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PREFACE

This dissertation is submitted for the degree of Master
of Philosophy of the Council for National Academic Awards.
During the period of his research the author has attended the
following courses:

(i) Electron microscopy
(ii) oQuantitative x~-ray diffraction
(iii) Numerical analysis
(iv) High strength steels
The author has also attended the following conferences:
(1) 1Influence of second phase particles on the properties
of steels. Scarborough (BISRA/ISI 24-24 March, 1971).
(ii) Modern metallography in Metallurgy, Liverpool
(Inst. Met. 28th to 30th september, 1971.)
(iid) Grain boundary conference, London (Inst.Met.iSI

25th November,1971.)

The results obtained and the theories developed are to the

best of my knowledge original except where reference is made to the

work of others.

No part of this dissertation has been submitted for a

degree at any University or College.



The effect of predrawing structure and carbon content upon the
mechanical properties and structure of plain carbon steel wires
has been investigated. Quenched and tempered, fully annealed,
and isothermally transformed hypoeutectoid steels, and annealed

pure iron have been used to provide a range of predrawing structures.

A-ray diffraction, optical and electron metallographic techniques
have been used, quantitatively where possible, to follow the

deformation process in its effects on structural parameters.

The results obtained have been tabulated to permit the study of
the variation in structural parameters relative to the deformation

level and mechanical properties of the wire.
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CUAPTER T, TVE _DAIORVATION OF IRON._(DeCeCsel)

The deformation of iron may be cﬂvcmently considered in tvwo

0
Q
o>
tels
O

nsy single crystals, and polycryst?zls.

Telae SINGTE CRYSTLLS

Tolole CHYSTATLOGHAP lG LECROTH

_In body centreé cubie metals, unlike olme packed strugturcsy no
single, well definsd closo packed plane exi to, several plaznes

having similar atoric packing densities. Mowever, a cingle clocse
peeked direction exists, the (II 9} g ond slip is uguzlly conlined

L. PRI
4] hhlS.

The (III) zon? conteins threc planses of alnost ldentical pnekine

density, (II0); (3I2); (I23), and slip may occur on any of these,

The deformation tomperature anpears to govarn {he active slip
¥ .
plang for most hec.c, metals e

it '}.‘m = relting tempsrature © ¥ ond 7 = deformatio
' : ‘cemﬁ’m"“w it
™ Tl aetive slip plane {1322}

y ﬁ'i‘xﬁ/%’}.’m/Z agtive slip nlane {110}
T > /2 active slip rlane {123}
Toy fron it appesres ot olip may occur on anyv of tho slip
planas, and possibly ssimrzf!,.:anéo{ml:,r on more than ona plane
(peneil plide, wavy slip), bubt at low temperatures and high strain

rates slip does tend to be confinad o *he (TI0) (EII} systome



During deformation rotation of the lattice occurs, causing
secondary slip systems to opsrate 2 Tige I, illustrates this,with
the simplifying assumption that slip is confined to the (IIO0)
rlane., The initial stress axis is at point P on the stereographic

. projection, slip occumring on the (OII) [Ifi] primary systeme.

During deformatiqn the -position of the tensile axis moves along
the hatched line, towards the [III] point. On reaching the

@Oi] - lioﬂ boundary coﬁjugatevsiip on the sécondary'system,
(011) iz , occurs, the axis travelling along the [00J - [10J]
boundary tovards ﬁoi] o Eventu2lly the stress axis reaches the

[101] direction, and the crystael is completely oriented.

Thus the critical resolved shear stress in the (EOI) and (IOI)

planes must be zero, and slip on these planes impossible since:-

Y= 0% cos,cf cos A : Equation I.I.

where T= resolved shear stress in the slip plane, along the slip
direction.

O%= applied stress

¢

angle between the stress axis and the normal to the

H

slip plane.

]

A

angle between the stress axis and the s£lip direction.

Applying Equation I.I. to the other slip planes in the [ili] and
[Iii]zones the resolved shear stress in the (I2I) and (I2I)planes
is_zero, sinee both are perpendicular %o the stress axis., In the
"~ (23I)and (231) planes, however

Y - 00802 o%



vhereas, in the (0II) [IIIJ and (0II) [IIIJ systems

‘{3 0.707 G‘t
1.6 s1ip should oceur preferentially in the (23I) [iIi]
and (231I) [ii;ﬂ systems since the resolved shear stress is greater

in these system.

I.1.2, TI'C FLOJ CURVE FOR SINGIE CRYSTALS

The effeét of the crystal_orientation is marked during testing of
single erystals, Keh 3 y and Jaoul and Gonzalesz % have shown that,
for certain orientations in vhich slip isllimited to a2 single
systemy a threcwstage curve, similar to that obtained with face
centred cubic crystals can be obtained. 'here the crystal is

oriented for multiple slip, however, a parabolic curve of the form

1 _
O = o +oAE” Bquation : I.2

vhere a; and« are constants is obtal ned. 5

Tels3e TME LELEECT OF TEMPERATURE AND STRAIN RATE

The flow stress may be defined as the stfess roquired to initiate
plastic deformation. Id body centrea cubic metals flow stress is
strongly témperature'and‘Strain rate dependent 6, particularly at
lov temperatures. Two causes of the temperature depehdence are

cited:
(1) A temperature dependent Peiprls-Nabarro foree.

(i1) The presence of interstitial impuritieé.



It seems probable that both these mechanisms are active, since
experiments ﬁith ultra high purity materiales reveal considerable
temperature dependence of the flow stress., Conrad 6'concluded
that the temperature depéﬁdence resﬁlted ffém fhe Peierlsi-Nabarro

force,

Zener and Folloman 7suggested that plastic flow was a thermally

activated process, i.e. ‘ ;

8 = 5(P.&)

'where P has the form P::ée

Q/RT
éis‘strain rate

The hypothesis of thermally activated flow is now generally
accepted, Zener and Holloman showing that the stress S was &
function of log P. These theories imply an equivalence between

tenmperature and strain rate.

o

J.2 POLYCRYSTALLINE TRON

I1.2,1. CRYSTALLOGRAPHIC EFFECTS

While the available slip systems remain the same, it is obvious
that the iﬁtroduetion of grain boundaries results in a restrietion
'oﬁ'crYStal rotation. Since erystallographic orientation varies
from grain to grain it must be assumed that the active élip system
(s) in each grain are not identical., It has been shown that five
independently operating slip systems are necessary for grain

| 8,9
boundary coherence,

Ultimately a preferred orientation must arise in the structure,



despite restraints introduced by the grain boundaries, However,
‘ ‘ I0 .
high deformation levels are required, Dieter quoting 80% as

the necessary deformation level.,

Je2e2. GRATN BOUNDARIES AS BARRTERS TO DISLOCATION MOVEMENT

The plastic deformation of a metal involves the movement of large
~ humbers of dislocations. It is well known that grain boundaries

act as barriers to dislocation movement, " and that an increase
in the area of grain boundary i.e. a decrease in‘grain size,
~results in increasing flow stress. Grain boundaries have bech
shown to consist of a region of &tomic misfit 2-3 atomic distances
- wide.! ' ‘

2
Eshelby, Frank, and Nabarro . showed that the number of dis=
locations vhich could be compressed into the distance between a

dislocation source, and a barrier is given by:

1 CL
Gib
where G is the modulus of elasticity in shear , {

b is the Burgers vector of the dislocation

n is the number of dislocations

k is a constant |

Y is the shear stress acting on the dislocation source

L is the distance betueen the source and barrier

If we consider a source at the centre of a grain, diameter d, then

the distance between source and barriler is d/2, and

n=kxunYd

2Gp



hence

_ 25080 Equation I.3
LTI

Since n is the number of dislocations which can be compressed
into the distance 4/2,7T is the back stress exerted on the source
by the pile up of dislocations. It is also the stress exerted on

the barriery, i.e, the grain boundary.

I,2¢3, GRATN BOUNDARIES AS DISLOCATION SCURCES

13

eh and Weissmann observed that grainbounlaries which were
clearly defined in the undeforwed condition, showed reduced
‘sharpness after I-2% plastic strain., This was chown to be due to
disleeation generation at the grain boundary, Similar effects

» ‘ 15
have besen obssrved by other workars s and there scens to be no
reason vhy & barrier shouing incoherency with the matrix should

not aet as a sourcs of dislocations.

Te2, e TIH BFECT 0F GRAIN BOUNDARIES ON TI'® FLOY _CURVE

17’18, relating -

I
The work of Fall s and of Petch and co-vworkers
the grain size of iron to the upper and lower yleld points was an
early step towards relating the structure of steel to its

mechanical properties.

=t
e

3
29
'

These workers derived the empiriecal relationst
-

o =0 + k d . Squation I.h4
Lo¥Y,P, i L.Y. P,



urers d'i was talten to be the stress required to overcome lattice

frictiony and k; o ;- is a constant.
do.el’e

) _ -
Subsequently Petch et.al.‘“a extended the theory to show a similar

relationship for the flow stress and grain size.

-

o = a'i tk,d @ Bauation I.5

In this couation oy and kf have simila;e mea2ning to 'those of
Equation I.k, but differ considerably in value. The authors
interpreted the equation in the light of Taylor's work on the
orientation facter relating the tensile yield stress to the

eritieal Fesnlved shesr stress for yield ﬁmax'

L

Y= + kdi
0 &

.

2

oFe g=n¥ +nkd Dquation I.6

If the shear stress induced on 2 dislocation sourec distsnce 1 ‘
from the grain boundary by a slip line in the neighbouring grain

interseeting the co-mon grain boundary is ¥  then
: max

i
&

k = {tm ¥ r ?
8 max ;
If % is the shear stress required to operate the source, assuming

x is not generated in the slip plane,

nax "‘1
v = in t |
maz ¢ "
I = ux, r’ N
S |
2 ‘1“ -‘:‘1'
and g=n o + {m 'Zc r)a Bavation I.7



The original ¥ell Petch relationship has been modificd on meny
ocecasions. Perhapes the most impsstant conbributions to the

cdevelopment of this approach have becn those of Conrad 6’19,

20,21

and lelnoan cte.ls Conrad suggested the following modi-

ficationsiw

A u;'.“?,‘ '
C=0"(T€) + o (ste ) *kd -  Equation I, 8

where (T€) is the thermally octivated stress component
q;‘is the athermal stress component, proportional ¢o the
~ shear modulus,

Melean eonsidered the disloeation contribution to the flow stressy

givingse
5
o =0, + G bp* Eguation I, 9
vhere is & constant

P
G the shear modulus
b the Burgess wvectory and

P the dislocation density

Dingley and Meleon 21 suggested that the termkébp% should be
unaffected by grain boundaries, any strongthening offect due to
the latter being included in the 0, term, These authors cone-
cluded thatte | | |

Uafter yleld there is no significant grain boundery barrier
hardening as there is at yilelds The grain boundary hardening
is mainly indirect, arising from different dislocation densities
in differcnt grain sizes, Dislocation strengthening is inversely
proportional to dislocation spaeing, with & proportionality
constant that is nearly independent of temperaturc and dislocation
pattern, vhich points to an intersection and (local) stress field
dislocetion hardening model."

Experimental evidence that {iner grain size resulted in an ine

creased disleeation density for 2 given strain was reported. £



2
similaer analysis by Foltzmann and lan 2 produced the formie

n .
where g =x&p vhere w043

. =k '
te. G ER Passtion Io 1o

 where Ep is the plastic strain,

Evans and Rawlings 23 concliaded that the flow eurve of mild
- steel could be divided into two sections.

n .
< 107 strain = g =0, +x€p n 0,45

>I0% strain g =A + Bln€p

In the second ecguation, for strains in excess of 107, decreasing
grain size results in inecreasing A i.,e. the term A contains the
grain size effects The equation for sfrains less than I0% was _
expanded tote

0‘5

0 .
° +xa"tep | Equation I. I7

- Ep *
o;_o"o-!- o<o p.

vhere K is a constant depending on the purity of the metal, and
“b the coeffieient of work hardening for a metal of infinitely

1arge grain Size.

