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Abs tract 

Four low carbon steels were drawn from rod tn WltO on .1 

commercial multi-die wire drawing machine. Sê\mpll's weIl' 

obtalned f rom between di es. In te rna l ddmage, as .1 [une t l on 

of cold work, was deterrnined using precisIon clensity 

measurements. Nitrogen was observed to have the Cjleatest 

effE"ct on the ductility of low carbon steel. Interstltltd 

nitrogen causes internaI damage, which results ln Wlrp 

breaks. The mobility of nitrogen increases with tempCtélturc, 

which could account for the increased probablllty of Wllf' 

breaks at high drawing speeds. 

Quatre aciers à bas carbone ont été étités de fl l 

machine à 

commercial 

ont été 

fil au moyen d'une machine à fIl de type 

comprenant plusieurs filierès. Des éçhantillons 

obtenus après chaque rétrécIssement. Lr!;> 

endommagements internes, function du travail à frold, ont ét& 

déterminés en utilisant des mesures de densité précises. 

L'azote a la plus grande influence sur la dUc:tllI té des 

aciers à bas carbone. L'azote interstitiel cause des défauts 

in te rn es qu i rés u l te n t en br i s du fil d'a cie rIo r s de 

l'étirage. La mobilité de l'azote augmente avec la 

température. Ce phénomène explique peut-être pourquoI la 

probabilité de rupture du fil d'aCIer augmente l rJ[;;qlJc If"!'. 

vitesses d'étirage auglT'entent. 
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LIST OF SYMBOLS 

AO Initial area 

Af Final area 

DO Initial diameter 

Of Final diameter 

Fi Ideal deformation force 

Ff Force due to metal to die friction 

Fr Force of redundant reduction 

Fs Force to overcome internaI shear 

K Constant 

LO Initial length 

Lf Final length 

Ra Initial radius 

Rf Final radius 

TM Time metal is in the die 

Vo I~itial velocity 

Vf Final velocity 

VI Volume of displaced liquid 

Vs Volume of the steel s3mple 

Wa Weight of the object in air 

/ iv 

Wi Weight of the object immersed in the liquid 

Wl Weight of the displaced liquid 

f(a) Shape factor 

m Strain rate sensitivity 

n Work hardening exponent 

r Fractional redu~tion of area 
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a Die half angle 

True strain 

True strain rate 

Drawing efficiency factor 

Metal to die friction factor 

Weighing liquid density 

Density of steel sample 

Applied draw stress 

Yield stress of the material 

Shear stress 

/ v 
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INTRODUCTION 

The North American steel industry has made a dramatic 

shift taward the p~aductian af steel fram scrap over the past 

twenty vears. In 1970, 30 metric tons of scrap were 

purchased far every 100 metric tons of steel praduced. By 

1986, that ratio had increased to 48 metric tans af scrap for 

every 100 '(ons of steel produced (1). The driving force 

behind this trend is economic. The capital cast per tonne of 

capacity of building a scrap based electric furnace fa~ility 

is only 20% of the cost to produce a fully integrated, blast 

furnace BOF plant (2). In addition ta lower capital cast, 

the enerqy required ta praduce a tonne of steel from scrap !s 

typically about 40% of the total energy required ta produce a 

tonne of steel from Iron ore in a fully integrated steel mill 

( 3 ) . 

As the trend toward the use of recycled steel has 

increased, so has the problem of nonferrous residual element 

concent ra t i on. The re s idual elements no rmall y refe r red to 

are copper, nickel, chromium, molybdenum and tin. In 

addi tion to residual el ements, stee 1 make r sare i nc reasingly 

becoming aware of the deleterious effect of nitrogen to thsir 

product. The residual elements cannot be removed from steel 

at. low cost on an industrial scale. Nitrogen is present in 

the air, and is found in sorne alloys and additions as a tramp 

element . 
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steel processors are concerned about the effect ~[ thes~ 

elements on their productivity, and are beginning ta restlict 

the maximum lev~l of the residual elernents in the stppl WhlCh 

they order (4) . 
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LITERATURE REVIEW 

North American wire rod prod 11ction in 1990 WdS 6.5 

million metric tons (5). With the exception of a limited 

number of structural products which are cold rolled from rad, 

all steel wire rad is drawn through at least one die. Thi s 

thesis is concerned with steel wire drawn about 90%. Thi s 

e limi na tes f rom the s tudy wi re rod p rotiuced for cold headi ng 

applications, where the drawing operations performed are 

mainly used to size the wire prior to cold heading. Anothe r 

class of steel el imina ted from the study is high carbon 

steel, which typically undergoes a high percentage of cold 

deformation. The drawi ng cha racte ri sti cs of high ca rbon 

steel are, however, affected by the microstructure of the rod 

(6), as weIl as by the factors under investigation in this 

thesis. Fo r thi s r eason, low ca rbon s tee 1 was se lec ted fo r 

study, in order to eliminate microstructrual effects from the 

results. 

Fi gure 1: Wire drawing die nomenclature 
( 1 ) 

Approat.h angle 

Back relief 
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A wire drawing die, as illustrated ln flgure 1, C'onsists 

of a bell entrance, which is useful when gUldln'l new sto('" 

in to a die during set up. The bell should not cnm{' intn 

contact with the wire being drawn during normal opelations. 

The approach is the part of the die where reduction of iH Pd 

takes place. The metal being drawn cornes into contact wi th 

the die at a point between the beginning of the approëlch, and 

the bearing. This point is determined by the lE'du,tion of 

cross sectional area ta)ong place in the die. The aprloêlch 

is also the part of the die in which the luhrlCi:lI1t u, 

p ressed, compacted, and in sorne ca ses li que f ~ ed (8) on t hr' 

wire surface. The angle of the die approach, or slmply th" 

die angle, is an important die charaeteristic. Refcrenr8S tn 

the die angle in this thesis are ta the half angle of the die 

approa ch, r a the r than the fu Il i ne l uded angle. 

The approach ends when the walls of the die become 

parallel to the centre 1ine of the die, in the bearing. The 

bearing 15 aIse known as the die land. The purpose of the 

land, or bearing is to insure the finished wire is round, and 

has a smooth surface finish (9). 

A major concern of industrial wire d riJWf! r S i !J W J r (> 

breaks. If steel wire break s during drawing on rJ SI/. rl i (~ 

machine, lost Ume pe r break will be fi fteen mInutes, at a 

minimum, and can 1ast up to an hour, dependi ng on where the 
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break occurs. If wire breaks are frequent, the operator will 

be forced to reduce the drawing speed. If f requent wi re 

breaks occur in the material supplied by one steelmaker only, 

productivity losses will force the wire drawer to find a new 

steel supplier. 

wi re drawi ng breaks in low ca rbon steel are gene rally 

duc ti le in natu re. Break s whi ch a t e not ducti le can often be 

traced to large nonmetallic particles embedded in the rod, 

severe roUing defects, or a poor ~'ire drawing arrangement 

(10). None of these defects will be considered in this work. 

The mechanism of ductile failure is well understood 

(10,11,12,13) . 

Ductile failure begins with the formation of microvoids 

in the metal matrix. As the material is strained, more 

microvoids nucleate, and grow. Fu.:-ther straining results in 

the coalescence of these microvoids. As tre process 

continues, \, , (~ account for an increasing fraction of the 

total cross sectionl'l area, until the remaining sound metal 

can no longer support the drawing load, and failuL~ occurs. 

Wire drawing models 

Four models of the drawing process will be considered in 
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this thesis. 

aspect of 

understanding 

failure. 

