield stress for each material is raised by dra
lubrication. Thedifference betweenthe yieldstres
with and without lubrication is not pronouncedinc
aluminium. Thesurfaceofthewiredrawnwithlubri
thatdrawnwithoutlubrication. Thecurvesareing

@

result of Wistreich on such investigation.

(vii) Relation between the net drawing force and

(7) theory and also with

he mean-die pressure

the die life,

ated and
.Thecurvesrevealthat
wing without
sesforthewiresdrawn
opperandbrassasin
cationissmootherthan

oodagreementwiththe

reduction in back-tension drawing.

The curves of the relation between the net drawing
reduction in back-pull work are presented in fig. 1
force (net) increases as the reduction increases in
The rate of increase of the drawing force for brass

either for aluminium or copper. The actual drawing

force and
7. The drawing
all the materials.
is higher than

force is greater

than in drawing without back-tension and the ddfere between the

actual drawing force in drawing with and withoutkdension decreases

as reduction increases. This shows that in practice

, a greater

drawing force is required for drawing with back<em than in
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drawing without back-tension. The rate of increafsthe drawing force with
reduction is about the sane in the work with attiaut back-tension but while the
shape of the curves are concave in work withookdt@nsion, they are convex in

work with back-tension.

(vii)  Relation between the nean-die pressure and
reduction (in work with back-tension)

The curves showing the relation between the neampmdissure
and reduction are presented in fig, 18. Thegaékthat as in the
drawing without back-pull, the mean-die pressurerelgses as
reduction increases. They also show that backeemeduces the
mean-die pressure and that the rate at whichrésspre decreases
with increase in reduction is less in drawing wadtk-tension
than in drawing without back-tension.  This ingiree means that
drawing with back-tension is advantageous as # dotvm die wear

consequently increases the die life,

(x)  Relation between energy per unit volune andrstrai

The relation between the energy per unit volunestrain
is presented in Fig. 19. The energy per unitrelis obtained fron the area under a
graph of drawing force against length of wire dradiwided by the volune of material
drawn.  The curves show that energy per unitn@lncreases as reduction
increases. Brass shows the greatest rate of seaenergy per unit volune with

strain. It



increases from abouEB tonszlin at a strain of 0.1 to about
20 tons/in  at a strain of 0.4.  The corresponding valoexbpper
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and aluninium are about the same for the same range of strain. They

are about 5 tons/in 2 at a strain of 0.1 and 14 tons/in 2 at a strain of
0.4. These values of energy per unit volume are muc h more higher than
the theoretical estimates obtained from the equatio n E/const Volume =

{0— d& orthe area under the stress strain curve.

x) Relation between the back=pull factor (b = EE

= and reduction r. -(____Q-—
Thegraphsofback-pullfactoragainstreductionar easshowninfig.

20. The curves show that the back-pull factor incre ases

sharply with increase in reduction and this agrees well with the work

of MacLellan @3 . This shows that in practice, the greater the

reduction, thegreatertheback-pullfactorandsin ceFisanon-measurable

quantity, the greater the drawing force. This agree s with the curves of

variation of drawing force with reduction.

(xi)Relationbetweentheexperimentaldrawingforc eand

the theoretical values.

Comparison of experimental drawing force with theor etical
values obtained using Siebel's (15) and Hill and Tupper's (25) equations
is presented in Figs. 21, 21A and 21B. The curves s how that there are
differences between the values obtained using the t wo theories.
They also reveal that the experimental values do no tagree so much
with the theoretical values for if this were not so , the straight line
graphs should be be at 45 or as near it as possible . The anomaly could

be attributed to the rather high values of the coef ficient of friction



used to calculate the theoretical drawing force.
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(xii) Relation between experimental die-pressamd
theoretical values

Comparison of experimental mean die-pressure \nébretical
values obtained using SiengSS) and Hill and Tupper’gs) equations
Is presented in Figs. 22, 22A and 22B. The rdtezal mean die pressure also
decreases as reduction increases but the rateade is greater in the experimental
results than in the theoretical values.
Generally, for all the materials, values of meanptessure obtained

(25)

from Hill and Tupper's equation are higher than those obtained

: . 15 : :
either from Slebel'g )equat|on or from the experiment. For lower

reductions, the values obtained experimentallyhagleer than from
. 15 . o .
Slebel's( )equatlon but as reduction incerease, the expentinealues of

pressure drop sharply below Siel%lﬁ)s values.