2l

The observations of Jaoul  on the effect of grain size on the

flov curve of mild steecl indicated that their effect on the slope

of the curve is very slight decreasing grain cize inereasing the

, I
inltial flow stress, l.e. the yleld pointe Full et.al. g state

thatse~ v
"i/hilst grain boundaries may be sources of dislocations, they do

not control the rate of multipligatiocn.”



-,while Keh and VWeissmann 3 noted that gr&in boundaries acted as
~dislocztion sourcesl&nd Dingley and McLean.gI stated that the
~dislocation density in any two specimens strained to the same
level was greater in the sample having the finest grain size. It
‘seems probable, herefpreg that grain boundaries exert an offect
on the initial work kardening ratey possibly due to their action

as dislocation sourcesy but that this effect disappsars at hirher
strainse. o



CFAPTER 24 DIZTORMATION OF TRON CONTATINING A SKECOND PFASE

The term o, introduced in Equation I.2.,6, and retained in the fin21
form of Equéﬁion I1,2,I0 refers, principally to the effeect of pre=-
cipitates on the flow stress of polycrystalline iron. ¢; will have
a small,'but significant efrect when the proportion of precipitate
is small, Increasing the proportion of precipitate wouid be eX= |

~pected fo alter the flow stress of iron to a considerable extent.

2,1 TYEORIES OF PRECTIPITATE FAHQENING

Theories of precipitation hardening may, for convenience, be

divided into two groups:

(a) Pardening by coherent and semicoherent precipitates(pfe— ,
eipitation hardening).

(b) Bardening by incoherent predipitates (dispersion hardening).

In the case of plain carbon steels i.e. ferrite plus a carbide
precipitate, only the second form of hardening is of interest,and
discussion of hardening by coherent or semi eoherent precipitates

has been omitted.

The theories. of Orowan 2 are probably'the rnost significant of
those dealing with dispersion hardening, and most subsequent
theorics appear to be based on variations of this approache Cone
sidering the dislocation line as flexible, passing through & matrix
containing hard, approximately spherical partiéles.

The shear stress for yielding is given by:



o
4
H

Toe Tgra2 @ I (2 Equotien 2,1
=) b

‘ r /. - A
0" - ] 3 . - .
Q 2 ( el v /L = Poissonte Iatio
vhome T v = cheoy phrecs for plielding
Ts e Aedd gtrooe of e bt
G - cheey poddes of the renbmdse
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dislccotion rine is Joft bolind, cuwrrounding ench porticis, Zockoy end

L3 ed
“2

Yoo cormariesd thle effocts

TAllorn eondnining sliveyr pacticlen oivain handen very repidly bocmuse
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of rinss dncroomused
oL .
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Substituting in Bauagion 2.4

3 2 |
G= 318 r.. = 3r = 3Hf Equation 2.3
| r R R R

This equation suggests that the inerease in hardness due to &
second phase is proporticnal to the volume fraction of the

second phasey and inversely prOportiotialf {o the particle spacinge. ; '

Ansell and Lene127 suggestod that' the theories of Fisher et.al,
explained the behaviour of dispersion hardened metals up to a |
cerf:ain particle size. TFor partiele sizes greater than this they
proposed that the dispersion strengthened metal yielded when the
stress .on cach p:zrticle' was suffic_ient to cause yieid or. fraetufe

of the particle,

1
%4
2

Yield Stress = éﬁ%‘&*) . | Bouation 2.4
2NC

/u = shear nodulus of matrix
/ﬂ‘: shear modulus of particle
b = Burgers vector

)\ = particle Spaéing
. ol
1.6, Yield Stress Oy =K ¢

This equation lgnores any ef’ect of'volume'fraction of precipitate,

I0

unlike the Fisher theory, and, as Dieter statess

"The hardness and strength (of steel) increase with carbon :
content, or volume fraction of the carblide phase, Further, for
a given carbon contenty the strength will be higher for a {iner
carbide spacing, than with a coarse particle sp2cinges Particle
shape has a less important effect although, for a given volume
fraction of carbidesy lamellar carbides will be stronger than
spheroidased carbides."



28

The approach of Unchkel differs from the foregoing. ¥is
theory states thats | -
g = Le “BY +C , ~ Bquation 2,5

Ly B and C are constants, and y the interparticle spacing. AS
pointed out by Tyam and Nutting =7y |

"This formulation has the nerit that, at zero spacing, % 1is
equal to the flovw stress of the second phase i.e. 4 ¢ and a¢
infinite spacing is equal to that of the watrixy C. The constant
B is dependent on the way in which the shear forces decrease with
distance from a particle,”

Comparison of this equation with that of Evans and Rawlings for
strains in excess of I0% given in the preceding chapter reveals’

| considerable similaritiesQ

242, EXPERIMENTAL REIATIONSFIPS BETWEEN STRUCTURE AND MECTANICAL
| PROPERTIES OF T:O PFASE ALLOYS -

——e————

The first attempt to relate structure to strength in steels vere
those of Gensamer et.al.39. These authors showed that strength was
inversely proportional to the logarithm of the interparticle

31

spacinge Folloman confirmed this relationship, and showed that
the strain hardening rate of quenched and te@pered, or isothermally
transformed steels increased slightly with increased strength, but

was essentially very similar for the same steel,

Fyam and Nutting 29, working with quenched and tempered steels
concluded that none of the accepted theories of dispersion

2926427,29 fitted the results obtained, and related the

| hardening
hardness to the mean predicted grain diameter. Turkal@ and Low32,
working on similar materials, rejected the conclusions of Fyam and
Nutting, and obtained a2 linear relationship between strength, and

the logarithm of interparticle spacing i.es the Gensamer relationship.
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Turkalo and Low ineluded precipitate particles, and grain

bounderics as barriers to dislocation movemente

Pt
&l
3
=
12

[97)

23, TTE EXFHCT O DEVORMATICN ON TUE STRUCTURE O T.I0 FIPASH

4

33

Pickefing et.ales ~ Showed that, after 2% deformation cementite
lamellae in psarlitic steele could no longer be imared clearly in
the electron microscopzes This was shown tovbe due to the generation
of disloecztions at *he ferrite/cementite interface, and & high dise
locztion density was obhserved in the pearlitie ferrite, The short

free ferrite path length severely limited dislocation movement

prebably aceompanied by yieldinwg and fracture of the cemantite
r&

\Thus, to accommodate the deformation, & substrueture must form,
) e 3k I 35 ) e 4 o
| lamellae, Pattick ~ ' and Kaldor have shown clearly tha¢ plazstie

VO
s

w6

N,

PR

v

N

2
\
WM oeeury and Keh 36 pas demonstrated plastic deformation of massive

!

FLNN

BN

At

i
el

1deformation and fracture of cementite lamellae in pzarlite can

fcementite in rolled stecls Puttick concluded thats

"Deformation (in pearlite) is accommodated by fine slip in ferrite
parallel to the lancllae vhere the resclved shear stresg is
sufficiently highy or by slip transverse to the cementite in une
£ . - s (] 03
tavourably oriecnted colonies. In the latter case the slip is
accompanied by plastic deformation of cementite, and some ferrite/
cementitate interfacial slipe In such colonies the ferrife slip
may also follow a zig-zage oOr "arrowhead" path in the early steges
in the lamellar matterny and may be nucleated ot the ends of
cenentite plates.”

Additional evidence for a high density of faults in certain areas

of deformed pearlite was provided by Foltzmann, Danko, and Stout 37
These authors stidied the sphercidisation of deformed pearlites
In all cases spheroidisation occurred most rapidly in areas of

heavily distorted lanellae,

In the case of quenched and tempsred steels 1ittle evidence has

been found for the deformaticn and fractnre »f the carbide



" particles, It would appear that the clessical approach to a
dispereion hardened structure will apply, and that deformation

will cause the build up of dislocation rings around the particles,



 suggestion of Godfrey

CUAPTGER 3, TVE EITECT OF WIREDRAUING ON TI'E STRUCTURE AND

PROPERTIES O CARBON STEETL

3ele PRESEUTATION OF DATA

F21]
DAT

Convenﬁionally;wiredrawing data has been presented as a function

of percentage reduction of area, or diameter until very recently.
Even now much of the available data is published in this form,
Reeently, however, Godfreyss, and Mohrnheim 39,#0’ have suggested
the use of 2 logarithnmic base scales Godfrey's suggestion is that
the deformation in wiredrawing should be presented as a true strain,

based on the formula:

: 2
True Strain on wiredraving = log, 4o = log, (Do) Equation 3.I
A
' D

39,40

lohrnhein s on the other hand, simply suggests presenting the

_results on axes having a "preferred number" series. The

38

appears to have the greater fundamental

application.

32, TFE_PROPZRTIES OF DRAWN /IRE

-

LI
Siseo 'y reviewing data published before 1937 came to the

- following conclusionst=

i) The principal effect of cold drawing is to increzse strength
and hardnessy vhile reducing ductility.
i1) Irrespsctive of thevdriginal value the percentage elongation
alwvays drops to a low value after approximately I0% reduction,
111) Tor carbon contents between 0,I7 and I.u the increase in
tensile strength and yleld strength is proportion2l to the

anount of cold working, and is practically independent of



carbon content.

iv) Patenting before drawing results in higher dravm tensile
strength, while annealing has the opposit cffect.

v) 0il quenched and tempered steel has low drawability and

drawvn ductility.

Most of these conclusions would appear to have been upheld
4—2"48 .

by the results of modern researchers.
Examination of published data revealed close similarities

in the pattern of work hawvdening of cerbon stecls containing
up to 1% Carbon, where the structural matrix was ferrite.

The form of the carbide did not apﬁear to affect the basic
curve shape.l"ln48 | |

Initial deformation, up to 20% results in a logarithmic
increase in strength, as measured by tensile strength or

flow stress. Between 20% and 807% deformation tensile strength
increases slowly in an approximately linear basis, and,

for deformations in excess of 80%, increases very rapidly to
the drawability. The ductility, as measured by percentage
constriction, varies only slightly up to 807% deformation,

and then docreases rapidly foa. .

spheroidised structures, however, as showu -

et.a142 the ductility decreases at a constant rate witu
increasing deformation. Sisco's conclusions regarding the

use of percentage elongation as a measure of ductility have

been fully confirmed by these authors.

3.3. THE STRUCTURE OF DRAVII WIRE

The early stages of deformation, up to 50-60% appear to result
in some preferential distortion of pearlite grains containing
lamellae approximately parallel to the wire axisag. After 91%
deformation all the lamellae are aligned in the direction of

drawing . Deformation of unfavourably aligned appears to result



a kinking, poscibly, bul not necessarily involving fracture of
the carbides. 49 A subgrain natvork of dislocztions is formed at
an early stage, I5% deformation, and its prominence increases

vith increasing deformation,

Iamella aligned approxfnately parallel to the wirec axis do not

necessar;?y fragment, & reduetion in thichne s and sn°ci belng

Hleyki5y 490 | Some "necling" of such

43, o

observed by several authors
lamellae was observed by Embury and isher Some ;ragmentation
of carbides has also been reported, HeyliSy together with 2 dis-

locatlon structure in the carbide phase.

The initial size of the ferrite substructure appsar to be
controlled by the lamellae spacing, Kerdonskii <—3t:..:.11!..lU quoting
figures of 300A° in patented steel, and 500-700&° in anncaled

| .. 0
steele, After deformation these reduce to I0C-I504 and 350-4001°

50

confirnm these dimensions for

-

k3

respactively. Dewey ond Briers
eutecetold steel deformed 98 According to Embury and Fisher
the reduction in cell dimension perpendicular to the wire axis is
directly proportional to the reduction in.area throughout the

deformation process,

Theory 1o predicts that deformed bececs motals should have a 'IIO
orientation, and several authors have reported this. 51,52 Devey
and Briers 50, on the other hand were unable to deteet any preferred

orientation by electron diffraction.