Each makes it possible to examine a different 

the drawing proces5, and gain a better 

of the factors which can lead te ductile 

The slip line field 

only 

model 

be 

i5 based on plane strain 

appli ed dlmensional analysis, 

problems 

which 

( 14 ) . 

can 

Wire drawing cannot 

to twe 

be modeled as a two 

dimensional system, but the process of sheet drawing is 

suitable for slip line field analysis, since for analytical 

purposes, the sheet can be considered as having infini te 

width, which allows one dimension to be ignored. The sheet 

drawing process serves as an analogy ta wire drawing, and for 

that reason the analysis will be included in the discussion. 

The velocity field model i5 u5ed to approximate the wire 

drawing process. 

die, and is used 

failures. 

This model examines velocity changes in the 

to study the dynami cs of cen t ra 1 bu r st 

The upper bound model examines the maximum possible 

balance between applied force and stress during wire drawing. 

This model allows the derivation of the maximu!TI possible 

reduction of area that can take place in a wire drawing di~. 

The model is based on a material which does not wor~ hard~n 

(8), and as such cannot predict the response ta multi-die 
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drawing. 

A deformation model overcomes the short coming of the 

upper bound model, and allows the effect of work hardening 

and die efficiency to be examined. 

Slip line field model 

The forces responsible for ductile failure of wire 

during drawing can be understood by considering a model based 

on a 'rigid plastic material'. 

rigid if stressed below the 

This hypothetical material is 

yie Id point. 1 t exhi bi ts no 

elastic behavior. Once stressed beyond the yield point, it 

deforms plastically. Unlike real materials, a rigid plastic 

material will not work harden during plastic deformation 

( 15) . 

In such a solid, it is possible to construct a geometric 

slip line grid, in such a way that hydrostatic pressures at 

nodal points can be numerically calculated (12 / 14,15). Such 

a series of slip lines for sheet drawing appears as figure 2 . 
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Figure 2: Slip line field developed for 
sheet drawing (15). 

/ B 

Slip line field analysis can be used to determine the 

numerical value of hydrostatic pressure at the centre of the 

sheet being drawn (12). A plot of these v&lues is shown as 

figure 3 . 
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Figure 3: Relative mid-plane hydrostatic 
pressure as a function of 
percent reduction of area and 
die to metal friction (12). 
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Figure 3 ~ llustrates several important points. The 

mid-plane hydrostatic pressure is predominantly negative. 

This indicates that the mid-plane i8 in tension. 

It is clear from figure 3, that for a given die angle, 

as the reduct ion of a rea dec reases, the mid--plane tension 

rises. If die angle and reduction are held constant, the 

mid-plane tension rises as friction between the die and the 

wire is increased. Typical numerical values for metal to 
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die friction, uGing industria1 wire drawing soap as a 

lubricant are near 0.02 (14,16). 

Figure 3 refers to the upsetting limit, otherwise known 

as die entry bulging. Bulging occurs a10ng with a high 

centre line tension, suggesting that the work of the die is 

restricted to the skin of the wire, and the majority of the 

drawing stress i5 felt as a tensile stress by the wire (10). 

Bulging and other undesirable flow patterns are illustrated 

by figure 4. 

Figure 4: Schematic representation of 
undesirable flow patterns: 
bu1ging, converging and 
separation (8). 

CONVERGING 

-- -----1 

CONVERGING 
FLOW LINE 

OCCASIONAL 
SEPARATION 
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Figure 3 shows that it is theoretically possible to 

select a die angle and reduction of area such that there is 

no central tension, and that aIl the tensile stress exerted 

on the wire is transformed by the die into a compressive 

stress. Under these conditions, the possibility of 

nucleating or enlarging porosity does not exist (12). 

Velocity field model 

The velocity field model (17) provides another method to 

etudy wi re drawing dynamics. The velocity field mode! is 

illustrated in figure 5. 

Figure 5: Velocity field model of wire 
drawing (8). 

ZONE 1 

ZONE m 

---+~a 
r. ~._----

__ V_ f3 
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Figure 5 shows three distinct zones within the wire 

drawing die. Deformation takes place within the zone 

identified as Zone II. This zone is bounded by the surfaces 

r 1 and r 2 are concentric spherical 

surfaces,whose origin is the imaginary point of convergencp 

of the wire drawing die. r 3 is the surface of the truncated 

cane formed by the die, having an included angle of 2a. 

velocity discontinuities exist at the two spherical 

surfaces, r 1 and r 2 . The velocity approaching surface f 2 i5 

the initial velocity Vo' parallel ta the drawing direction. 

The velocity of rnateridl leaving surface r 1 i5 Vf' the final 

wire velocity, and the direction is parallel to the drawing 

direction. 

Figure 6: 

Zone 
1 

Velocity resolution in a wire 
drawing die (17). 

Zone 
n 

o 
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Figure 6 shows how the velocity crossing boundary r 2 is 

resolved to VOcos(0), where 0 is the angle which ranges from 

o to the half die angle a. The initial velocity, Vo i5 

resolved into VOcos( 0), the velocity which converges at the 

theoretical point of die convergence, and VOsin(0), which is 

the component of the entrance velocity which is çonverted to 

shear. The shear component is greatest when e = a, and it is 

equal to zero, due to symmetry, at the centre. 

The shear component is important to processes, su ch as 

wire drawing, which cause plastic f1ow. Plastic deformation, 

or yielding which occurs in a wire drawing die is caused by 

shear forces acting in the die. Pure tensile stress will not 

cause yielding (14). 

The triaxial state of stress theory states that 
1 

at any point in a material can be fully described 

components. Three normal stresses, designated O"x' cry 

along with three shear stresses, designated 't'xy' 't'xz 

( 7 ) • 

stress 

by six 

and O"z' 

and 't'yz 

AlI stresses can be resolved onto three principal 

orthogonal axes, which need not correspond to the Cartesian 

x, y, and z axes. The principal stresses, are designated 0"1' 

By convention, 0"1 has the greatest numerical 
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• value, and 03 has the smallest value. It can be demonstrated 

(14 ) tha +" the prl'ncipal st!'"ess .. durl.'ng ·"l.'re drawl'ng l'S - ' '''1'' 

parallel to the drawing direction, along the centre line of 

the wi re. 

Tresca's criterion for plastic flow suggests that flow 

occurs when the maximum shear stress reaches a limiting value 

( 14 ) • 

'tllax - ( 1 

The surface of the rod is subjected to a greater shear 

stress than the center, and is, as a result, goin9 to be 

subjected to the maximum shear stress and begin to flow 

before Metal closer to the centre of the die. 

Metal is subjected ta increasing tensile forces, and 

less flow inducing shear forces as the center of the wire i5 

approached. If the tensile forces approach the strength of 

the material, the effects will rnanifest themselves in the 

center of the wire before the outer surface is damaged. This 

accounts for the characteristic appearance of a ductile 

failure, in which the interior has failed through ductile 

mechanisms, while the skin fails in shear . 

• 
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If the center of the wire is subjected te a tensile 

force equal to the failure stress, zone II will become non 

spherical, as illustrated in figure 7. 

Sound flow occurs when zone II is continuous across the 

entire diameter of the rod. The phenomena of central 

bursting can be explained (8,18) by considering that Zone II 

is an annular region, which does not meet at the center line 

of the rod (AP 1). 

Figure 7: Non spherical surface of a 
velocity discontinuity (8). 

RIGID BILLET 

ZONE 1 

RIGID PRODUCT 
ZONE m 

CENTRAL BURST 

(AP 1) The appendix begins on page 83 
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When there is a velocity discontinuity between zone III 

and zone l, this discontinuity must be accommodated through 

the formation of a void. An explanation of the periodicity 

often observed in extreme cases of central bursting is 

presented as figure 8. 