(xiii)  Relation between the difference in theevi and die
diameters and reduction

The curves of the relation between the differemciné wire
and die diameters and reduction are presented)irBi  The graphs
show that the difference in the two diameters réwaind die) increases
as reduction increases.  The rate of increasgresatest for
aluminium. It increases from about 0.0015" e¢duction of
10 per cent to about 0.005" at a reduction of 40cpat.  The rate
of increase of the difference of the two diametersopper is

next with values of about 0.0022 at 10 per centicgdn and about



0.0039 at 40 per cent reduction.  The rate afease of the

difference in the two diameters (die and wireweduction is least



inbrasswithvaluesofabout0,0017at10percent
at 40 per cent reduction. This shows that in practi
reduction,themorerapidthediewearandconseque

of the die.

(xiv) Relation between coefficient of friction and

reductionandabout0.0029

ce, the greater the

ntlytheshorterthelife

reduction .

The curves of the relationship between the coeffici
frictior
coefficient of friction increases linearly with red
increase is about the same for brass and copper whi
aluminiumthaninthe other two materials. This sho
greaterthereduction,themorethefrictionandth
wearandsotheshorterthedielife. Changingofd
ashorttimewhendrawingwithlargereductions.Th
important, butasdrawingprogresses, thetemperatu

tends to becone less effective, hence cooling is ve

(xv) Relation between the coefficient of friction a

1 () and reduction (1) are presented in Fig. 24. They sh

ent of

uction. The rate of
le the rate is lower in
wsthatin practice, the
egreatertherateofdie
ieisthusnecessaryafter
ismakeslubricationvery
rerisesandlubrication

ry necessary.

nd

die angle.
The graphs of the coefficient of friction
(e<”) are presented in Fig. 25. They show that the coeff
friction varies linearly in a decreasing manner wit
the die angle. The rate of decrease of the coeffici

with die angle for aluminium and copper is low and

()1) and die angle
cient of
h anincrease in
ent of friction

about the same.

34

ow that
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For brass, the rate is even lower than in the dthematerials although the a actual
value of the coefficient of friction at any rediact is highest for brass, followed by
aluminium while copper has the lowest value. olloivs from the graphs that in
order to reduce friction, large die angles shdaddised in wire drawing.

The coefficients of friction obtained are higtiean normal. This is
probably due to (i) The dies that are not pelyesmooth; (ii) non-uniformity in
lubrication.

Some of the specimens show signs of stiction éicti  For these reasons,
the lowest values of the values of coefficientradtion for each material were used in
calculating the theoretical drawing force and treeam-die pressure.

Owing to the fact that the dies were made in twlods there were two fins
on the drawn wires.  The fins were so thin thatr effects were neglected. The
acceptable thickness of the fins was 0.004 insvhenever the thickness exceeded this

value, the results were discarded.
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36.
CONCLUSIONS

Friction raises the yield point of the drawnevas is evident in
the stress-strain curves of the wires drawn lubst@and
unlubricated.
The coefficients of friction obtained are higheanimormal. This is
probably due to (i) the dies that are not perjesthooth; (ii) non-uniformity in

the lubrication.

The drawing force increases with reduction buteswwith the die angle in
the shape of an arch.  The optimum angle inceeas¢he strength of the
material decreases. For brass, aluminium apgerpthis angle lies betweeh

1/2 10 degrees for a constant reduction of 0.212.

The mean-die pressure decreases as reductionsesrbat increases as the

die angle increases.

Back-pull increases the drawing force and the adefit of friction but

reduces the mean die pressure.

The split die apparatus and procedure for the nreasent of the
splitting force described in this work enable ooelétermine the coefficient of
friction without recourse to wire drawing theory.

The coefficient of friction obtained varies lingawith reduction in an

increasing manner but varies with "the die angla decreasing manner.



Forgoodwiredrawing, theinvestigation showsthat smslldie

angles and fairly large reductions are advisable. T hereisa
limitation to these conditions as below the optimum die angle the
drawing force increases and the force also increase s with large
reductions, Acompromisethenhastobeworkedout wheretheeffects

of all the variables produce good drawing.