Deformation of spheroidised structures, formed elither by prolonged
annealing, or by tempering of quenched structures;i.c. coarse
and fine particles respectively doss not appear to result in any

fragmentation of varticles, 2,4, The ferrite cell sgize appears Lo



he related to the interparticle disiance.

Several authors conclude that the function ol the carbide phase

| | | U3 U 45
is to "pin" and yveinforce the substructure of the ferrite. vITeTeY
Lo,50 ‘

(]

3al. TITG _RRLATION BITWERN STRUCTURE AND PROPERTIES

Two change points on the curves relating the mechanical properties

to the degree of deformation have been established:-

i) After I0-207 deformation a deerease in the rate of work
kardening, and 2 concurrent loss in tensile elongation,
14) After 75-90% deformation a rapid acceleration in the rate of

work hardening and a rapld decrease in percentagze constriction.

‘No evidence is available to explain i), but it doee not appeey
improbable that it is associzted with the establishment of & sube
structure in the ferrite. The sligh% increase in percentage
constriction sometimes observed has becn attributed to fracture

“2 | It has been suggested thet the overall
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of the carbide phase
length of the ferrite/cementite interface governs the strength.

Ioet of the attemplts to relate structure to strength have adopted
B34 50

modifications of the Fall-Petch apnroach s and Maurer et.als
state that the strength of deformed steel was largely attributable
to the substructure of the ferrite., 1in the modifications of the
Fall-Petch theory postulated, the dlsloeation barrier spacing was

taken as the subeell size, and Embury and Fisher show a plot of

L9

their data based on this approach, Chandhok ei:.r'.’-.l..w+ concluded that:

" A deformation mechanism can be desevibed in terms of Interactions
among the basiec variables of carbon availability, carbon nmobility
and dislocation mean free path, The model involves dissolution O%



1 carbide particles, migration of carbony, and

Carbon from initia
n with dislocations."

its interactio

i.es that a continuous process of age tardening is operative,
resulting in the pinning o7 the dislocation network by diffucion
of carbon atoms to form a Cottrell atmosphere, This model was
confirmed to some extent by high and low femperature deformation

trials,



CUVAPTER L 2 TXPRATIONTAL UETIOR

LT DAY MATRRIAL

'y

A pange of stesls, and irons, with varying Carbon content were

ctozen o vroduce as wide & range of structures and strenrths as

o]
vescible, The maoterial, and conditiocne selected were ac {ollouste

I, Pure Iron, uwlth a range of gralin size controlling the initial
mechanical nroperéies, |

2, 0,185 Carbon Steel, with contr cllﬂu carbide merphology cons
trolling the nee Iaai l‘porpertieso |

30 Ok Cavbon n Steels, with mechanical properties controlled by

-

carbide mor

'L“}

10108¥ e

The materials for (2) and (3) were comzercial stesls readily
availleble, but the Tirst natericl was spreinlly obtained.
l; 17

IR TERTY AT ITEYT
odete JEAT TREATIHIIT

: »

The structures required wvere obtzined by a range of heat {treatment

rethods, The Tollowing terminology is defined for clarity:—

The process of hesting o steel above the \Cy linﬁ on the Tron/iron

»

Carbide Fhase Dingram (Fige2) i.c. into the auctenite phase field.

[ 5]

{b) Sub eritical Annaaling

Trhe process of heating & steel to ¢ tempevature less than the AC3



o)

point, to obtain the »

(b) Iszothermal Trancfaormation

-

The process of

a temperature beloy

for a perlod suffic"nt to permit transformation to t

plus iron carbide

rhases (¥'1gs3)
Leloe2e DREPARA TION FOR _YIREDRAVING

This operation vas

treatment, or afier b

with adhering iron oxide scale,

ﬁvafccnl rie

i

splution of

structure with

a2ll stecls,

rod 1s he

m'.l.ﬁ

t be

enically by immersicn of the

portion of commercial irhibitor (Irhibisol) at 2

out

quenching a steel from the austenitic cond

the 303 point, and maintainlng th

structure by nucleation and growth of

isg
he

austenitization,.

tion to

T'ollowing heat

avily ccntaminated

4eld in waler, coniaining 2

rcmoved before viree

rod in a 207 vw/v

snall proe

C for 295-30

&inutuu. 1e rod was then washed in water to remove cxcess acide
The rods were then irmersed into a solution of Fhospheric Acid
and Frhosphates at 700C for 7 minutes. Txcess solution was rinsed
off with va tor end the red dried in ovens at 200°C for IO minuﬁ@g.
This treatment servas Lwo purposesis |

' I
Is During wiredrawing the rod is reguired to "pick up" 1ubrican£@

form of =

The wir

in the

the dige edraving coat fac

2p granules or powder,

il

&

1

.

tates this,



2¢ Cherically cleoned reds expoced to the atmosthers corrode
rapidly. VWhile this may be desirable to alimited extent,
the wiredrawving coat prevents oxidation, other than that

required by intent.

L,7,3, PREPARATION G PTRR_TRON

Trdis material was obtained in the form of rod, nominally 6.35 n/m

diameter, but of irregular crpss scetione The starting siza for

}J

.

11 the expsrinmental vwiredrawing hué€ been selected as 9, 6 n/m
dizmeter (5 gauge) with a cireular cross sections The 6,35

n/n
TO4S Vere prepargd for wiredraving as deseribed in,Scctinn.M.I.Z.,
and drawn to Y.6 m/m dismeter producing an even, cireular er
section, i&is process inbtroducaed some grain deformation, uhich

waes desirahle as 1t was intended to produee 2 raw material of the

Q‘

same chenical composition, but differing grain size by ree

<

-

erystallisation. The effect of time and temparature on the grain
sime was studied on samples of the 5.6 m/m diameter material and
‘ o )
t 800°C, 850°C, and ¢00°C

]

.

the results established that annezling
would give the required groin size variation. Cooling rate 4id
not zZopsar to have any effect. Therefore the 5,5 m/m diamter

material was scparatsd into three small coils, and onc coil Ycated'
Tor I5 minmgtes 2t each of the selected tempsratures in a neutral

s2lt bath, and then gquenched to room temperature in clean wlier.

“3

inally the heat freated rod was again prepared lor wiredrawing

as in Section 4eI.2,

Lok, PREPARATION OF 0,189 CARBON STELL

It is normal commercizl practice to draw this material in the as



rolled condition, without any further heat treatment., The wvire
produced may be galvanised, or plastic coated, and used for

various industrial purposes e.g. baling wire, wire baskets cte.

The as rolled condition was therefore chosen as one of the

experimental conditions,

{tempts have been made to produce high tensile steel wire from

' 53
low carbon steel

by production of a fine carbide dispersion
in the initial rod, fThe production of this structure in low
carbon steels requires & rapid quench rate after austeniticsation,
Previous work has shown ﬁhat‘a 57 Sodium I'yvdroxide solution is a
suitable quenching modiume The quenched structure was found o
be very hard and brittle, indiceting that a tempering treatment
was required. A programme of experimental heat treatﬁenﬁ indicated
that an optimum blend of mechahical‘properties could be obtained
by repid quenching from 950°%C into agiliated 5% Sodium Fydroxide
solution at 0°C, and tempering for IO minutes at %00°C, This
condition was selected for wire draving. The austenitisation
treatmenty and tempering were carried out in neutral salt baths

to prevent deoxidation of the rod surfaceo

In an attenpt to determine the effect of carbon in sclution on

the tensile strengih of drawn ferrite plus carbide structures a
third condition was selsctede Obviously a coarse cafbide particle
form was required, and the rod was therefore sub critieally
annecaled at 650°C for 8 hours in a reducing atmospherc, proe
ducing a spheroidiscd carbide form evenly dispersed in & uniform
ferritic grain structure. The heat treated rods were nrepared

for wiredraving &s decsceribed in Section Lelele
g



boTe5e ColYs CARBON STERIL

Rormal commercial practice is to "patent" steel of this come
position before wiredrawinge. - Patenting may take one of three

Torms, following austenitisation:-

(&) Continuous cooling transformation in air (Alr Patenting)
(b) Isothermal transformation on molten lead (Iead Patenting)

(e) Isothermal transformation in molten salt (Sz2lt Patenting)

Salt patenting is mainly used outside the United Kingdon, bub
has recently skown signs of increasing populzrity, The m2in
advantage lies in the absence of}toxic fume, but the structures
produéed ténd to be elightly more coarse tﬁigfgggg\Egggggggga
Icad patenting was developed idnggéﬂﬁégggg Kingdom and produces
a fine, uniform structure, but suffers from the emission of toxic
fume, The air patenting process is principally employed for
intermediate wiredrawing: o ("ripping"), where the starting sise
for finel wiredrawing: ic leess than those obiainable by hot
reiling in the rod mill, or where high tensile sﬁrength and cone

tolled structure is not required.

The lead patenting process was seletedy since the structure
produced is very uniform. The rod was heat treated in &
commercial lead patenting furnace of the continuous type,

operating on the following eycleie

Austenitisation 2 minutes at 900=950°C

Transformation 0.4 minutes at 540°C
N

"

Reference t0 yip, 3 shows that these conditions should produce &

fine pearlitic structure in a 0,44% Carbon steel.



Finally the heat treated rod was prepared for wiredrawing as

outlined in Section LeoIe26

L,2, WIRBDRAWING

%,2,T. IREDRAWING DIES

_Mcdern}wiredrawing practice has replaced the steel drauplate,
containing a descending size Df’die,holeé, vith a ﬁungsten
~ carbide die, These vere developad initially in Germany. The
modern wiredraving die consisté‘of é»Tungsten Carbidé/Cobalt
insert, shaped to the correct profile, in a steel caso.
The production of dies is a skilled occupation and modern wiree
drawving mills have a "die shOp“ producing dies to the cofrecﬁ
slze and prbfile; wiredrawing dies are normally manufactured
by specialist companies to a specification set by the wire mill,
The dies are finished by the die department of the mill bafofc
uses The following points are of great importance, referring

(a) The entry angle should be sufficiently open to permit and
inerease flovw of iubricant. ‘ _

(b) The angle of the die at the point of contact on wire entry
should be 7% '

(c) The parallel portion of the die should nof exceed one third
of the diameter of the drawn wire.

'(d) The parallel portion may €aper slightly towards the exity
but should not taper towards the entry.

(¢) The exit of the die should be smoothly radiussed away to
the full exit angle, tb prevenﬁ stripping of the draving

coate



Tungsten corbide dies were used throvghout these experiments.

L4262 UIREDRAWING VMACIIIES

A modern wiredrawing machine norm2ily consisis of four basice

elementu.-

(a) The frame

(b) The die holder, often a steel casey with a serev pluge
The plug is removad, the die inserted with a washer in
front, & second washer placed behind the die, and the plug
tightened up to produce a water tight seal oq thz washers,
The case is normally providsad tit? entry and exit tubes for
water coolinge The die holder is eorried in a reot ingnlar
hox section whick also carries the Iubricant,

() "Killing rolls" which consist of a set of rolls, axis
vertical, The wire 1s led around the rolls to induce &

permanent "set" to the wirey vhich therefore falls nzturally

0]

to a coil of slightly greater diameter thange \

(@) Tre Block, normally a steel cylinder, vhich provides the
force reguired to pull the wire tkrough,ﬁbé die. The block
is normally water‘cooled.

Modern w;red awving mechines are offen nu]t1—b1ock, wirve from

each block being fed ofP to the n=zxt die continuoucly. These

blocks are normally of tke "accumulator® {yne, and the sveed of
each block is individuzally adjusted to build up a reserve of

wire, i.ce wire accumulates on the block.