Figure 8: 

v 

Model of central bursting 
periodicity (8). 

(1) PLASTIC ZONE 
NARROWS 

(2) INIT,ATION or A 131 PROGRESSION Of 1\ (41 (J)MPI [TlorJ or :'<f 
BUR 5 T BURS T BI HI') 1 AND R[ • " l'HI 

TO ',OuM) Il (." 

TlME 

TIME 

~ r:' 
C ,.,n 

'" -< • r 

n" c -i 
(il (~ 
0'" 
Z_ ... 
If, 
--< t") 
II 1) 
rT\ f. 
Ul~ 

'" .. 
~, 
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This analysis is based on the principle that central 

bursting takes place when the formation of a central burst 

requires less energy than sound flow (8). 

Once nucleated, the metal behind the central burst will 

slow down, and approaeh the speed of zone l material, rather 

than maintain the velocity of zone III. When this oceurs, 

there will be greater strain in the remaining annular zone II 

region. In a real material, this will result in increased 

work hardening. The work hardening would eventually arrest 

the propagation of the chevron. More material will be drawn 

through the die, and there will be a return to sound flo ... .', 

before the cycle repeats. 

~pper bound model 

The internaI forces which have been described using 

first the slip line field model, and the velocity field model 

can now be viewed wi thin the eontext of the total stress 

required to draw wire through a die. There are three forces 

which must be overcome during wire drawing. For the purpose 

of this analysis, the force equations are normalized, or 

expressed as a fraction of the flow strength of the material . 
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There is the ideal force of deformation: 

( 2 

This expression is called the ideal force of 

deformation, because it ignores any redundant work which 

takes place during Metal forming operations (7). Since this 

is an ideal force, it is independent of the die angle. 

The force of resistance ta shear within the material: 

F -s Cot(cx) ( 3 

And the force required to overcome friction as the material 

flows through the die. 

( 4 

It will be noted that Fi' Fs and Ff' as the y are defined 

in this model are dimensionless, and as such are not forces, 

but forces which have been normalized. The normalized forceR 

can be added, to arrive at 0xf' the applied draw stress, as a 

fraction of the yield stress of the material, 00. 

C1xf -- -
"0 

F. 
l 

+ + ( 5 
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(D01 2 

2f(a)ln l- +-

+ 

lDf) 13 

2 
73 

1 19 

cot(a) 

( 6 

This is true for a die with no land. Resistance te flow 

through the land involves another expression which has been 

left out of this simple analysis. The analysis aiso assumes 

that back tension is zero, and ignores inertial 

forces (8). 

Equations 2 through 6 are illustrated as figure 9 

Figure 9: 

en 
en 

Contributions to total drawing 
stress (8). 
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Figure 9 illustrates that for a given reduction of area, 

a small die angle results in a high friction contribution to 

flow resistance, up to the limit where the stress required ta 

draw the material through the die exceeds the strength of the 

material, and the wire breaks outside the die (8). 

As the die angle increases, the contribution of friction 

ta the total force i s reduced. At the same time, the amount 

of force required ta overcome internal resistance increases. 

There is, for any given reduction of area, a die angle which 

will result in the minimum resistance to flow (8). 

Equation 6 can be used ta plot drawing stress as a 

function of die angle, for a number of reductions of area, to 

examine the variation of optimum die angles (17). Thi s is 

shown as figure 10 • 
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Figure 10: Relative drawing stress as a 
function of die angle and 
reduction of area (8) . 

. 901-...,........,-..,--..-..,-...... -_ ...... - ...... -

~o b
M 

-(1) 
(1) 
w 
CI: 
~ 
(1) 

<.!) 
z 

~ 
CI: 
a 
w 
> 
~ 
...J 
W 
CI: 

30 

10". R. A. 

IO~ ...... ~~ __ --! .......... ~_ .. _--I._...-....I._~ 
1 5 7 9 " 

DIE SEMIANGLE (a) IN DEGREES 

It is possible to determine the maximum theoretical 

reduction of area that can be made through a die. Since the 

drawing stress cannat exceed the flow stren9th of the 

male rial, the relation: 

~ 1 
( 7 
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• must be true for all wire drawing processes. 

The limit of 

- l 
( 8 

can be expreased by re-writinq equation 6. 

+ l 2 ( CI 

13 t sin 2(ca) 
exp 

2(f(<<) + A cot(<<» 

( 9 

Equation 9 ia illustrated as figure 11 

• 
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Figure 11: Maximum Reduction of Area 
Possible Through a Single Die 
as a Function of Die Angle and 
friction (18). 
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The value of /J is of the order of 0.02 in commercial 

wire drawing operations using soap as a lubricant (14,16). 

Figure 11 shows that i t i s theoretically possible to 

accompl i sh a 50% reduction of a rea through a die wi th a hal f 

angle of 6 to 10 degrees. Thi s maximum possible reduction 
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occurs at a die angle which is close to the optimum die angle 

illustrated in figure 10. 

Deformation model 

Figure Il was derived using the upper bound model, 

developed using a material in which 'Nork hardening was not 

considered (18). The deformation model (7), although not as 

detailed as the upper bound method, does allow a work 

hardening material to be analyzed. 

First, consider the case of ideal plastic deformation 

(10 

The upper bound analysis separates the forces of wi re 

drawing, as they are separated in equation Il, below. 

(Il 

In thi s case, the force to overcome redundant work, Fr i S 

included. Redundant work was not included in the upper bound 

analysis . 
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An efficiency factor, ., can be defined as Fi/Ft which 

takes into account metal to die friction, and redundant work. 

For the purpose of thi s analysis, these factors ar~ 

considered to be constant. Typical values of ., range from 

0.30 to 0.60 (7). 

The efficiency factor is used to modify equation 10 to 

CJxf - !1 CJdE (12 
II 

&ince 

CJ - Ken (13 

The draw block stress can be written 

K IEndE I(I:(n+1) 
CJxf -- - - 0'1: (14 

t'l t'l(n+l) ll(n+l) 

The point of necking outside the die will determine the 

maximum drawing load that can be applied, 50 

CJxf - (1 (15 

Substituting equation 1S into equation 14, 

CJ - (16 
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• or, the maximum strain is expressed 

tmax - l1 ( n+1 ) ( 17 

Strain can be written: 

,. lnŒ) 
tAf) 

(18 

sa 

~)max exp(,",(n+l)) (19 
• 

Reduction is, by definition 

r (20 

Sa, the maximum reduction becomes, sirnply 

r max - 1 exp( -11( n+1) ) (21 

Equation 21 can be used ta demonstrate that in the case 

where '"' - 1, meaning there is no metal ta die friction or 

redundant work, and n - 0, or no work hardening takes place, 

then the maximum possible reduction in a single pass is 63%. 

In a real material, where there is work hardening, thp. 

maximum possible reduction increases. Equation 21 also shows 

• 
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that as the efficiency of the process falls, due to friction 

and redundan t work, the maximum possible reduction drops. 

This is consistent with the upper bound model, which is 

illustrated by figure Il. 

Equation 21 can be used to provide sorne knowledge of a 

multiple reduction wire drawing ope~ation. Examination of a 

true stress-strain graph, such as the one included in the 

experimental results as figure 17, page 59, shows that after 

each pass, the slope of the curve, which is related to the 

numericai value of n, decreases. This tells us that as 

strain accumulates in the wire, and the value of n faIIs, the 

maximum possible reduction in a die faiis. 