The results of the work are in fair agreement with the

agreement with that Of(15) theory of Siebel ' but not so much in

Hill and Tuppe$25) as found out by some previous investigators.
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TAELE OF RESULTS

TABLE 1

CALIBRATION OF STRAIN GAUGES

IOLD (tons) TRAggcﬁéggﬁgggE(cm) 104D (tons) TﬂﬁggcégigggggE(cm)
0.1 Oel 0.8 1.2
0.2 04275 049 Lol
0u3 0425 1.0 1.6
0uls 0.6 1.1 1.7
0.5 0.8 1.2 1485
0.6 0495 1.3 2.0
0.7 1.1 1ok 2,15

CALIBRATION OF BACK~TENSION LOAD

ACTUAL APPLIED LOAD {Tons)

EFFECTIVE LOAD (Tons)

20
40
60
785

100

120

19
29
39

49
59




TABLE 3

Mean~die pressure ) against reduction r
P %

o<z Constant = 5°

Haterial Ly Tons/sqain. Reduction (r)
Copper 1k.8 0.130
el 0,212
4..865 0.358
Brass 17.6 0,1225
12.5 0.210
7455 04351
Aluniniun 1545 04125
10,2 | 0,212

534 04366




43
TABLE L

Drawing foree (P) against reductim (»)

X = constant = 50

Material | P (ton) _ r
(opper 0,185 0,130
04235 04212
04395 : 0.358
Ppass 04215 ' 0.1225
0.330 0,210
04560 0.351
Lluniniun - 0420 0.125
0.235 | 0,212

04335 0,366




TABLE 5

Mean-die presswre (gn) against die-angle(jtp

reduction r = const = ,212

Tlaterial qu tons/sq.in. Angle ¢Co
Jopper 9.1 5
11.5 7%
15.8 10
Drass 12,5 5
Lyl 75
16.6 10
Aluniniun 10,2 5
13.55 75

17.5 10




Draving force (P) agninst die angle o<

reduction r = constant

BIE 6

b5

-

Material P (tons) Angle e’
Copper 04235 5
0,165 %
0,170 10
Prass 04330 5
0.260 74
0,290 10
Aluniniun 0,235 5
0,20 7%
0.21 10




TABLE 7
Drawing with back-pull

Mean-die pressure (qr:) against reduction (r)

die angle OK= const = '.50

q, tons/sqein ., reduction {(r) Moterianl
11,2 . 0,123 _ Copper
6.7 0,220 |
L84 0,365
15.0 0.125 . Brass
9.15 0.215
7.55 0.365
114 0.130 Aluminiun
6478 04220

5.5 04365




L7
TLBIE 8

Draowing with back-pull
Net drawing foroe (Px - ) tons against reductiom (x)

D = oonst = 50

(p_ - @) tons reduotion (r)  Material
0.2555 . 0,123 _ G opper
0.3155 0,220
043655 0,365
0.3155 - 04125 - Brass
0.4,005 0.5
0.6005 0.365
0.3105 0,130 Aluniniun
043605 0,220

04105 | 0,365
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TABLE 9

Difference between the die ond wire

diameters against reduction,

iX. = constant = 50

Difference in dianeters Reduction {r) Materisl
(ins)
0,0026 0,130 Copper
0,003, 0,212
0,0039 ' 0.358
0,0019 0,1225 Brass
0,002, 0,210
0,0029 Ce351
0,0021 0,125 Aluniniun
0,003 0,212

0.0049 04366
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TAELE 10

COEFF, OF FRICTION 90 AGAINST REDUCTION

oc = CONST = 5°

Material B R o Red‘(ﬁ;mn
Gopper 01405 04130
0.2035 ' 0,212
0.,4111 . . 0,358
Arass 0.,1835 . 0.1225
042997 ' 04210
O 33 ) Cu351
Aluniniun 0.159 0,125
0.1697 ‘ 0,212

043352 - 04366




TABLE 11

COEFF, OF FRICTION (p) AGAINST DIE ANGLE oA’
REDUCTIN (r) = CONST = ,212

— - —

“WTERTAL : | P oL

Copper 0,2035 5
0.1799 ' *

0.1373 o 10

Brass 0.2997 5
0.2908 a ;

0.3522 10

Alupiniun . 0.2197 5
' 0.1986 X

0.,1712 10




TABLE 12

ENERGY PER UNIT VOLUME AGAINST STRATIN

VATERIAL ENERGY/VOLUME STRAIN
(E/V) Tons izy/ins 1ln (A]_/Az)
COPPER 575 0.140
B3 04239
1.5 Ol
HERASS 7495 0.151
11.6 0.239
201 0.4.32
ALUNMINTUM 642 0,13,
843 0.239
13.7 0.4575
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