Two different machines were used for the experimental workie

() a 28 inch diameter block single hole machine, in vhich both

the die and the block were water cooleds Fige 5

(b) The final block of an I8 inch diameter block, 3 block

machine, with water cooling on the dic only. Fige 6

L,2,3, WIREDRAWING PROCEDURE

All the.baterials_were drawn on ah'equal'draft schedule i.c,.

the reduction in arca at cach die was equal, of I0~-I5J Reductién
per draft.y‘The leadine edge was reduced on & small Pilger mill
until the diameter was smaller than the die, and then threaded
through the die, This point was gripped in the jaus of a "dog",
vhieh could be hooked on to the block, and the wire drawn through

the die, at I00 ft/minugéc. A dry mixture of 80% Caleium

Stearate/205% Sodium Stearate was used as lubricant.

All the samples vwere drawn until further reduction resuited in

fracture of the wire in the die i.ee 10 the limit of drawability.

Samples of drawn wire for mechanical testing and examination
were always taken from the trailing end {o avoid any possibility

of material deformed on the Pilger mill being tested.

Uole MECPANICAL TRSTING

Yode I, TRUSIIE TESTING

Two tensile tééﬁing machines were usedte



(2) An Instron I5,00C 1b capécity machine

(b) An Avery tensile testing machine

The Avery machinc was only used vhere the samples were too short
for the Instron. Ilio machining of vwire samples is nocessary.
The specimens were painted with red lacquery and marked at one

inch intervals for elongstion meazasurenmentse

Instron tests were carvied out at a strain rate of 0,2 inches/
nminute using a I0 inch gauge length electromechanical extensometer,
load/extension curves being recorded autographically, Extension
after fracture was recorded on several gauge lengthsy and re=-
duction of area at the fracture pointe All tests were siturted

at I2 inches javw separation and, vwherever poscibley extension to
fracture recorded from the finzl jaw separation, Aectual breaking

load was recorded Ior many specimens,

Samples were prepared for %ﬂe Lvery machins in exactly the same
manner. as for thekzﬁstron machiney but the exténsion under 1oad was
measured with 2 2 inch gauge length Gial extensometer. Load

and extension values were noted atvregular intervals and load/
extension curves plotted by hande Tre strain rate vas very lovw

to permit aceurate matching of load/extension readings. It was

not possible to determine extenslon to fracture and actual

breaking load on this machine,

4.2,2, WIREDRAWING LOAD

The load reduired ¢o draw a vwire may bhe esxpacted to be a

function of strain rate, the deformation resistance of the



material, and the frietion in the die, Wiredrawing load could
not bs determined direetly on any of the wiredrawing machines
available due to lack of instrumsntation, therefore the Instron
tensile tes ing machine was used . in a modified form. Samples
vere prepared from the O,b4% Carbon steel, with the fine dis-
perscd carbide structure by stopping the wiredrawing machine
with approximately 30 inches of wire not dravn, - The drawn wire
was cut I2 inches after the die, and the die removed from the

die holder with the wire in position,

The lower gripping jaw§ in the moving cross head was remo?ed,
and the drawn wire from the die oxit passed through the cross
head and gripped in the upper, stationary jaw. The lower cross
head was lowered until tension was established, and the load
resulred to drav the die over thé vire recorded autographically

at cross head speeds up to 50.8 cm/minute,
h*}.i’ TORSTION TRSTING

The torsion test is freduently specified for wire, vhere the
torsional duectllity has a2 bearing on fubure apnlication €ofs
rape spinning. The normal fest spegeified is number of twists
to fracture, novmally on 2 gaugé length of 100 times the wire

diameter. This test wac made on all samples,.

Some authorities regard the Shear Stress/Shear Strain curve as
' . 10

significant in the assessment of plasticity ~ o and full torque/
. twist curves were prepared for the 0.I8% Carbon steel with coarse

and fine carbide dispersions The torque/twist data was cone

=1
O

verted %o shear stress/ shear strain using the Nadai analysis



for values of shear stress above the elastie limit %o calculate
Maximum Shear Stresse (See Appendix I). The testing equipment

used for these tests was as follovsee

(2) An Amsler horizontal torsion testing machine.(Iarge
diameter wires).
(b) An Amsler vertical torsion testing machine.(Small diaméter
| vires).
(e) A simple twisting apparatus, with no load measuring

facility, with a counter for number of twists to fracture.

The horizontal machine consisted of a fixed jaw, vhich elamped
one end of the test specimen, and a moving jaw vhich clamped the
other ends The distance between the jaws could be adjusted to
give any required gauge length, normally a multiple of wire
diemzter. The moving jaw was connected by a series of gears to
a dial showing the angle, in degrees, through which the specimen
vas twistedy and load was applied by a pendulum, attached to the
fixed jaw, increasing displacement of the pendulum from the
vertical increasing the load applied., The load applied was in-
dicated on a dial gauge. Reading of load and angle of twist

vere taken at regular intervals.

The vertical machine concisted of a torsion bar clampzd at one

end to prevent any movement. The other end was held in a chuek
nounted on the upper face of a horizontal disc. The specimen

was clamped between a chuck mounted on the lower face of the discy
and a seeond chuck conneccted to the tuisting mechanism. The dise
holding the upper end of the specimeny and lover end of the torsion

bar was graduated around the rim 4 and a ring surrounding the dise



was graduated on iis inner diameter in radians. The whole
system was alloved to “rloat" from the suspansion point of the
~upper end of the torsion bar. A tensile loady which was 2
small fraction of the tensile yield siress, was applied to main-

tain the apeceimen taut,.

As the specimen was twisted the angle through wbieh the toréion
bar twisted measured the load»applied, and the éngle through
vhich the egpecimen was twisted was measured separately. Reédings
of load and angle of twist were recordedvat regular intervale.

The maximum torquey and numbey of twists to fracture was recorded.

Ll MATALLOGRAPHY

bolio T, SPRCIVAEN PREPARATION

Semples of rod in the hent treated eqﬁdition, and wire after
each réducﬁion were prepared for exemination. ©Samples were cub
parallel and perpendiculayr to the wire axig for 2ll conditions,.
The spsecimens were mounted in thermosetting plastic, using @
laboratory press, at temperatures not exceedineg I506°C, The

heating period was kept to 2 minimum throughout.

Initial grinding of tre specimens was carried out on a Knuthe
Rotor machine and Iggﬂﬁi grit- g¢ilicon carbide paper with éon~
tinuous water flow to remove grinding debrise The specimens
were tren hand ground on 289pm9%09pnzand 609mngrit silicon
carbide paper with continuous water flowy; rotating thg specimen
through 90° at cach change of grit particle size. Polishing

- wasg carried out on diamond impregnated pads, with pariicle sizes



of 124, Gu,y 1/,, , and o./s,,, , using paraffin to rcmove polishing
debris. A finsl polish was obtainsd with mediuwm grads elumine
suspension in water and Selvyt cloth, '

Ths microstpmture yas rovealed by etching w\ith 2% Nitric Acid
in Alcohol for pure iron semples, and SZ Picric Acid in Alcohol
for stecl saiaples. Finally the specimens ware rinsed in alcohol
and dried in varn air, |

Lh.L.2, OPTICAL MICROSCOFY

The speciiaens were examined on a Relchert Zetopan bench microe
scopey with a range of .magniﬁcation from 56 to 1760 diamsters,
Photograp!'xy and quantitative measurementé were carzied out on a
Vickers Projection lMicroscops et megnifications ranging from
200 to 2000 dismeters. A stoge nicromsier wes used to gset the

negnification need for quontitetive measwrerents,

Grein size measmnts wore made on the pure iron semples end
£he 0,187 Carbon Steel with coarse cerbids, Due to the grain
distortion resulting from wviredrawing the measuremsnts vore
nade on Specimens cut perpendicular to the wire axis, The
spocinens wero examined et o magnification silted to the grain
 size, and the number of intercepts made on two mutuslly psre
pendiculer lines, each 10 cn long, counted, A minimun of ﬁva
separate ercas, selected at m.ndom, wore examined for each
apecimen; The results were then converted to grain boundsry

epecing, D, using the formulote

D»’u 1 Eﬂu.n.&oﬂ 4-1.



vhere N; e number of intercepls/unit line length

Speeinens were e-mm'.ned‘ for evidem}e of non wnifornm grain dee
formation on the specimen cut parallel to the wire axis, Ine
dividugl grains werc neasured paréJJ.el and perpandicular to the
vire axis at edze and centre of the speseimen, The ratio: of
tha length %o the dimnster of grains ot the curfece end centro
of the specimen and the Geometric Mean of these results was
calculated,

- Il 3. FIECTRON MICROSCOPY

An AE,I, EM6G eleétron“ microscope was uséd, with replica
techniques only. After final pblishing the specimens wore

etched electrolytically in Chromic Acid solution, rinsed with
vater and alcohol, and dried in a stream of hot air. The etched
specimen was placed under the bell of en VEdwards" vacuum

coatirig unit, in such a position relative to the carbon electrodes
that self shadowing of the replica would be minimiced, snd the |
unit evacuated to low pressure. A cerbon £ilm was deposited on
the etched exrfece of the specimen by evaporation of carbon from
two carbon rods in contact thibh were resistence heated, The
period required for cooting was 12 seconds., Air was then
ellowed into the bell jer and the spocimsen removed. A
rectangular grid was inscribed on bhe specimen with a scalpel.
The coated specinmen was then placed in a solution of oxalic aecid
end e platform wire elecirode immerscd adjacent to the spcecinom,
The enode vire was then touched on the specimen, when gas
evolution lifted bhe replica fron the surface. The fragments



of carbon film were transferred to a cieaning solution of 2%
Hitric Acid in Alechol for 20 minutes before catching on a

copper grid, rinsed in water, and dried. i

Photographs of the structure of heat ireated, and dravn samples,
vere taken at I0,000 dianeters magnification, and enlarged to
20,000 dizmeters magnification. The interpariicle spacing.of
the fine carbi&e dispersion in 0,I8% Cavbon steel was determined
by linear intercept. Lines IOem long were drawn on these photo-
graphs, and the number of partieles intersected by the line

counted. Then according to Fullman

P = 1 «F¢ %Mbbn 2.
Ny,

vhere Nj, = number of particles intercepted / unit line length
f = volume fraction of carbide
P = interparticle spacing

(See Appendix II for determination of f)

The peariite structure of the'Lead‘patsntéd 0,1+% Carhon steel
wes characterised by the interlamellar spacing of the pearlifte.
. e

According to Payne and Smith )59 the mean lamellar spacing of

pearlite in a steel is given by:-

= ' y 3.
S = I.65 Smin Ec,tud’aon' &
vhere SO = moan spacing
S

min= minimum observed spacing
The repiicas were examined 2t a mognification of 20;000

diameters and the spacing of the finest observed areas measureds



Lo (OTRTTpafaoi! ITnSmITINS

3oCoT, SPICTNTT PHERARAITON

& moier of geocingns wore oulp, pmencicuier 4o tho wiio exis, nd
nowxted in colr’ sctiing resin, vith rinimen élotonce betyeon opocirens
(FigeT)e The totcl avon of ppasizen 4n ench pownt was epprovinetoly
5 mg. Uires preator fhion T dicrater vore socticned im%ivl&wl..y

Zreller vires wore (A043y boumd dn Bodles, ormrorimtely 6 cn Iong,
wing fing r‘x;:irl:.:m ctecl wire bindinz. 7The bundles were cut betweon
bindines, oyl noumted :uz* celd mttmm reel

ihe porpics wero promd o web cllico corbide porer wmbil s nount
thiciness &id not emeoed 6 1z, ood then prowmd and polichked es
deserived for roiellomophile nurts in Scobion helole T mothods of

tertwe dtorminstio vere emloyedte

(&) Ioveros Pole fiposs
{b) 1 coired pole Neowvos

L._E;.go LVEDSE TOIE Iome ;::f:;:}})
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5.1 THE MECHANICAL PROPERTILES O DRAWN WIRLS

5.1.1I, THE STRENGTH OF DRAWN WIRLES

The strength at maximum load in the tensile test is hown as a
function of wiredrawing strain in Fig.II. The 0.2% Proof stress
in tension is shown as a function of wiredrawing strain in Fig.IZ.
The strength of drawn wires produced from 0.1U% Carbon steel
annealed at GSOOC, and quenched and tempered was also determined
in torsion i.e. the laximum Shear Stress, as shown in Fig.l13 as

a function of wiredrawing strain.