Both models predict a reduction of area considerably in 

excess of the uniform reduction of area which would be 

obtained during a tensile test. This prediction is 

consistent with observations. The confined deformation 

caused by a wire drawing die introduces a compressive stress, 

which promotes metal flow, and results in a greater reduction 

of area than would be obtained during a tensile tent, where 

the induced transverse compressive stress is not present (7). 

InternaI damage 

Voids in steel do not always appear as periodic central 

bursts, but the forces which cause central bursting will aiso 
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promote void nuclea tion, growth and coalescence, under 

different conditions. In a study of the tensile deformation 

of copper (19), it was found that voids first began to form 

at locations where the metal had the greatest difficulty 

conformi ng to the gene ra 1 flow patte rn, such as a t triple 

points. 

In samples subjected to greate r st rains, voids were 

observed on grain boundaries which were roughly parallel to 

the stress axi s. As the voids grew, they we re able to 

concentrate strain, as if they were internaI notches. This 

concent ra tion of st rain resul ted in the developmen t of 

discrete regions, or sheets of strain, which grew at an angle 

of about 30 degrees to the stress axis. The actual mode of 

failure was the growth and linking of these void sheets, in a 

zig-zag pattern through the interior of the sample, with the 

periphery failing in shear. The zig-zag pattern of linked 

void sheets gave the center portion of the wi re i ts rO'Jgh 

failure appearance, which is characteristic of ductile 

failure. 

Measurement of inte rnal damage 

If, at any point prior ta failure, the amount of 

internal damage in a wire could be measured, this would 

provide a useful measure of the drawabili ty of the steel . 
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Examination of a sample by sectioning and polishing can 

provide a measure of internaI damage. Prior to examination. 

the layer of Metal smeared by the mechanical polishing 

process would have to be removed, so tha t the voids we re not 

masked or filled in completely. Mechanical polishing 

typically smears about 1 pm of material (20,22). using the 

technique of ion bomba rdment, thi s laye r of smeared mate rial 

can be removed (11,21,22,28). Such sample preparation allows 

the voids to be observed using either optical or electron 

microscope techniques. Microscopy has the di sadvantage that 

only a very small, and perhaps unrepresentative area of the 

sample can be observed, without an exhaustive amount of work. 

The amount of internaI damage in a sample can be 

obtained as a bulk measurement by studying the variation in 

densityas the material is wire drawn (11,13). The principle 

is simple. As a material is cald warked, microvoids 

nucleate, grow and coalesce, and finally result in the 

failure of the wire. A steel with a relatively large volume 

fraction of voids will be closer ta failure than a steel 

which is relatively void free. The material close to failure 

wi Il have a lowe r dens i ty than the sound sample • 
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EXPERIMENTAL METHOD 

It is well known by drawing machine operators, that thp 

probabi li ty of exper iencing wi re break sis reduced by 

lowering the drawing speed. Reducing the drawing speed is 

used by an operator who does not have the option of selecting 

new drawing stock whenever he experiences wi re breaks. 

During any trial of a new steel lot, or steel supplier, wire 

drawers will always quote the speed at which the material was 

processed. Since drawi ng speed i s rela ted to produc t i vi ty , 

wi re drawe r s place a lot 0 f sign if icance on d rawi ng speed 

when selecting a steel supplier. 

The fact that a "good" steel can be drawn more quickly 

than an inferior steel, suggests that the!:"e is a relationship 

between wire breaks and strain rate sensitivity. Tensile 

testing was performed, but no relationship was found between 

the chemical composition of the steel and the strain rate 

sensitivity. An inspection of Table 5, included as part of 

the exper imental resul ts, page 52, shows tha t the st rai n 

rates obtained during commercial drawing operations are two 

orde rs of magni tude greate r than those employed in the 

laboratory using a tensile testing machine. Furthermore, 

during industrial wire drawing, the tempe ratures take several 

minutes to reach a steady state. Strain rate sensitivity i5 

a strong function of temperature (7). A laboratory tensile 
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test, especially at high rates of strain is ever before a 

steady state temperature can be achieved. For these reasons, 

efforts to measure the strain rate sensitivity wer" 

abandoned, in spi te of evidence to sugge s t tha t st r a in ra te 

sensitivity affects wire breaks. 

Precision density measurements 

The first set of experiments were conducted on heat 

A22671 at Si va co Quebec. The main purpose of the tests was 

to verity the feasibility of the experimental technique. 

The experimental results were encouraging, and three 

additional heats were selected for processing. The chemical 

analyses of all four heats appear as Table 1, page 48. The 

heats chosen for the experiments we re selected because they 

represent the extremes of chemistries which one can expect in 

low carbon steels. The heats selected allowed an orthogonal 

experimental design to be employed, as schematically 

illustrated in table 2, page 49 (AP 2,3). This is not always 

possi bl e wi th in the c onst r a ints that the sampI e s we re 

ebtai ned from a full sca le commerc i al steelmak i ng ope ration, 

where elements generally considered to be deleterious to 

steel processing cannet be added or remeved at the 

convenience of the experimenter. 
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One coil was selected 

T14lll, 83683 and A22 08. 

Quebec on October 25, 1990. 

/ 32 

from each of the th ree heats, 

They were processed at Sivaco 

The steel was acid cleaned an,l 

borax coated prior to the experlmental run. A11 stecls welL' 

drawn using sodium soap as a lubrlcant. This preparation and 

lubrication is the standard drawlng practice at Sivaco 

Quebec. The author was present during the wire drawing 

operation. Drawing the three coils took ten hours. This 

amount of time was required due in part to the lengthy 

inte r rupti ons requ i red to obta i n sample s. 

During processing, wi re breaks were experienced during 

the drawing of the coil from heat 83683. In a11, three 

breaks occurred, near the end of the coil. AIl breaks 

occurred after the last die. Two immediately behind the die, 

and the third in a roll straightener which is part of the 

spooler that puts finished wire on carriers. 

Samples were obtained by stopping the wire drawing 

machine, and cutting samples after each dle. This process is 

very disruptive to the drawing operation, as it takes over an 

hou r to re-st ring the wi re d r awi ng machi ne. Sample 

collection is relatively easy, since each die is to11owed hy 

a motorized 0.48 m diameter drawing drum, which holds about 

50 rings of wire. Samples were taken off the drawlng drums. 

Samples taken after every die were tensile tested i.lt 
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Sivaco Quebec. From these results, a true stress-strain 

curve was calculated for each of the three steels. This was 

accomplished by plotting the offset yield strength agains" 

the true accumulated strain after each die. The graphs 

appear as Figures 17 to 19, pages 59 to 61. The data used to 

plot the graphs appear as Table 3, found on page 50. 

The sample s p repa red for preci sion densi ty measu rement 

were not straightened. Wire removed during processing on a 

wire drawing machine is in the form of rings. The diameter 

of the ring i s the same as the diall'lete r of the motor i zed 

block which pulls the wire through the die. Three 4.5 cm 

long samples were obtained from each ring. The samples were 

eut from the 0 degree, 90 degree and 120 degree positions 

from the wire samples obtained from the drawing drums. 

These samples 

inserts. The ends 

were 

were 

clamped in a vice with 

filed so that they had 

fiber jaw 

no sharp 

edges. The samples were sanded with 500 grit paper, followed 

by buffing paper, to remove any residual drawing soap. After 

preparation, the samples were washed in acetone, and stored 

in a clean acetone solution. Once the sanding had been 

completed, the samples were handled only with tweezers which 

were washed in acetone. Each set of three prepared samples 

was kept in a separate container filled with laboratory grade 
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acetone to prevent oxidation prior to the precision weighing. 