The tensile strength and 0.2% Proof Stress, as functions of wire-
drawihg strain (loge Ao/A = 2 loge-Do/D) had certain features in
COmMMOn s =

a) a rapid increase in strength, which appeared to follow a

power law of descending order.

b) a secondary increase in strength, which appeared to follow

a power law of ascending order.

The results for the quenched and tempered wires differed from all
other structures in that only the secondary hardening stage was
observed. The maximum shear stress results in Fig.13 do not
show these effects as clearly as the tensile properties, although

similarities can be seen.

5.1.2. THE DUCTILITY OF DRAWN VIRES

The fractional reduction of area at fracture in the tension test



£

vas converted to 2 true strain at fracture fron the formula

Sp=1n B2 =1nf_I Tauation SeI
;;2 I =R
whore D, = Initial diameter of test piece
Df = Final dismeter of test piecé at the fracture

: point.
R

Fractional reduction of area,

The resulte obtained using this conversion are shown as & function

of wiredrawing strain in FigeIle

The number of twists to fracture in the torsion test is a standard
measure of duectility frequently used for dravn steel wires., This

value vas converted %o a shear strain from the formulas

= JN_TED Equation 5.2
, | L |

vhere 1)

u

RHumber of twists {o fracture

P
H]

Test piecce diesnster

i

Tect piece gouge length

The shear strain at fraeture is shown as & function of wire-

drawing strain in 7igeIY.

The tensile duetlility of the as heat treated specimens decreased
with increasing carbon content. The effect of wiredravwing on
tensile ductility was variable during the early stagesy génerally
indicating & slight decrezse. Turther deformation resulted in

slight recovery of ductility, followed by & rapid decrease as the



limit of drawability is approached. These features are cleafly

evident in Fig.l4.

The shear strain at fracture increased with initial deformation

for pure iron, and 0.18% Carbon steels. The extent of this initial
increase in ductility decreased with decreasing grain size or
particle spacing. Increasing levels of wiredrawing reduction
resulted in a rapid decrease in shear strain at fracture. The
level of deformation required to initiate this rapid decrease
increased with increasing grain size or particle spacing. The
0.447 Carbon steel, lead patented, onoy exhibited this second

stage decrease in shear strain, but the rate of decrease was less
than the other materials. The shéar strain’for all materials finally
entered a "common band" which demonstrated a slight_recovery, or
increase in shear strain. This complex behaviour is shown in

Fig.15.

- 5.2 THE METALLOGRAPHY OF DRAWN WIRES

5.2.1. PURE IRON

The structures produced by'anneaiing pure iron at SOOOC, 85000,
and 900°C are shown in Figs.16-18. The grain diameter of the

equiaxed ferrite increased with increasing annealing temperature.

The effect of wiredrawing on the structure was-immediately obvious
von specimens cut parallel to the wire axis, although less so on
the specimens cut parallel to the wire axis. Grain bouﬁdary'
coarsening was visible after 0.17 strain. Figs.19-22 show the

effect of increasing deformation.



The dotormdnation of prain bomdnry intercopt dlstonce wos mods
increasingly dfficult by groin bomdery cearseninge Specirens
cut pareliel to the vire axde vore vsed to mecours gcin
elongaticne The rabio of ress intercept disionce peredlel ond
poroondiculsr to e vire evis vos determinoed ot U curdfece end
centre of Wi wire, Tho resulie, presented e & fimetion of

wiredraring stroin are shom in Fipe23.

The reen prein boundory Intercopt dictsnce wes deternined on opecirens
cut perpendiculer 4o tho wire axds,; witil groin bowndory coorononing
nads furthor meeswrenonts lmmoecticels The resulic obtained vere

rlotied o Qunstion of wirodraring stroin in Fie.2l,

BeZe2s 06107 CALBNI STZL

The initie) strusture of tiv 0,107 Cexbon Steel, mmenled et 650°%C is
ehom In Tige2be  Wiw mtructino consisled of fine egninxnd ferrite
greins, with cpberoidal corbides, prSncipsily forming o gredn boundary
netrorie The effect of dofermation on this structure wre sirilar to
thot deseribed in SecticneS.Z.Ts for pure irem, with the ereeriion of
“tha initiel finer prein siz. The reon credn bomégrr intercent distence
was determined on spenimsnr cut porpendicvior to (ke vire r:-:ii.so The

results eve ghoim o5 £ Dimctdon of wircdrernne strain 5n Figehe

Ths hod rolled 0,187 Cezrbon Stecl; with the initiel ciructwe shom in

Fige26 consisted of fine equiexed



ferrite grains, plus some pearlite colonies at interactions in
the ferrite grain boundaries. The effect of wiredrawing on this
structure was to elongate the ferite grains, and the pearlite
colonies, until the latter gradually broke up. Elongation of

the pearlite colonies after 2.3 strain is showvm in Fig.27. Break
up of the pearlite lamellea is evidenced in Figs.26 and 29, after
3.2 and 3.9 strain respectively, by angular particles of carbide

in a fibrous structure of ferrite.

The initial structure produced by quenching and tempering the
0.18% carbon steel is shown in Fig.30. The carbides appear to be
in two forms, rod shaped particles along crystallite boundaries
and spheroids. This suggests thét carbides are basically rod
shaped, the plane of sectioning causing the apparent variation
from spheroids to rods. The effect of wiredrawing on this
structure is not immediately obvious, but after 1.1 strain the
break up of rods is apparent, as shown in Fig.31. The continued
break up of rod shaped particles to form spheroids is shown in

Fig.32 to 34.

The mean free ferrite path length through the carbide particles
vas determined, and plotted as a function of wiredrawing strain-

as shown in Fig.35.

5.2.3. 0.44% CARBON STEEL

The lead patented structure is shown in Fig.20. The structure

consists of a semi continuous ferrite network with colonies of



Tine pearlite. Some Widmannstatien ferrite was observed,

e early stoges of wiredrawing dild not aprear Lo affect the
strueture, but examination at IB00 x magnific ation revasled
slip lines in the pesrlite affer 0.I3 strain, This is clearly
illustrated in Tig .37« This structure wvas examined in‘gneaﬁer
detail hy electron mieroscope ﬁ%e Torm of the slip in pearlite
bzing shown in Figs.38«4I, Continuing deformation apnezrs 4o
result in rokaticn of lamellze to lie psrallel with the wire

axis, and brezk up of un;avouﬁably oriented lamelloe, The

rotation of lamellae was substantially complete by 2,5 strain,
Turther deformation resulted in an inereasingly fibrous

stp Lcture. Tavourahly oriented lomellsze still appeared to
retaln their form, but unfavour:bly oriented lemellse were
deztroyed.
The spacing of the paarlite lamellze was determined on the
lectron misrusecopz, 2nd i8 chown as & function of wiredrawing

gtrain in Fig,b2,

The initial structure obtzained by quenching and tempsrin g'tha
Ooliktl Carbon steel is shown in Fig,k3. This structure, and the
effect of wiredrawing upon it, is similar in all respectes to
that of the 0.I87 Carbon steel after quenching and tempering,

- as described in Section 5e242,

He3s.  THL ORIENTATICH OF DRAUH WIRES

Bl
J
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The texture coefficients of the (002)s; (IZ2 );(0 2): (013)



(222); and (123) reflections from steel wires with increasing
wiredrawing strain are shown in Fig.44 as a function of wire--
drawing strain. The (022) plane reflection shows increasing

intensity, while all the other reflections tend to decrease.

5.3.2. SPIRAL POLE FIGURES

Figs.45-47 show spiral pole figures from 0°-70° for the (110}
planes of 0.18% Carbon steel quenched and tempered, and
~annealed at 650°C, and pure iron annealed at 85000, at varying
stages of reduction. These show increasing intensities of of
the poles at oo, and 60° to the wire axis. The ratio of the _
intensity of the pole at 0° to the intensity of the poles at
60°

s l.e. 1071 . vas calculated, and is shown as a function of
the {110} pole60for the plane parallel to the wire axis.

5.4, WIREDRAWING LOAD

Load measurcments, for differing drawing speeds on the
Instron machine, were made for each die used in drawing the
0.44% Carbon Steel quenched and tempered before drawing. The
actual load, as load per projected area of the reduction was
plotted as a function of llean Strain Rate//tano, where o is
the half angle of the wiredrawing die, as shown in Fig. 49.
Referring to Fig. 49 curves 2-5 increase to a peak value, and
then devrease slightly, while curve No. 2 increases to a peak
and then decreases to a steady state. There is a suggestion
that increased values of Mean Strain Rate/Tan may result

in a decrease to steady state for curves 2-5.



CHAPTER 6, DISCUSSION OF RESULTS
6,1 SELECTION OF PARAMETERS

- 6,11, STRENGTH PARAMETERS

The strength of metels may be represented by eny, or all, of several
paraneters, The following were determined for materials used in this

workte

(2) Iimit of Proportionality (Elastic Iimit) in tension and torsion.
(b) 0.01% Proof Stress in tension and torsion, |

(¢) 0.19 Proof Stress in tension and torsion.

(d) 0.2% Proof Stress in tension and torsion,

() The Ultimate Tensile strength.

(£) The Maximm Shear Strength,

The tensile test data was avallalble for all materials used, while
torsion test results were limited to 0,187 Carbon steels.

Much of the published data on the mechanieal properties of drawn wires
is confined to the Ultimate Tensile strengthg; . Two groups of
euthors, Embury and Fisher"3, and Hirans et.al.”C published data for
“the 0.2% Proof Stress in tension gy in addition to the Ultimate
Tensile Strength., The choice of strength parameter was severely
linited by this fact. Comparison of experimental with published data
~ was impossible, unless the Ultimate Tensile Strengthg;,, or 0.2% Proof
Stress in tension g;, was used. The data avallable for comparison was
limited 1f the latter was chosen.

Duckfield 59ste.tes that, for cold drawn carbon steel:e

= K o, where K 2 0,85

This implies that the variation in carbon content and strain has no
effect on the relationship between 0.27 Proof Stress, and ultimate
Tensile Strengthi.e.does not affect the shape of the tensile test
curve, Intultively this does not appear to be correct, It may well
be that, when the carbon content approaches the eutectoid value the
ratio of 0.2% Proof Stress to Ultimate Tensile Strength approaches &
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constant value, but it appears unlikely that this would be the

case over the full range of carbon steels, and structures employed

in wiredrawing.

Nevertheless this point was checked for the

materials used in this work, and for carbon steels up to 0.93%

carbon steel from various sources 43,58,

The actual values of

the ratio 0.2% Proof Stress:Ultimate Tensile Strength obtained

for iron and steel wires are tabulated below:-

%

Material

Pure Iron

0.18%C Steel
0.18%C Steel
0.447C Steel
0.447C Steel
0.447C Steel
0.69%C Steel
0.69%C Steel
0.8%C Steel
0.8%C Steel
0.937%C Steel

The effect of cold drawing on
treated values of

Heat Treatment

Annmealed
Annealed .