Weighing was conducted on a Mettler H-64 balanc~. 

located at the Ecole Polytechnique, in Montreal. The samples 

were weighed using the apparatus shown in figure 11. This 

apparatus consisted of a sample holder with two sample 

positions. The lower sample hooks, made from O.3? mm 

diameter platinum wire, were always immersed in the weighing 

fluid, so that any surface tension effects would influence 

both the wet and dry weights, and could therefore be ignor~d. 

Figure 11: Illustration of the sample 
holding apparatus used to 
perform precision density 
measurements. 

dry position 

immersed position ' 

platinum hooks 

liquid level 
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Samples were removed from the acetone, dried with an 

ae rosol spray, and placed on the uppe r sample hooks. Repeat 

readings were taken, until the weights were reproducible 

Once a dry weight had been obtained, the balance was loc~ed, 

and the sample lemoved with tweezers. The wet sample hook 

was lifted with a second pair of tweezers, to a rest position 

above the fluide The sample which had just been weighed dry 

was placed on the wet hooks, whil~ the y hung in the rest 

position. Once in place, the wet hooks, containing the 

sample, were lowered into the fluide A second reading was 

obtained. As in the case of the dry measurement, readings 

were ta ken until the balance had stabilized to give a 

reproducible reading. 

Obtaining reproducible measurements when the balance 

stabilized was critical. The kinematic viscosity of the 

weighing fluid is 50 centis~okes. As a comparison, the 

kinematic viscosity of water is of the order of 2 

centistokes. The fact that the sample was immersed in a 

viscous fluid resulted in damping of the balance motion. 

Obtaining a correct weight with the sample immersed in oil 

typically took six to seven minutes. Numeroüs readings were 

obtained, and as the balance reached mechanical equilibrium, 

the difference from one reading to the next decreased, until 

there was no difference at aIl . 
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The weighing fluid used was a silicone oil, Rhodorsil 

47V50, having a specifie gravit y of .959 at 25 C (23). This 

oil was recommended by F.Moussy of IRSID (24), and wa< 

se lected because of i ts chemi ca 1 ine r tness wi th respect to 

steel. The oil was degassed using an ultrasonic vibrating 

bath prior to the experimentation. 

No specifie precautions wete made to control the 

temperature during the experiments. The experiments did not 

begin until the samples and fluid had stabilized at room 

temperature. The temperatures of the samples, the room and 

the we ighing fl uid we re moni to red a fte r each se t of three 

samples had been processed. AlI the temperatures were 

observed to be constant during the experiments. 

Experiments were performed at the Ecole polytechnique on 

January 31, 1991. Some data points required confirmation, 

and so a number of duplicate tests were made on June 13, 

1991. At the same time, sorne samples from heat A22671 were 

weighed for the first time, so that data from that heat could 

be included as part of the thesis results. 

Microscopie observations 

The premise of the thesis is that the density 

differences observed are the result of internal damage caused 



• 

• 

-------- -- - ----

1 37 

by cold work. This was confirmed by preparing sorne specimens 

for observation by scanning electron microscopy. 

Sample preparation consisted of mounting wi re samples 

longitudinally in bakelite. The bakelite thickness was 

measured, and the mounted specimens were sanded down until 

measurements showed that the samples had been sectioned to 

the cen te r of the wi re . The samples we re hand sanded on 

progressively finer sandpaper, then finished with diamond 

polishing paste. 

In order to remove the smeared layer, samples were 

broken out of the bakelite, cleaned in acetone and polished 

on an ion mill located in the McGill University Physics 

Building. Th J~ ~oles w~re milled on one side only, although 

the mill is primarily designed to thin samples for 

transmission electron microscopy by milling both sides 

sirnultaneously. 

The gun voltage was 6kV. The current was 0.75 ma. The 

gun was set at an angle of 20 degrees wi th respect to the 

sample, and the sarnple was rotated at 1 rpm. Each sample was 

bombarded with argon ions for one half hour. 

The milled samples were examined on a scanning electron 

microscope located in the Depa~tment of Mining and 
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Metallurgical Engineering at McGill University. Photographs 

of the samples are presented as figures 12 to 15, found on 

pages 39 to 42 . 
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F~gure 12: Void formation around a 
spherical inclusion. Heat 
T14111, 4.70 mm diameter wire, 
7500 magnification. 
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Figure 13: 

• 

Void formation around a 
spherical inclusion. Heat 
T14111, 2.03 mm diameter 
wire. 5000 magnification. 
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Figure 14: Void sheet formation. Heat 
83683, 2.03 mm diameter wire. 
7500 magnification. 
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Figure 15: Void sheet formation in the 
vicinity of a wire break. Heat 
B3683, 2.03 mm diameter wire. 
7500 magnification . 
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EXPERIMENTAL RESULTS 

The true strain induced by each die and the velocity of 

the steel leaving each die were both calculated, 50 that 

strain rates could be derived. The finishing speed averaged 

9.29 m.s- 1 during the processing of aIl three coils. 

Finishing speed is the velocity at which the finished wire 

leaves the last die on the machine. 

True strain is given by the formula: 

€: • ln (AO î 
(22 

tAf) 

since 

A 1 nD2 (23 - "4 

then 

(DO î 
(24 € • 2lntoJ 

f 

Equation 24 was used to calculate the true strain per die, 

leading to the results shown in Table 4. 

vnce the strain per die is available, velocities can be 
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calculated backward from the finishing speed. Since: 

• (25 

then 

• (26 
exp(€) 

length can in turn be converted into velocity by dividing by 

unit time 

• (27 
exp(€) 

Equation 27 was used to calculate the exit velocities, which 

are listed in Table 4. 

The average strain rate per die can be calculated as: 

• (28 

where TM, the time a volume of metal remains in the die 15: 

TM • 
volume in die 

volume flow rate 
(29 

The volume of metal in the die can be calculated by 

considering that volume as the frustum of a cene. The 
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equation for calculating this volume is: 

v - + + (30 

where: 
Al - base area 
A2 :0: top area 
h - distance between top 

and bottom 
V - volume 

The distance h can be calculated by considering Figure 16. 

Figure 16: Illustration of calculation 
used to determine the length of 
the deformation zone. 

h 
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The value of h, the length of the deformation zone, is given 

as: 

cot( a) ( 31 

The volume flow rate is given by: 

volume flow rate = AO . Vo .. (32 

Equations 25 to 32 were used to calculate the strain 

rate per die; these are collected and shown in Table 5, page 

52. 

Density measurements 

The density calculations are based on Archimedes 

principle, which states that the weight of the displaced 

liquid, W1 equals the weight of the object in air, Wa , less 

its immersed weight, Wi . 

• 

so 

-

w . 
l 

W. 
l 

( 33 

( 34 

Since the volume of the displaced liquid i8 equal to the 
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volume of the object which displaces the liquid, then: 

- w - +-s 
(35 

Substituting equation 34 into equation 35, and rearranging 

leads to: 

- (36 

Equation 36 was used to calculate the individual 

densities, which are listed in Tables 6 through 9, pages 53 

to 56. Some data points were considered rogue points, and 

we re excluded from subsequent analyses. These points do, 

however, appear in Tabl~s 6 through 9 in brackets. 

Tables 10 and 11, pages 57 and 58, were calculated from 

the data listed in Tables 6 through 9. These results have 

been plotted, and are presented as figures 21 to 24, pages 63 

to 66 . 
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Table 1: 

Element 

C 

Mn 

p 

S 

Si 

Cu 

Ni 

Cr. 

Mo 

Sn 

Al 

o 

N 

Ca 

1 48 

Chemical analyses of the steels 
used for the experimental work. 
All analytical values are 
expressed as weight percent. 