As hot rolled
As hot rolled?®
Air patented 58
Lead patented

As hot rolled3 -

Lead Patenteddd
As hot rolled
Lead patented58
Lead patented

% f
Heat Treated

is obviously very marked. Tk
appear to depend on carbon content with the

For cold drawn wires
w‘, L
ifean Value Range in

0.984
0.913
0.844
0.871
0.880
0.787
0.844
0.850
0.841
0.853
0.952

Values

0.944~1

0.831-0.791
0.810-0.959
0.784-0.944
0.857-0.907
0.747-0.829
.802-0.880

The as hea

difference in heat treatment having a marked effect at 0.69% and

0.8% carbon, probably due to the interlamellar spacing of the pearlite
It is noticeable that the mean value ofozéﬁgppears fairly constant

for the Hiranod8 results on cold drawn wires, independent of carbon
content and heat treatment, but that the range in %/o% values varies

from 0.05 to 0.16.

The tabulated values for 0f/gz suggest that the

ratiu 94/, decreases with increasing carbon content to a plateau
at 0.69%-0,8% carbon content, but then increases i.e. the mean value
of %y for drawn steels as a function of carbon content will be an

inverted parabolic.
suggest that the constant value for
should be treated with caution.

The range in values of G/p; for drawn steels
Q%A%L suggested by Duckfield?9

The variation in the ratio qﬁé'is probably due to the effect of



a éecond phase on the work hardsning rate during the tencile test.
Purc ivon, or ennealed low carbon stcels heve e structure consisting
alnmost conpletely of equiexod femte gralus. Thies structuvre has e
very low rote of work herdening, linked with very high cductility,

henece 0}% is high. The introduction of o second phese reduces
ductility, en?d increases vork hardeming rate wntil o fairly constent
valuz of Q;/O.wis reoched, in the region of 0,8«0,9. Further ine

crcoce in the Carbon content decreases ductility still fwrther until
the 0.2 Prool Stress begine to approach the Ultimete Tensile Strength.
Fin2lly the duetility falls to tho point vhere the tensile test does

not rocach 0,2% stroin,

The nateriels used in thic work included o widz ronge of carbon
contents, and, thercfore, & wide range of ductllity and work herdening
rates in the tonsile test. The velues of Ulbinmate Tensile Strength
obtained were subject to variation resuliing firon this e.ge the
’aans:?le stiain to fracture of pure ivon was for in excess of that for
0.1 Carbon steel. Tho Ultimate Tensile Strength wes, therefore,
rejected oo wmsultable for use es e strength paraneter,  Proof Si;ress
éats has the adventege of keing e value obienined et e constant level
of test deformation, bat is rubject to inaccuracies in plotiing the
elestic portion of the test. These inaccuracices are greatest in the

- Iirit of Proportionslity, cnd lcast in the 0,27 Proof Stress, due o
the gradient of the tensile test curve at the particular scetions
congiderad i.c. 2 high gradient at the Linit of proportionali{a-‘,' and
2 low gradient et the 0.27 Proof Stregs. Soms published date was
availsble for the 0.87 Proof Stress end this wms therefore chosen as
the strength paremeter for sll future discussion, unless otheriise

speclficd,



6.1.2, DUCTILITY PARAMETERS

Tho ductility of a notal moy be ropresonted by eny, or cll of
sevoral pararcters., Soms convenlional measures used for wire
specirens nay be listed as followste

1. ¢ Reduction of Area at Fracture in the tensile test

2. % Flongation efter frocture in the tensile test

3. Number of twists to fractwe in torsion

. Number of reverse bends to fracturc

Each of thess meesures hes certain dissdvantages for experimontal
work in tho comventlonsl form, The % Reduction of Area to frecsure
is difficult to msasure accurately whea the form of fracture is less
thon the idesl cup and cons typo. Besic work requiras e trus strain
measure, howover, and ¢ Reduction of Area is readily converted fron
Equation 5:1,

The 7, Elongation in the tensile test is actuslly a combination of
several factors. Since the ends of the specimen are gripped the
plastic deformation theo:eticaf!ly cormmances at each grip, and ine
creases until the fracture point, at the centre of the tost length,
Practicelly veriations occur from this state, but the tensile
elongation can be sean to bs the sun of tho elongotions occuring
over cech saction of length. Thus tho test length will affect the
elongation., The % Elongation may be simplified to consist of two
elements, local end uniform elongation. Those may be calculated
but the results are subject to variation resulting from the specimen
tpst length, This maasure of ductility was therefors not included
in ths test results, since, vhile every offort to maintoin constent
specinen length was meds, specimens of varying lengths had to be

used in some cases.



The nunber of twists to fracture is possibly the most fundamental
W of ductility employed in wire testing. The test is normally
nade on a specimen wikh the gauge length set to a constant multiple
of the wire diameter. This is readily converted to shear strain
using Equation 5:2, The shear strain is a direct measure of the
mpacity of the material to undergo further cold work, since only
the resolved shear stresé actuslly deforms the metal either in work
or test. Hence the shear strain is an extremely important parae
meter in studying the workability of metals,

The reversé bend test is an engineering test, and can give a good
indication of formability, The stress system is camplex however,

and the results are not readily convertable to true strain values,
This test has not been considered.

The discussion of ductility parameters given above indicates the
reasons for the choice of paramsters used to measure ductility.
The basic requirements of the ductility parameter werete
(a) It should be readily converted to a true straln value
(b) It should be a recognisable form of conventional test
(¢) It should be insensitive to test conditions, or
(d) It should be possible to minimise the effect of test conditions.
(e) Specimen end effects should be minimised, or absent.

The selected paraneters, reduction of area in the tensile test cone
verted to a trus strain, and the maximum shear strain were selected,
as best neeting the above requirements. The first, true strain at
the fracture point in the tensile test, _only_considered plastic
deformation, while shear stra?.n included elastic and plastic dee

- formation,



6.2 THE STRUCTURE OF DRAWN WIRES

The metellogrephic structure of draxm wires is e varisble, dee

pendent on the chemical composition and heat treatment of the original
rod, and the defornation to vhich the wire has been subjected.

The orientation of the structure is independent of these factors

in sc fer as hypoeutectoid carbon steel wires as concerned.

The effect of deformation on the metallogrephy of wires is discussed in
the following sections from the viewpoint of the ferrite matrix |
(pure iron) the introduction of e second phase, iron carbide

or cementite, and the morphology of that phase, The orientation

of the wires is restricted to the ferrite matrix, |

6.2.1. THE ORIENTATION OF DRAWN WIRES

The wire texture [110] parallel to the wire exis in body centeed
cubic metals has been reported frequently 52,57 and the results
obtained in this work, shoim as a function of strain in Fig.hh

- confirmed the increasing (110) Plane intensity parallel to the wire
exis, Ths angles botween {110} planes in a cubic cell are 0, 60°
and 900 , end since, by definition, the angle between a crystallographic
plene end direction having the same indices is 90° the angle between
{110} plenes and (110) directions is O, 60° and 90° . A (110) pole
figure would, therefore, be expected to show poles at 0° and 60° to
the wire axis. The (110) pole figures for pure iron, and 0.18%
Cerbon steels show this clearly in Hgs.liSelL7.

At this stage the wobtk has confirmed the results reported pree
viously, A method of q_uant.ifying the degree of orientation present
is now required. The texture coefficients from inﬁarse pole figures,



nornalised as suggested by lueller ot 21 séahuwed e powar type of
relationship with strain, i.e.

in

Pt = Q€
vhere G and n are constants. The constant appeared to be
positive for the (110) plane, and negative for (200); (211); (310);
(222); (321) planes. Some variation was noted in the results. The
techniques employed required a fairly constant area of wire in ‘cro_ss
section in the mount., As the wire dismeter decreased as increasing
nurber of wires were in each mount, and the difficulties of
ensuring true axis vertical wires increased. Therefore the
scatter in data shown is considered to be dus to the slight
varistion in the angle between the axls and reflecting face of the

specinens,

The specimens employed in pole figures determination were of the
same forn, and therefore suffered from the same problems, The
area of specimen was maintained constant from specimen to specimen
to retain relativity of reflected intensity. The slight variation
of axiality resulted in some lack of definition, particularly for
thapoleatGOotothewiremd.s.

The ratic of intensity for the poles at 0 and 60°to the wire axis,

plotted as a function of strain in Fig.LB8 showed marked similarity

with the texture coefficient of the (110) plene in mg.z.h, i.e.
Toftg, =€

Certain points (1.97 and 2,60 strain in pure iron, and 1,13 and 1,97

strain in amealed o.'mz Carbon steel) appeared to diverge from this

pattern, but this was considered to be a result of errors in mounting



as explainzd ebove,

The texture coofficient and I°/I60 ratios of the as heat ﬁreated
naterinls were not coincident, and the data was therefore transe
formed to pass through the origin i.e.

| o
PPy F )

e P oellomg)  (org)

vhere P! is the transformed data,

| P’, (Io /160); refers to deformed material

| P, (I°/I6o). refors to as heat treated rod
The graph of P! as a function of strain then passes through the
origin, Emminstion of this data suggested that the relationship
should be linear with £ » and this is shown in Fig,50. The
relationship being clearly linear, a regression of P' en 8%was made,
omitting the points referred to above, giving the line shown in Fig.50.
The regression equation:e | ‘

P o= 1,123 £% 2 0.19 . Equation 6:1
explained 96,57 of the varistion in P!, The constant («0.19) gives
an indication of the degree of experimsntal ervor. 1t should be
realised that this equation is derdived from two methods of
quantitatively assessing the texture of dravn wires.

6,2.2. THE STRUCTURE OF IEFORMED FERRTTE

Consider the structure of pure iron, In the ammealed condition 1i.c.
equieaxed forrite. The let:e ’



1 = the grain dinension parallel to the rod axis
d = the grain dimension perpendiculer to the rod axie

By cefinition, in equiesxed ferrite the ratio 1/4 is wnitye
Isdtending the concept to dravm structures, indiceted by e suffl:; efter
the letter, i.e. 1; ond 4y respectively, from constency of volm

1, d,=1d |
for on idesl grain. The prain boundery shpuld function os in ine
scribed grid and, providsd the initial grain dimensicn is known, &
prid of Inowm dimensions, Sb:ice grein size will not be eonstant, But
o distribution chout o mesen value, effected by the plane of sectioning,
the data nay be bost considered in the forn of & rat:?.b 1.c. _'é . This
ratio should be a function of strein, and independent of grain size.

For drawm wire if

=
-
14

= initisl length of rod
1, = final length of wire
Initial rod disneter

o)
-
H]

-4, = fingl red dieneter

; 2
True (natural) strain = logg 12 = loge ¢y = 2 log, El
The sone syntols 11 $ 12 3443 d2 noy bo taken o5 referring to on ideal

graing for vidch

: 31 e 1 32 e R
4 )
Then, from cnstansy of volume in the ire
| i
1, = 1 d12

L ]

d22



but l1 = 1
dq
Thergfore .J;a @ d12 12%‘ = R
d, "22 1,2
2
Since . & = log, d, = log, 1,
2 1
3/ 34
Ree. 2 ' Equation 6:2

Equetion 6:2 should predict the relationship between the ideal 1/4 patio
Ry, and strain, However Fig.23 shows that. the ideal relationship does
not hold after two deformations i.e.0.3 strain, and,morecover, - that

that rate of divergence fron ideal is less for grhins close to the
surfece than it 1s for grains at the ccntre of the wire. The divergence
in 211 grains is negative,i.e. the meacured velus of R is less than that
predicted, This divergence results from the fact that the wiredrawing
deformation 1d at a maximm at the wire surface. These results indicate
thet neasurement of R values can give o valusble indication of the dee
formotion prosent in ‘cold dravn nmaterial, but the estimated velue will be
low, affected by the positioh of the grain relative to the exio,and the
error will increass with increasing deformation,

Measurement of the length, and perpendiculer height of deformed ferrite



grains become incressingly difficult in specimens cut parallel to

~ the wire axis, due to grain boundary coarsening and the difficulty

of ensuring the plane of sectbn., Specimens cut perpendicular to the

~ wire axls should not suffer from the latter defect, but can only be
used to determine the grain dimension perpendicular to the wire axis,
Practically, due to the forn of grain boundary deformstion resulting
from wiredrawing, grain boundary coarsening, end the presence of slip
lines, measurement of grain bowndary spacing rapldly became inaccurate
at deformations in excess of 2,0 strain, An equation predicting the
value of the grain boundary spacing may be derived from Equation 6:2
as followsse | | |
Tet d, , lobethegraihdmensionsperpendimﬁarandparau_elto

the wire exis before defornation and d; , 1, be the grain dimensions
perpendicular and parallel to the wire axis after x Strain,

1 T 1, 42 =grainvolme=% CRITHS

[
1, = 1'7E®
dy
.1c5£x
'.. d = e | 1x
- 2 3
%_l 14° = % i q,
3 .
] 1 =
e X % | »
3 el.
ie, dy = -(-132 e x
d
o.o dx = dOe-o.Se‘
. «0,5¢&
i.e. qd = d, € 5 - Equation 633

Hence a graph of log d as a function of strain should be linear,
This is shown in Fig.51 for pure irons, and 0.187 Carbon steel
amnealed at 65000._ A regression of log d on strain gave the



following equationsie

1, PURE TRON N
«1,0166 &
 Anmesled at 900C  d = 55.76€ (do = 82,90 % 10 cnm)
0 «1,0029¢8 -h
Annealed at 850 C d=l1,30¢e (do = L6.10 x 10 cn)
«0,7288& -l
Ammealed et 800°C d=19.97¢ (4 = 2410 = 10 cn)
2, 0,187 CARBON STEEL
«0,9351€ -l
Annealed at 650 C d = 11.10e (dy = 17,73 x 10 cm)

These equations drawn in Fig.51 show clearly that oquation 6:3 predicts
the fom of relationship between grain bovmdary spacing i.,e, an exXe
ponential relotionship, but the velues of tho constants do not match,
The gradicnt of the equation is greater than predicted, as was suggested
by the "kinking" of the grain boundaries, and the presenco of slip lines
vhich were difficult to distinguish from grain boundaries, Thus the
.regression equations 'show the actusl rate of increase in barriers
’visible on the light microscope, while Equation 6:3 predicts the ree
duction on grain spacing due to strain, assuming that no new -
boundaries are crezted,

6.2.3. THE STRUCTURE OF IEFORMED FERRITE PLUS PARTICULATE CARBITES

The 0.187 Carbon Steel anneded at 650°C, Quenched end Tempered

before drawing, and the 0.4l Carbon steel quenched and tempéred
before drawing comprise this group of structures, Effectively, due to
the low carbide content, and large(relatively) particle size the 0,182

Carbon stesl amesled at 650°C has been discussed in the preceding
section on drawn ferrites.

The structure of the quenched and tempered steeis, before drawing,



consited of rod or p%ate type carbide particles at boundaries, and
“éﬁheroidal particleé/in a random pattern. Some indication of needle
shaped particles was observed in the 0.44% carbon steel. The particles
shaped changed considerably during deformation. Rod or plate carbides
were absent after 1.14 strain on the 0.18% carbon steel, being
replaced by spheroidal particles. Two possible mechanisms may be
considered; to explain the change in morphology. The fracture and
shear of lamellar carbides is established in the literature34’43.

It seems possible that fracture of rod and plate carbides could

result from deformation. However, the particles observed did not

show any indication of angularity. The rate of decrease in mean free
ferrite path length, shown as a function of wiredrawing strain fu_,_p'-'-
‘8%75%%? Fig.35 suggests that an equation similar to Equation 6.3 may
apply i.e.

G; /2 e-o~5‘£ Equation 6.4

A regression of logarithm mean free ferrite path length on wire-

drawing strain for the data in Fig.35 indicated a linear relationship:

where 42 = Mean free ferrite path length, in Angstroms.

The experimental Value‘ofze was 34612, considerably gréater than
the value of ZABBK in the above regression equation. The minimum v
value of Po from any line was 25592. The experimental values of the
mean free femite path length in Angstroms as a function of wire-
drawing strain is plotted on logarithmic/linear areas in Fig.25,
with the regression line drawn in. The line of equation 6:4, based
on the measuree value of 1is also shown. Statistically the data
give the best fit to the regression equation, but the fit with
equation 6:4 is sufficiently good to suggest that this equation

does predict the rate of decrease in mean free ferrite path length.



6.2.4 THE STRUCTURE OF DEFORMED FERRITE PLUS LAMELLAR CARBIDES

" The fracture of lémellar carbides as a result of wiredrawing
is fully reported34’43 and examination of drawn structures of
the 0.447% Carbon steel lead patented before drawing showed
confirmatory evidence after 0.15 strain. The 0.187% Carbon
steel as rolled clearly contains fragmented carbides in the
later stages of deformation. Apparent rotation of carbide
lamellae, with a favourable orientation; to lie parallel to
the wire axis was observed, but fractﬁre of such lamellae

was observed.

'The‘0.18% Carbon steel as rolled was omitted from the
quantitative metallography, since the structure varied from
polygonal ferrite to pearlite colonies which, in terms of
barrier spacing, were small, dense areas. lowever the 0.44%
Carbon steel lead patented before drawing consisted prin-

cipally of pearlite.

* 5 5 ‘ > ! R
Payne and Smith™~ gave an equation for conversion of the
“minimum observed learlite spacing to the mean pearlite
spacing:-

Se T 1.65 Senn Equation 433

This expression is strictly valid only for a structure in
which the carbide lamecllac were in random orientation with
respect to the plane of section, which would not necessarily
- be the case for.drawn wires. Therefore the minimum observed

pearlite spacing was used inccalculations on drawm wires.

The minimum pearlite spacing of wires is shown as a function:c

of pearlite spacing in Fig. 42. This suggests that an

equation similar to Equation 6:3 and Lquation 6:4 may apply i.e.
_Sza Soe -03¢ Equation 6:5

The data' shown in Fig.42 are re-plotted in Fig.53 on



logarithmic/linar axes. A regression of log Sg on
wiredrawing strain was calculated, giving the following
equation

S¢ = 12386042

where = Minimum lamellar spacing in Angstroms.

This regression line,; together with the line calculated from
Equation 6:5 is shown on Fig.53. The value of the regréssion
constant, 1238, was very close to the value of determined
experimentally, i.e. 1250 Angstoms and deviation of experimen

tally determined values of from Equation 6:5 is slight.

The reduction in pearlite spacing fesulting from cold working

is well known, and has often been réported e.g. by Embury and
Fisher43. This implies that the ferrite may slip out from

between the carbide lamellae, implying that the latter are

rigid, and femain whole during the complete deformation

process. The fracture of carbide lamellae during deformation

was observed after 0.15 strain in thié work, and othecy mechanisms -
such as thinning and kinking of carbide lamellae have beeh

45’60. The microstructure of heavily\dcformed 0g18%

reported
carbon steel (Fig.29) shows the complete breakdown of the
peariitic structure. Flow of ferrite to fill voids resulting
from fracture of the céfbide lamellae is considered far more
probable than flow of ferrite out from between lamellae. The
latter type of flow may occur but would probably be festricted‘
to areas at the end of lamellae. .
6.3 THE STRENGTH OF DRAWN WIRES

6.3.1. THE STRENGTH BEFORE DEFORMATION

The as heat treated materials would be divided into two basic groups

typified by structure:-

(a) Ferritic structures (single phase)

(b) Ferrite plus carbide structures (two phase)

The materials in group (a) included the as hot rolled and'annealed

0.18% Carbon steel, while group (b) consisted of quenched and tempered



0.187 Carbon and 0.4l Carbon stesls plus O.Ll7 Carbon stesl lead patented

before drawing.

The pure iron samples, 0,187 Carbon stzol annesled, and as rolled were
21l found to fellow the Hallolietch relationship as shown in Fig.Sh. A
regrescion of flow slgressioﬂz,xmthe reciprocal square root of grain size
vas lincar, end explained 947 of ths variation in flow stressie
Y , ,

gy = 1,21 + 925,000 ¢ Equation 6:b
1degz’msize5ncmx10'h |
The es heat treated conditions for the quenched and tempered 0,189
end O,Ll” Carbon steels, and 0.l Carbon steel lead ﬁa.tented did not
prov:ide sufficient data for a rigorous .amﬁysis, and all o ro=-
lotionships proposed in the literature geve similar emounts of scatter

ebout ¢ straight linc,

Since the presence of a aecond phase often obscures the ferrite grain
- boundary, Equation 6:h requires e nodifying factor. This could be
£dditive e.g. for dispersion herdened naterial the modifying factor
nay take tho form }dfP‘1 or. df{?'%, while tho Gensamsr3? relationship
would require a factor of log (psrticle spacing). As stated above
the data available did not permit rigorous analysis, and a similar

degree of scatter was observed for all the ma'berlals.

The pure iron sanmples, amesled at 800,850 and 900°C effectively
consisted of a series of samples in which the grain size, and strain
varied semi’:mdepéndently. Fig.12 shows that tho semples had similar
flow stress at the same strain values, although the larger grain size



resulted in a slightly lower tensile strength,

The shape of the initial work hardening curve suggests a logarithmic
relationship betiween strength and strain, The flow stress, as a

~ function of log, strain is shown in Fig.55. It is apparent that the
relationship is linear for values of strain between 0.1 and 2,
Similarly the flow stress of drawn iron was found to have a linear
relationship with the reciprocal square root of the grain berrier
spacing., Hence it was spparent that flow stre;ss of pure iron was &
function of log strain, and the reciprocal square root of the grain
boundary spacing. The grain boundary spacing was shown to be &
function of the intial spacing, end strain in Section 6,2, It is
necessary, therefore, to derive a value for the coefficient of log
strain, which is independent of the grain size, This was done by &
multiple regression technique, which effectively calculates the partisl
regression coefficient for each varlable whilc holding the sécond
variable constant at its mean value. The results of this analysis for

pure iron gave _
G =K+ ologé +p d'% Equation 6:F
vwhore K = 38.69 ¢} = Floy stress in Kgi‘/mm2 ’
| ot = 14,89 & = strain ’
A= 26,03 d = grain size cn x 107"

The significance of the partisl rogression coefficlents exceesded
0.1¢ i.e. & probability of a true relationship greaster than 0.999.
Since the grain size has been related to the initisl grain size and
strain Equation 6:5 may be modified to give:e |

v .¢6 '2’7
G =K +ologé Id(doe
Hence 0 = K + ot logé+ /sdo‘%‘e e Equation 6:8

vhere 4, = a constant proportional to initial grain size



gﬂe constant datormined in Soction 6.2

Ths predicted values of the expression

wioge+p ot o P
wors calculated, for the wires produced from pure iron annesled at
900°C, and the results deducted from the axperimental values of the

flow stross.

Kl = q‘: e tlog € -/sdo'% e W/z

The values of K' obtained ranged from 27.80 to 42.LS (the value 27.88
was obtained at & = 5.28, the next lowest value of K uas 35.63) with
an average valus of 38,39, compared with the value derived from the
regression of 38,69, This confirmed the validity of Equation 6:6 over

ths full range of deformation for pure iron samples.

» THE VJORK HARDENING BEHAVIOUR OF TW0 PHASE STRUCTURES

6.