T14111 

0.07 

0.52 

0.12 

0.007 

0.14 

0.03 

0.07 

0.04 

0.01 

0.004 

0.008 

0.0064 

0.0036 

0.0024 

B3683 

0.10 

0.49 

0.008 

0.008 

0.03 

0.07 

0.04 

0.03 

0.02 

0.010 

0.006 

0.0068 

0.0115 

0.0025 

A2208 

0.06 

0.48 

0.009 

0.026 

0.11 

0.19 

0.07 

0.07 

0.02 

0.010 

0.006 

0.0107 

0.0074 

0.0004 

A22671 

o .06 

0.45 

0.006 

o .016 

0.12 

0.25 

0.10 

0.09 

0.02 

0.060 

0.005 

0.0200 

0.0091 

nia 
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Table 2: 

Heat 

T14111 

B 3683 

A 2208 

A22671 

Data orthogonality 

Cu 

o 
o 
1 

1 

S 

o 

o 

1 

o 

Sn 

o 
o 

o 

1 

1 49 

N 

o 
1 

1 

1 
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Table 3: 

Diameter 

(mm) 

5.50 ( rod) 

4.70 

4.01 

3.43 

2.97 

2.59 

2.29 

2.03 

Note: 

1 50 

Data used to calculate the true 
stress strain-curves for three 
of the experimental steels; 
teue steain, and offset yield 
stress after each die. 

Offset Offset Offset 
i'ield Yield Yield 
93683 T14111 A2208 
(MPa) (MPa) (MPa) 

0.32 620 565 586 

0.64 710 662 689 

0.95 765 717 744 

1.24 827 765 779 
827 

1.51 882 813 834 
896 

1.76 910 813 848 
910 

2.00 910 827 868 
930 

for due to the unusually high val!.les obtained 
heat 83683, duplicate tests were performed on the last four 
samples • 
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• 

True strain per die, and 
drawing velocities 

Diameter Area Strain 

(mm 2 ) 
per 

(mm) die 

5.50(rod) 23.42 0 

4.70 17.35 .319 

4.01 12.65 .316 

3.43 9.23 .315 

2.97 6.97 .286 

2.59 5.29 .274 

2.29 4.12 .250 

2.03 3.22 .263 

/ 51 

Velocity 

(m.s-1 1 

1. 24 

1. 73 

2.36 

3.25 

4.35 

5.72 

7.34 

9.29 
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Table 5: 

Entry 
diameter 

( mm) 

5.50(rod) 

4.70 

4.01 

3.43 

2.97 

2.59 

2.29 

Wire Orawing Strain Rates 

Oie 
half 
angle 
(degree) 

6 

6 

6 

6 

4 

4 

4 

Length 
in 
die 
(mm) 

3.63 

3.25 

2.77 

2.16 

2.72 

2.18 

1.83 

Volume 
in 
die 
(cm3 ) 

7 • 37 

4.85 

3 • 33 

1.95 

1.66 

1.02 

o .67 

, 

/ 52 

Time Strain 
in rate 
die 
(s X 10 2 ) (s-1) 

0.25 128 

0.16 198 

0.11 286 

0.05 572 

0.05 548 

0.03 833 

0.02 1180 
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Table 6: 

Wire size 
R of A (%) 
E: 

Heat A26671 density 
measurements 

5.50(rod) 4.60 
31 

0.37 

Wire size 
R of A (%) 
t 

7.85863 

3.83 
52 

0.73 

2.74 
75 

1.40 

7.85577 
7.84916 

/ S3 

3.23 
66 

1. 08 

7.84595 
7.84216 
7.84659 

2.36 
82 

1. 70 

2.03 
87 

2.00 

7.85080 
7.80876 
7.84689 
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Table 7: 

wi re size 
R of A 
€ 

/ 54 

Duplicate heat A26671 density 
measurements 

5 • 50 ( r od ) 4. 60 
31 

0.37 

Wire 
R of 
t 

size 
A 

7.84870 
7.84658 

3.83 
52 

0.73 

7.83676 
7.84070 

2.74 
75 

1.40 

7.83074 
(7.81798) 

3.23 
66 

1. 08 

2.36 
82 

1. 70 

7.82209 
7.82952 
7.826 ).0 

2.03 
87 

2.00 

Data points which have been ignored are bracketed (---) 
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• Table 8: Individual density measurements 

wi re size 5.50{rod) 4.70 4.01 3.43 2.97 
R of A 27 47 61 71 
E 0.32 0.64 0.95 1.24 

T14111 7.84276 7.85253 7.84847 7.84650 
7.84204 7.86007 7.85562 7.86226 
7.83980 7.86459 7.84041 7.85547 

83683 7.84573 7.86472 7.85816 7 .82866 
7.85730 7.85461 7.85079 7.84642 
7.85623 7.85132 7.83712 7.84561 

A2208 7.85181 7.85652 7.84718 7.85145 
7.85599 7.84855 7.83396 7.84739 
7.85461 7.84794 7.84415 7.85102 

Wire size 2.59 2.29 2.03 
R of A (%) 78 83 86 
E 1. 51 1. 76 2.00 

T14111 7.84851 7.84294 7.86871 
(7.87028) 7.84104 7.86703 
7.84327 7.84221 7.83683 

83683 7.84952 7.84599 7.83094 
7.83909 7.85788 7 .82587 
7.86159 7.84170 (7.86125) 

A2208 7.83834 (7.86169) 7.81900 
7.83528 7.83346 7.81957 
7.84157 7.83578 7.81418 

Data points which have been ignored are bracketed (---) 

• 
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Table 9: 

Wire size 
R of A (%) 
€ 

T14111 

83683 

1 56 

Duplicated density measurements 

S.SO(rod) 4.70 
27 

0.32 

Wire size 
R of A (%) 
€ 

T14111 

83683 

7.84822 
7.84904 

7.86480 
7.85012 

4.01 
47 

0.64 

2.59 
78 

1. 51 

3.43 
61 

0.95 

2.29 
83 

1. 76 

7.83015 
7.83672 

2.97 
71 

1. 24 

2.03 
86 

2.00 

(7.81424) 
7.84633 
7.85344 

7.80585 
7.81831 
(7.85674) 

Data points which have been ignored are bracketed (---) 



• Table 10: 

Wi re size 
R Of A (%) 
t 

T14111 
average 
standard dev. 
observations 

83683 
average 
standard dev. 
observations 

A2208 
average 
standard dev 
observations 

• 

Average values wi th rogue 
points removed. 

5.50 ( rod ) 4.70 4.01 
27 47 

0.32 0.64 

7.84437 7.85906 
0.00405 0.00609 
5 3 

7.85484 7.85688 
0.00729 0.00698 
5 3 

7.85414 7.85100 
0.00214 0.00478 
3 3 

Wire size 2.59 
RofA(%) 78 
t 1.51 

T14111 
average 7.84589 
standard dey. 0.00371 
obse rva t ions 2 

83683 
ave rage 7.85007 
standard dey. 0.01126 
observations 3 

A2208 
average 7.83840 
standard dey 0.00315 
obse rva t ions 3 

1 57 

3. 43 2.97 
61 71 

0.95 1. 24 

7.84816 7.85474 
0.00761 0.00791 
3 3 

7.84869 7.84023 
0.01068 0.01002 
3 3 

7.84176 7.84995 
0.00692 0.00222 
3 3 

2.29 2.03 
83 86 

1. 76 2.00 

7.83861 7.85445 
0.00531 0.01359 
5 5 

7.84852 7.82024 
0.00838 0.01091 
3 4 

7.83462 7.81758 
0.00164 0.00296 
2 3 
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Table 11: Average values with rogue 
points removed 

Wire si ze 5.50(rod) 4.70 
R of A (%) 31 
e: 0.37 

A22671 
average 7.85130 
standard dev. 0.00643 
obse rva tions 3 

Wire size 2.29 
R of A (%) 75 
t 1 • 40 

A22671 
average 7.84522 
standa rd dev. 0.01297 
obse rvations 3 

1 58 

4.01 3.43 
52 66 

0.73 1.08 

7.84764 7.84490 
0.00150 0.00239 
2 3 

2.59 2.03 
82 87 
1. 70 2.00 

7.82590 7.83547 
0.00372 0.02322 
3 3 
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True stress vs true strain 
figure 17 T14111 
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True stress vs true strain 
figure 18 83683 

850 

)( 

/ 60 

)( 

~ 750 

5 50 1....-L---L--L--'---'---L--.1---1.--'--...l..-'----.L..-L---IL--J..---L--'---L---1---1.-~ 

o .2 .4 .6 .8 , .2 1.4 1.6 1.8 2 2 2 

True strain 



1 61 

• 
True stress vs true strain 
figure 19 A220S 
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True stress vs true strain 
figure 20 comparison of steels 
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• 
Density VS true strain 
figure 21 T14111 
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• 
Density VS true strain 
figure 22 83683 
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Density VS true strain 
figure 23 A220S 
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• 
Density vs true strain 
figure 24 A22671 
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• Density VS true strain 
figure 25 comparison of steels 
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DISCUSSION OF RESULTS 

Examination of table 3, and figures 17 to 19 shows that 

the general slopes of the true stress-strain CtHVes were 

similar. Heat 83683 had the highest carbon concentration of 

the stee1s tested. The initial yield strength, after the 

first die, was 55 MPa greater than the softest heat, T14111. 

The final yield stren~th of heat 83683, after the last die, 

was 83 MPa greater than that of heat T14111. The 

relationship can be seen in figure 20, page 62, in which the 

three stress-strain curves are presented on the same axes. 

Reference to table 1 shows that heat T14111 had higher C, Mn 

and Si concentrations than heat A2208, and greater Mn and Si 

concentrations than 83683. In spite of this, heat T14111 was 

the softest steel throughout processing. It is significant 

that heat T14111 had the lowest copper and nitrogen content 

of aIl the steels examined. 

Figure 23 on page 65 shows that a clear reduction of 

density has taken place as a result of straining in heat 

A2208. Data points presented are the average values. The 

variation shown is one standard deviation above and below the 

average. 

trend in 

The density of A22671 

figure 24, page 66. 

exhibits a 

Heat 83683 

clear downward 

shows the most 

scatter in the experimental results, but a general density 

reduction can be observed in figure 22, page 64. The graph 

showing the density as a function of strain for h8at T14111, 

figure 21 presented on page 63, is th~ 0nly graph WhlCh does 
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not show a strong reduction in density. Figure 25, page 67 

is a plot of the four density curves on the same axes. 

The electron micrographs, figures 12 to 15 help relate 

the observed changes in density to the mechanical damage 

which takes place during cold working. Heat B3683 was thé 

only heat whi ch exhibi ted wi re breaks during processing. 

Figures 14 and 15 show the presence of void sheets, as 

described by Rogers (19). The only examples of void sheets 

observed were on two finished wire samples from heat 83683. 

Figure 15 is a micrograph of a void sheet made on a sample in 

close proximity to the wire break which occurred in the roll 

straightener. The sample photographed in figure 14 was not 

obtained near a wire break (AP 4). 

The void sheet damage observed on heat B3683 was 

different in character from the voids formed on individual 

inclusions which had separated from the matrix during 

processing. Figure 12 shows a globular inclusion in heat 

T14111 which had separated from the metal after the first 

draft, at a strain of 0.32. Figure 13 shows a similar 

inclusion in wire which had been drawn down to the final 

size. After a reduction of area of 86%, and a total 

accumu1ated strain of 2.0, there does not appear ta be 

substantially more internaI damage around the inclusion than 

there was after the first passe This suggests that in some 

cases, metal can flow ta accommodate an inclusion, 50 that it 
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does not concentrate stress . 

Heat A2208 exhibits the clearest reduction in density as 

shown in figure 23, although no wire breaks occurred dudng 

the processing of steel from this heat. The heat had the 

highest sulphur of the steels tested. Gladman (29) has shown 

that sulphides provide sites for void nucleation (AP 5). 

Reference to tables 1 and 2 shows that the only chemical 

element which clearly distinguished heat T14111 from the 

other steels tested was low n~.trogen, although the copper 

content was somewhat lower. 

having the greatest effect 

examined. 

This points 

on ductility 

to nit rogen as 

of the elements 

The association of nitrogen to ductile failure is 

consistent with results obtained by other researchers. 

Dunand and Roesch (11) found that copper had very little 

effect on the drawability of wire. Steel with a high 

nitrogen content, on the other hand, exhibited internal 

damage and wire breaks during drawing. 

Copper strengthens steel both as a substitutional alloy, 

and through a precipitation strengthening effect. The 

solubility of copper in steel at {oom temperature is of the 

order of 0.25% (25). Irani et al. (25) have reported that 

copper is responsible for a 13.8 MPa increase in bath the 

yield strength and tensile st rength of low carbon steel. 

Their work was based on steels in which the copper 
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concentration was in excess of 0.60%. At this copper level, 

copper precipitates probably contributed to the increase in 

strength. 

At the levels of copper tound in the experimental 

steels, and in those used by Dunand and Roesch (11), it would 

be reasonable to say that the effect of copper would be 

difficu1t to separate trom the scatter associated with 

mechanical testing methods. 

The effect of tin, in the concentrations normally found 

in commercial steels is so small, it is also difficult to 

separate the effect of tin from the normal scatter observed 

when performing tensile tests (26). 

Nitrogen is an interstitial alloying e1ement, and has an 

effect simi1ar to that of dissolved carbon (27). The 

solubility of carbon in steel is less than 200 ppm at room 

temperature (7), 50 the concentration of nitrogen encountered 

in the steels studied is significant in comparison to the 

concen t ra t i on of di s501 ved ca rbon. Ca rbon present in the 

steel in excess of the solubility limit will be ln the form 

of the intermetallic compound Fe 3C, and not in solid 

solution. 

The effect of interstitial carbon and nitrogen on yield 

and tensile strength is linear. The effect on yield strength 

ls a 0.50 MPa increase for each ppm of dissolved N or C. The 

effect on tensile strength is an increase of 0.59 MPa for 
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each ppm of interstitial N or C (27). 

Nitrogen 

mobility in 

positi~ns in 

and soluble carbon have a great deal of 

solid solution, due to their i~terstitial 

the Iattice. The strengthening mechanism of 

interstitial N and C is through the 

atmosphere around dislocations (7). 

the motion of dislocations, the 

responsible for plastic yielding. 

formation of a plnnlng 

This atmosphere impedes 

motion of which are 

The unpinning of dislocations from interstitial 

atmospheres is responsible for the yield drop which can be 

observed during tensile testing. The yield drop is an 

example of flow softening. Flow softening can lead to flow 

localization (30). 

It can be theorized that the flow localization 

responsible for the void sheets observed in the high nitrogen 

heat, 83683, is caused by the yield drop phenomenon. At room 

temperature, it takes several days for a co Id worked steel to 

strain age, and develop a yield drop. As the storage 

temperature increases, the strain ageing time is reduced. 

During wire drawing operations, temperatures in the die 

will be of the order of 200 oC. At these temperatures, the 

nitrogen may have sufficient mobility to pin dislocations as 

the wire moves from one die to the next . If this oscurred, 
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then the yield drop flow softening mechani sm could account 

for flow localization, as weIl as for the void sheets which 

were observed in the samples. One of the conditions of 

plastic instability is flow localization, void sheets being 

the result of constrained, localized flow. 