The quenched and tempered structures differed from the others materials
in that a high degree of initisl rapid hardening was not observed., The
peariitic sbesl, O.LL7 Carbon, lead pstonted, did exhibit rapid initial
hardening complete ab 0,3 strain, This ebsence of initisl ropid
hardsning in the quenched end tempered structurcs may have resulted
fron a high cerbon in solution. These steecls wers highly sensitive to
egeing et 200°C after drawing suggesting that the carbon in solutdon
wvas high. The sensitivity to sgeing of 0,18% Cerbon stesl aftor drawing
is shovm in Fig,56. The inltisl rapld hardening ébserved in the 0.LL%
Carbon steel, lead patented before drawing was essentially completed
ruch more rapidly than for pure irons, Similarly the rapid initial
hordoning in e 0,187 Carbon stesls was completed in the order:e

1. Quenched end tempered

2. As hot rolled

3. Amealed



i.e., in order of increasing barrier spacing. It appeared
that the particles of the second phase acted as far more
efficient barriers to dislocation movement, or as more

efficient dislocation sources.

The regression equations for mean ferrite path length, and
lamellar spacing derived in Section 6.2.3. and 06.2.4. may be
substituted into Equation 6:6. The results of this should
then give an equation for the prediction of flow Stress based
on the strain. The derived equations were as follows:~-
0.18% Carbon steel, quenched and tempered-: |
-% 037¢/,

3‘ = K +cxlog & +/KP e
0.44% Carbon steel, lead patended

0f= R+ &klog 445" % o-urt
A graph of ¢ as a function of e7*for these materials should
indicate vhether iquation 6:8 is valid. This is thown in
Fig. 57. The flow stress shows a mainly linear relationshij
with éﬁﬁ'confirming the validity of Equation 6:8 for two
phase struétures. The variation from linearity in the early
stages of deformation are duc to the effect of log . The
values of the constants oﬂandle in the above equation are
unknown. The data available is such that values of the terms
log £and [Sou%eai/’] can be calculated for ecach material.
A multiple regression analysis of the values of O’Jl for these
would permit the calaulation of o and /f . This analysis '
was carried out, with the following results:-
0.18% Carbon steel, quenched and tempered

o} = 100.7%°% £/2 . 11,71 logt - 18.98

0.447% Carbon steel, lead patented

op = 117 250-42 /2 _ 5, 56 10pZ - 59,95



6431, THE WORK HARDENTNG OF HYPOeEUTECTOID STERELS

Enbury and F:i.taherh3 proposed e nodification of the HgllePetch equation

based on e proposed relationship between the barrier spacing of cold
dreva 0.93% Carbon stesl, end cwaged Ferrovee E, end the plestic
strain §,. The following shows the derivation of the Erbury end
Fisher reletionship fron the HallePetch equation, '

The HallePetch equation stateé thatse

.
O} = O *I\fd“

vwhere 0; = Flow Stress
| o 0= ‘constant "
K;' = constant ,
d = grain size
d=d, ¢ =0.5¢ . Equation 6:3
wvhere d = grain size of drawn wire after & plastic strain

d, = grain size of undeformed material

Substituting the term for d in the HallePetch equation gives
- .0.58 .g..’;
G eorigfa, e
7 = 0p + Ly dgk o
The Embury end Fisher L3 equation wes

iy
O =0+ X e
TR
€
ioeo q; .a‘::‘“ OIS ro-‘?c‘?e /“

/2

Embury end Figher, working with thin £ilm electron microscopy
techniques, measured barrier spacings based on the sub cells ree
sulting from cold work. The initlal sub cell size was stated to be
& function of interlenellar spacing in pearlitic structurcs, end to
require 25 plastic strain for dislocation generation in sunged pure
iron (0.29 strain)., No indication of the level of strain required to



produce the substructure was given,

Tha present\f work has concentrated on the effect of barrieré to
dislocation novemsnt visible by light raicroécopy or yeplica,
techniaues, Theoi’etically, assuming no redundant work, or variation
in deformation acrogss the section Equatioh 6:3 should predict the |
deformation of barriers to dialocation movemont, but.x-zill not pre-
dict the creation of new barriers as a result of that daformation.

The Enmbury end Fisher eguation also lecks this factor,

Repid inftlel hardening has been noted, and referred to olscuhere
in this text. This hardening is of a descending order, being
logarithmic in form. - The level of strein et vhich the effect .
approaches zero varies, epparently with increasing barrier spacing.
The rate of hardening appears less for pure iron thah for steels,
but continuss to affcct flor stress to a grester depree of plastic
strain. This suggests thot the initisl hardening is related to the
formation of a substructure. The initial hardening, as discussed
earlier, waa found to be logarithmig in form, and a logarithnic
termn was introduced into thé work hardening equation. There were
sonme indications that the value of the constant of the logarithm
of strain incfeased with increasing second phase, probablyA dve to a
greater rate of @islocation generation in tie structure,

The besic difference betwean the equations darived to explein work

hardening in this work, and those of Embury and I*‘L’:shszx'h3 lie in the .

fact that statistical methods of analysis have been used to calculate
cequetions of best fit for two variables, The Enmbury end Fisher

results imply that the flow stress of cold wvorked steels is dependent



Oll Lil€ Darricr Spacliig, DUub Line equaclon proposed assumes tinat the
number of barriers is a constant, while the spacing of barriers
decreases. Equation 6:5 implies that initially the rate of multi-
" plication or generation of dislocations, logarithmic in form, is
the main contributor to work hardening, but that barrier spacing
wffect then becomes significant. The logarithmic term representing
dislocation generation or multiplication'then changes sign,
suggesting annihilation of sub cell boundaries, in the multiple

regression technique,i.e. -

£<1 1logéis negative 5 > 1 log & is positive
6.4 THE DUCTILITY OF DRAWN WIRES A

6.4.1. THE VARIATION IN TENSILE DUCTILITY

The tensile ductility as shown in Fig.l4 was highly sensitive

to the chemical composition; that of the pure iron samples both as
heat treated and after drawing was 6-7 times greater than any of
the steels. The effect of small quantities of a second phase,
even in the spheroidised form, was very marked. The effect of
increasing the second phase content was very slight when compared

with the effect of its introduction.

Deformation of these structures had little effect on the tensile
ductility, although, as may be expected the pure iron samples
showed the greater effect. The effect of the wiredrawing was to
reduce the value of tensile ductility slightly. The average value
of tensile ductility for each raw material was calculated, giving

the following results.



HMaterial Tensile Ductility

Hean Marimm Hindimm
Pure Tron anncaled at 900°C 6.663 Tk 5.63
Pure Iron annezled at 850 C 6.6.83 7433 579
Pure Iron ennzoisd et 800 C 6,585 739 5.00
0.187 C Steel znneeled et 650 C 0.903 1.h3 0.L9
0.18% C steel es rolled 0,697 1.05 0.5k
0.,18% C steel quenched and tempered 0,901 1.31 0.2k
0.uL% C stesl leed patented 0,669 0.80 0,51
0.Ll% € steel quenched end tempered 0,685 0.78 0.35

These results show clearly thzz’p the tensile cductility is more
dspendent on ths sccond phose content than on the morphology, or
gcpecing of ths ohese, end thz level of deformation. Conerally the
neximm velus of ths tonsile ductility occurred in the a5 heet treated
maberiel, or carly in the draring process, and the minimm value
occurred at bl limit of drowebility. |

6.l1e2. THE VARTATION TM TORSIONAT, DUCTITITY

The torsionsl ductility was actuelly the shear strain to fracture in
the torsion test. The results of this are shown in Fig.15. During
the initiel stages of wiredrarring the test besults initially suggest a
wide and inconsistent fluctuntion in duetility, with no cet pattem.
Carcful examination of the data, however, revealed certain factste.

1¢ A1l the date tendzd to fit £ cormon band, at arouad 1.0 shear
strain, in the later steges of wiredroiring.

2¢ The initial value of ductility docreacad with grain size in
ferritic structures,



3¢ Ths initiel velue of ductility eppeered to dzereess with dse
creasing free ferrite path length in two phase siructurcs.

Le A tendancy %o increase the value of ductility on ths first
reduction was most marked in the pwre iron, less so in' thz 0,187
Cerbon steel, and ebsent in the 0.ULE Carbon stesl. |

5. The order in which the materiels entered the cormon band of
ductility was in order of incressing siructural parameter i.o.
the 0.LL% Carbon stesl was first, and pure iron amnealed at
900°C last, The only exception to this was the pure iron ammesnled
at 800 C, which precedad the 0,187 Carbon steel emmealed at 650°C.

6. The common band eppsared to hove a logarithmic relationship with
wiredrmring strein i.e. tended to increasc slightly at o dee
cressing rate. The cormon band which all the nateriels entered is
epperent .'at 1.5«2,0 viredrawing strain. '

The fectures describad above suggested s Vremking' of the materiels
releted to the pettern of chenges in torsiomal dvctility. This
renking gives the orderie

1. Purc iron emmesled at 900C

2, Pure iron anmeaeled at 850°C

3. 0.187 Carbon steel emmenled at 650°C

he Pore iron ennezled at 800°C

5. 0,187 Carbon ctal s hot rolled

6. 0,187 Carbon stesl quenched and tenpered
Te 0.lLT Carbon steel, lead potented

Gensrally thie ranking indicates the order of decreesing initiel
torsional ductility, end tho reverse order of eatry to the common
band, With only one exception this list is also ranked in order of



decreasing structural barricr distanc;e within the meteriel, end ine

. ereesing second phase coatent. This s{xggests that the torsional
ductility is structure sensitive, end that the controlling factor

is barrier spacing. The apparont cxception} to this mile, 'pure iron
anneeled o 800°C oy be cxpledned by varietion in grain size. The
pure iron »se.‘mples did ex,ﬁibi'b grain size veriotion, largely due io
the foct thot the deformation prior to emmesling, 567, wes rather
low, end the irreguler cross scction of the‘ inftirl red ceunsed this
figure to be izariable; Tho maéon for the j.nitial increose in
ductility of the ferrites i ¢ifficult to cxplein, simse 3t wes vory
rapid, end 2160 very short 1lived, It does, howrsver, cppscr to be
linked vith the grein size of the initisl rn.a‘cerial. One fenture

of the initiel steges of drawing will be an inereosec in dislocaticn
density, snd it is possible that the torsional duetility is related to dige
location dansity. The ropid decreese 4n ductllity to the comon
band could then be attributed to the formation of 2 substructure.

The relationchip betreen structure ond stz'ength hne beon diccussed
in Section 6% end 2 direcﬁ reletionship propoced. Henece, if the
torsicnel ductility is rolated to the structuro, thens plot of
ductility es a function of flow stress should be of interest. This
i5 chom in Tig.50, fron which 4t can ba’seen that o distinct
relationship does ‘e:rlst, vhich eppaars to bz dependsnt vpon the flow

STYCESe

7+ COLICLUSIO:S

1. The effect of iiredraring on the barrier spocing of pure ivon
end hypocutectoid stesl wires is en exponcaticl reduction in

barrier spocings Thzoreticelly the barrier spacing should



follow the cquationte

S5E
dmdoe'os Equetion 6:3
Actunl measurements of spacing confirm the basic equation form, bub

considerable variation from the predicted constants was detected.

2. Dlmct-substitﬁtion of Equation 6:3 into the HallePetch equation
1
O = 0 + Kd."
+ [
L3

resulted in the equetion used by Embury end Ficher
G-+ & 2%

V2/5

This vas again found to be in the correct form, but vorianca fran
th2 constants predictod was agsin observed,

The work herdening of hypoeutectoid steels was therefore shox-m.'ea
follow the equation | '

0;“0;-"' ?(]_ogg + /@do Equation 6:

The velues of all the constants in the equation were shoim %o
vary with tho chemical corposition of the wire,

3. Ene duetility of the drawm wvire, es neasured by the shear strain
to fracture appearcd to be related to tho flow stress.

k. The ratio of tensile strength to flow stress was showm to b2 &
variable, dependent largely on the cheniel composition of the
wire, |

5. The drawn wires chowed & (110) texture, the intensity of which

was related to the strain by the equation

L
P = QE”
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