This theory accounts for the observation that wire 

breaks can be reduced by lowering the drawing speed, or by 

reducing ttle nitrogen content of the steel. An increase in 

the drawing speed will raise the wire temperature. For a 

given nitrogen content, there is a critical temperature above 

which there is sufficient nitrogen mobility for dislocations 

to become pinned between wire drawing dies. Once this 

begins, flow localization will occur, leading to the 

formation of void sheets, and the failure of the wire. On 

the other hand, if drawing speed was constant, a steady state 

temperature would be reached, which would be a function of 

the drawing speed, the type of steel, and the specifie wire 

drawing equipment used. If, under those steady conditions, 

steels with increasing nitrogen concentrations were 

processed, a nitrogen level would be reached at which 

dislocation pinning could occur between dies. Once again, 

flow localization and wire failure would accur . 
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CONTRIBUTION TO ORIGINAL KNOWLEDGE 

A number of researchers have used densi ty measurement 

techniques to study the effects of cold work on melais. 

Rogers and Coffin (12) used the technique to study metal lo 

die friction. Coffin and Rogers (13) aiso studied the effect 

of imposed hydrostatic pressure on internal damage. Moussy 

and Quennevat (28) have rela ted changes in dens i ty to the 

inclusion content of stee1s. Gladman (29) did related work, 

but concentrated specifically on sulphide inclusions. Dunand 

and Roesch (11) used precision density to study the 

relationship of residual elements, and nitrogen 

concentrations to wire drawability. 

The resea r ch desc r ibed in thi s the si s has ex tended the 

methods previously described, to commercially drawn wire. 

While previous researchers made use of apparatus of the 

laboratory, single draft type, this author was able ta apply 

precision 

processed 

machine. 

density change measurement 

at commercial speeds on a 

methods 

multiple 

to steels 

die drawing 

Using an eight pass, low die angle arrangement, results 

were obtained which are similar to those reported by Dunand 

and Roesch (11), using a high angle die. A high angle die was 

employed because it exaggerates the internaI damage, with the 

aim of repr.oducing the effects of high speed multiple 
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pass drawing. The present work contributes to original 

knowledge by extending laboratory test methods to commercial 

operations, thus confirrning the more basic results of earlier 

workers . 
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CONCLUSIONS 

The mobility of free nitrogen, and the ability of free 

nitrogen to pin dislocations probably account for the effect 

that drawing rate has on Wlre breaks. 

The influence of nitrogen on the drawability of low 

carbon steel is greater than the effect of the other metal 

residual elements conside red. The reduction in drawabi 1 i ty 

is caused by the presence of interstitial nitrogen in the 

steel. The addition of nitride formers, such as boron, 

improves the drawability of low carbon steel by removing 

nitrogen from its interstitial positions, and locking it in 

place as an intermetallic compound. 

This may account for the popularity of aluminum killed 

and silicon aluminum killed steels. These steels are in 

demand for severe cold forming applications, such as tubular 

rivets, and spark plug bodies. The tensile testing of steels 

containing aluminum does not reveal mechanical properties 

which differ significantly from those of silicon killed 

steels with similar chemistries. Steels which contain 

aluminum do, however, show a superior ability to withstand 

severe forming operations wi thout failure. The presence of 

aluminum as a nitride former could account for the 

difference, by its ability to combine with interstitial 

nitrogen • 
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Aluminum killed, and silicon aluminum killed steels are 

inherently cleaner than silicon killed steels. Sulphur 

levels are typically an order of magnitude lower, due to the 

e f fect of reduced di 5501 ved oxygen on the par t i tioni n9 0 f 

sulphur between liquirl steel and slag. The reduction in 

sulphides, combined with the removal of interstitial 

nitrogen, will provide improvements in ductility which will 

only be observed after large amounts of strain, and high 

deformation rates, such as those encountered during 

commercial forming operations. 

The results obtained during these investigations may 

provide some relief to steel producers who are facing 

increasing chemical restrictions on their products. 

Historically, steel was produced in blast furnaces, using 

open hearth furnaces or pneumatic processes to convert the 

iron into steel. These operations produce a low nitrogen 

steel, and use a small percentage of scrap. The st€el 

produced was relatively low in tramp elements, as well as 

ni trogen. 

When electric furnace based operations began to compete 

in the wire market, their performance did not match that of 

steel produced by traditional, iron ore based steelmakers. 

An obvious reason for thi s lack of performance seemed to be 
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the tramp element content of the steel. Nitrogen was not as 

obvious a problem as metallic tramp elements, becallse it 

cannot be measured accurately on most emission spectrometers. 

Electric furnaces produce a steel which is higher- in 

ni trogen than a steel produced using a pneumatic conve r ter. 

When re s idual rest ri ctions became common, el ect rie fu r nace 

operators were forced to use pre-reduced pellets, or pig 

i ron. Both these source s of i ron resul t in mo re ba th 

agitation, which helps reduce nitrogen. The resulting steel 

was lower in tramp element concentration, with a greateL 

probability of having low nitrogen. 

The results of this investigation show that there is a 

possibility that a wire drawing operation that produccs its 

own steel may be able to develop specifications which would 

contain nitrogen restrictions or include nitride formers, but 

allow higher metallic tramp element concentrations. This 

could produce a deformable steel, but at the same time allow 

the use of more economical, higher residual scrap . 
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APPENDIX 

1) The velocity field model referred to (8,18) is based on 

geometric principles. The model is capable of predicting 

conditions under which there is a danger of central bursting, 

but does not address the problem of why central bursting will 

not occur in aIl cases once critical limits, such as die half 

angle and reduction of area are exceeded. 

It could be theorized that in an ideal material, upon 

which the velccity field theory is based, a stress applied to 

the surface during drawing will be transmitted to the centre, 

based upon the geometric calculations described on pages 11 

to 13 of this thesis. In a real material, on the other hand, 

due to physical circumstances, su ch as dislocation pile ups, 

stress will be concentrated near the surface of the sample, 

and the plastic deformation zone will not extend to the 

centre l,le. Under this condition, central bursting will 

develop, as described in pages 15 to 17, in order to 

accommodate the velocity differences between the die entrance 

and exit, which are no longer separated by a continuous 

deformation zone . 
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2 ) The elements selected for study in the thesis, as shown 

in table 2, page 49 were chosen because they are the elements 

most often restricted by the customers of Ivaco Rolling 

Mills, which are not intentionally added to steel in the form 

of ferro alloys. 

3) Tensile testing was performed on three of the four 

steels tested. Tensile testing of the wire after each die 

was not conducted on samples from heat A22671 because 

insufficient material was collected to perform both tensile 

testing and precision density measurements. This sampling 

error was corrected during subsequent experiments. 

4) The 

does not 

expression "Void sheet" 

refer to the geometric 

is from Rogers (19), 

shape of the defect. 

and 

The 

defect was desc r ibed as a void shee t, because no i nc lus ions 

or chemical segregation could be seen in the vicinity of the 

defect during SEM observation. 

5) l t i s assumed that the dens i ty reduct i on ob se rved was 

caused by the decohesion of sulphide type inclusions. The 

amount of inclusions present in heat A2208 would have been 

greate r than in the othe r stee 1 stes ted, due to the hi gh 

sulphur content of that heat. The ni t rogen content may not 

have been great enough to cause flow localization during wire 

drawing, hence there were no breaks. The lower density does, 

however, show that the wire produced was of inferior quality 

to, for example wire produced from heat T14111, in which 

there was not a noticeable drop in density. 


